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of recovering documents with high gain. The method operates by building vector represen-
tations of each partition on the term space that is spanned by the queries. The proposed
method is able to generalize to new queries and elaborate document lists with high preci-

Incremental learning sion for queries not considered during the training phase. To update the representations of
each partition, our method employs incremental learning strategies. Beginning with an in-
version test of the partition lists, we identify queries that contribute with new information
and add them to the training phase. The experimental results show that our collection se-
lection method favorably compares with state-of-the-art methods. In addition our method
achieves a suitable performance with low parameter sensitivity making it applicable to
search engines with hundreds of partitions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Web has significantly expanded forcing search engines to handle document collections with millions of websites
and web pages. Search engines use collection partition strategies enabling operations on small subcollections and render
their processing feasible for both indexing and retrieving operations. A prevalent trend is to consolidate thematic collections
consisting of documents that address specific topics. This trend is known as vertical search and requires adequate collection
partitioning strategies.

A search engine can receive an enormous amount of queries on a daily basis. For this reason, one or more machines
are exclusively devoted to the task of receiving and processing these queries. These machines are referred to as brokers.
Brokers route queries to machines that have documents and local inverted indexes. Two routing methods are employed:
the first routing method, known as a broadcast, sends a query to all partitions; the second method, known as a multicast,
only sends a query to some partitions. In the latter case, a selective partition routing method is required (query routing).
These methods generally employ descriptions of the contents of each partition in order to determine their similarity to the
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query. Depending on this information, they select the most promising partitions for processing. This query routing method
is referred to as collection selection.

Two methods for collection partitioning are available. The first method, known as term or horizontal partitioning, con-
sists of spliting the vocabulary. This strategy enables routing the inverted index of an entire collection and indexing each
partition of the vocabulary in different machines. The second strategy is known as document or vertical partitioning and
consists of dividing a document collection in disjoint subsets. This strategy by placing each document subset in a machine
along a local inverted index. These strategies enable to process queries in multicast mode, which reduces the number of
partitions that are required to process each query. This approach results in lower computational costs at the partition level
and improvements in a complete system, in terms of query throughput. In this paper, we employ this scenario, assuming
a vertical partition of the collection, and applying a collection selection method that is capable of identifying a subset of
promising partitions in the broker to process a given query.

We propose a new collection selection method. Our method builds vector representations of each document partition
over the query term space. The construction of these representations is performed using a learning algorithm based on
logistic regression, which is capable of finding regions in the query space where an information recovery reward function
is maximized. As a reward function, we employ the recall of each partition over the exact top-k document list and the
normalized discount cumulative gain (NDCG), which considers not only the fraction of relevant and recovered documents
but also their ranking. The learning algorithm operates over all collection responses, which are calculated using a broadcast
and correspond to the gold standard of the learning process. Beginning with this information, we can generalize to new
queries that share terms with the set of queries initially employed to build each partition representation. When detecting
new queries, our method is capable of determining whether they should be included in the learning phase. The decision is
simply attained by comparing the ranking inversions in the processing list of broadcast versus multicast. Using a statistical
criterion, we can determine if both lists were generated using the same conditions or were randomly jointly generated.

Our proposal’s main strength is the possibility of providing control to precision versus workload tradeoff. By implement-
ing our method in search engines with vertical partitioning, the method can be employed in high-query traffic conditions
without losing response quality.

The main contributions of this study are as follows:

o The construction of representations of each partition’s content, without document content: We employ the query terms,
which enable us to model the aspect of each partition from the user’s point of view. This approach enables us to conduct
a learning process over a term space with lower dimensionality and higher representation, reducing the computational
costs associated with the training phase of the collection selection method;

o The modeling of the processor lists in the learning process using recall or the NDCG as a reward function for the process:
This step enables the incorporation of a reward function, whose optimization is required within the collection selection
method; and

o The incorporation of new queries into the learning process using information novelty favoring the elimination of redun-
dancy avoiding overfitting.

This paper is organized as follows. In Section 2, we perform a review of the literature, identify a previous study whose
proposal is the closest to ours, and compare our own results with results of the selected study. In Section 3, we describe
the necessary background for constructing a vertically partitioned search engine, on which our proposal is constructed. In
Section 4, we introduce our learning-based collection selection method. In Section 5, we present our incremental learning
strategy. In Section 6, we present experiments using real data. We conclude in Section 7, where we highlight this study’s
main achievements.

2. Related work
2.1. Data distribution strategies

When document’s distribution is done following an architecture partitioned by terms, each processor stores a portion of
the global index representing a fraction of the vocabulary. The problem of identifying an appropriate partition for the global
index allowing a balanced workload is complex. Moffat, Webber, and Zobel (2006) modelled the term partitioning as a bin
packing problem. There, each bin represents a partition where each term is an object to be placed into the bin. By using the
frequency of each query term registered in a log file, they associate each term with a weight proportional to its frequency
and with the length of its respective posting list. Through the use of these weights, a function of the query processing costs
is constructed. Then, the bin packing problem is solved by minimizing the cost function. Using a cluster of eight processors,
the authors show that it is possible to improve query throughput by up to 30% when compared to a centralized system.

Lucchese, Orlando, Perego, and Silvestri (2007) also modelled the term partitioning as a bin packing problem. Unlike the
work of Moffat et al., they seek to model queries instead of isolated terms in each of the bins. To do this, they analyzed a
query log determining the term co-occurrence in queries adding this variable to the cost function. After minimizing the cost
function, they can determine good solutions for partitioning the global index, improving results based on isolated terms.

Cambazoglu, Kayaaslan, Jonassen, and Aykanat (2013) proposed a term-based index partitioned scheme by using hyper-
graph partitioning. The goal is to minimize the communication overhead while achieving good computational load balance
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among servers. The proposed scheme distributes inverted lists such that the lists that are likely to be accessed together are
assigned to the same index servers. Accesses to inverted lists are represented by a hypergraph. Results showed a reduction
on query response time regarding bin packing-based strategies.

Jonassen and Bratsberg (2014) proposed to use the idea of Max-Score pruning within pipelined query processing to
improve query throughput for a term partition-based scheme. Their proposal achieve good results however the authors
recognize that document-wise partitioning still presents better performance.

One of the main disadvantages of term partitioning strategies is that they require a global index, which limits scalability.
This limitation is dealt with success by document partitioning strategies. In this type of strategies, documents are first
distributed and then a local index is constructed in each processor.

A simple approximation for document partitioning consists of distributing them randomly into processors. However,
Badue, Baeza-Yates, Ribeiro-Neto, Ziviani, and Ziviani (2007) show that a homogeneous documents distribution into pro-
cessors does not guarantee load balance. Then, document partitioning strategies address this problem by identifying groups
of similar documents, placing them into the same processors. In this way, it is expected that given a query only a few pro-
cessors achieve relevant results. Then, different queries tend to be processed by different processors favoring load balancing.

The state of the art shows that several strategies for grouping similar documents have been tried. Broder, Glassman, Man-
asse, and Zweig (1997) propose doing a syntactic grouping of documents on the Web. For each document, they determine
fixed length term sequences that they call shingles. Using a compact shingle representation, they calculate a similarity mea-
sure among document pairs based on the intersection between the collections of shingles that represent each document.
Then, using standard clustering strategies they are able to determine groups of similar documents. Puppin (2007) showed
that by grouping similar documents extracted from the Irudiko library, a document partitioning strategy based on shingles
allowed them to obtain improvements over a random document distribution.

Another way of grouping documents consists of ordering their URLs lexicographically, partitioning document lists into
fixed-length blocks. Then, each block can be considered as a group of documents. URL sorting was used by Silvestri (2007) to
probe that it is possible to obtain a better compression ratio in posting lists. This strategy involves low computational costs,
making it an appropriate method for large-scale systems.

Puppin, Silvestri, and Laforenza (2006) represent documents using a query-vector model. After processing query logs, each
document is represented using the list of queries from which they were selected. In this way, a matrix is constructed in such
a way where each row represents a query and each column represents a document. Each entry in the matrix is calculated
by using the score that the document achieved in the list of query results. The authors propose grouping documents using
the co-clustering algorithm introduced by Dhillon, Mallela, and Modha (2003) determining document groups relevant to the
same queries. The authors provide an implementation of the co-clustering algorithm (Puppin & Silvestri, 2007) that allows
large quantities of documents and queries to be processed, favoring their use in large-scale systems.

Ma, Chung, and Chen (2011) proposed a clustered search engine based on statistics where the average query processing
time is estimated taking into account the popularities of keyword terms. It is an approach that tries to eliminate the com-
munication overhead in document-wise distributed inverted indexes. The partitioning algorithm is static and works off-line.
The evaluation is performed in terms of both performance and storage cost.

An hybrid distribution approach is proposed by Kucukyilmaz, Turk, and Aykanat (2012), who presented a term-based
partitioned inverted index construction algorithm which starts from a document-based partitioned collection. The proposal
is based on a bucketing scheme which avoids the need of creating a global vocabulary. Buckets are used to randomly group
inverted lists (a hash function is used to assign the terms into buckets). A host processor generates a mapping function
using the sizes of their term buckets allocated in each processor to achieve load balance and reduce communication.

2.2. Collection selection

Collection selection techniques represent groups of similar documents using the text of the documents that they con-
tain. Along this research line, Gravano, Garcia-Molina, and Tomasic (1994) introduced GLOSS (Glossary of Servers Server),
an architecture for distributed documentary databases which includes a Boolean information retrieval model in the bro-
ker to route queries to a subset of document clusters. A similar approach known as CORI (Collection Retrieval Inference)
was introduced by Callan, Lu, and Croft (1995). CORI uses a Tf-Idf representation for each document cluster making pos-
sible to calculate scores for each document collection when a new query arrived. When web queries are conjunctive each
collection score corresponds to the product of the partial scores obtained by each term in the collection shared with the
query. Kulkarni and Callan (2010) proposed to organize large collections using the K-means clustering algorithm. The authors
evaluated three document allocation strategies: random, source-based and topic-based, using document terms for content
description (source and topic-based strategies). They showed that the vast majority of the relevant documents for CORI
query routing are allocated in a small number of partitions. They also compared the search accuracy of exhaustive search
with that of selective search. Results illustrate that selective search using topic-based partitions improves the search cost by
an order of magnitude, emphasizing how useful collection selection is in vertical search.

Xu and Croft (1999) represented each collection using language models. In this way, given a query, each collection obtains
a score that represents how likely it is for query terms to be observed in each collection. As GLOSS and CORI systems, Xu
and Croft’s strategy requires the use of the text from each document stored in each collection using a significant amount of
space in the broker.
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Kulkarni, Tigelaar, Hiemstra, and Callan (2012) proposed three algorithms in the context of topic-based partitions to
decide which collection and how many partitions to select. It used the so called central sample index (CSI) as an inverted
index of a small sample of randomly selected documents from each partition. The document ranking provided by CSI is
transformed into a hierarchical tree which is traversal in a bottom up way to obtain the partitions ranking and to estimate
the minimal rank cutoff.

Cambazoglu, Varol, Kayaaslan, Aykanat, and Baeza-Yates (2010) presented an approach for query routing in the context of
Web search engines distributed geographically. The proposal used training queries to infer the upper bounds on document
scores for a given query at each of the non-local indexes. These bounds are then used to predict if a non-local index would
contribute with any document to the top-k results for the query which in turn determines if the query is forwarded to that
non-local index. Results are further improved by using caching and replication.

Puppin, Silvestri, Perego, and Baeza-Yates (2007) proposed a method where a query log is used to construct clusters of
documents. Puppin et al. used the algorithm introduced by Dhillon et al. (2003) to co-cluster documents and queries which
frequently co-occur in query logs. Using a scalable implementation of co-clustering Puppin, Silvestri, Perego, and Baeza-Yates
(2010) constructed a solution for queries and documents over a distributed system with 16 processors. Maintaining the
queries text for each cluster, they calculated BM25 scores which measure how relevant each cluster is to a new query. This
collection selection method, known as PCAP, has the advantage of using less space in the broker than its predecessors due
to the fact that each cluster is represented using the query term space, leading to sparse text representations. Experimental
results show that PCAP achieves better results than GLOSS and CORI over document partitioned collections, reason why it is
considered as the state of the art for this problem.

3. Background

In this section, we describe the fundamental aspects that must be considered when building the vertically partitioned
search engine, in the context of which we propose our collection selection method. In Section 3.1, we describe the term and
document co-clustering algorithm used to build the document partitions. In Section 3.2, we describe the collection selection
method known as PCAP, currently the gold standard against which we have compared our proposal.

3.1. Information theoretic co-clustering

The term and document co-clustering algorithm described in this section was originally proposed by Dhillon et al.
(2003) for dyadic data. It has been employed for text (dyadic in terms versus documents) by Puppin et al. (2010) and to
construct a document partitioning scheme in a search engine. Puppin et al. used the co-clustering results in their collection
selection method, as we show in Section 3.2; thus, their method generates a dependence on the particular document par-
tition. For comparison and evaluation, we are building our search engine using the same document partitioning algorithm.
However, we believe that our proposal is more flexible because it is independent of the document partitioning strategy.

We describe the co-clustering algorithm using Dhillon’s notation. Let P(X, Y) be a contingency matrix that describes the
joint probability between two discrete random variables X and Y. A co-clustering algorithm maps X into k disjoint hard
clusters and Y into I disjoint hard clusters. Thus, a co-clustering algorithm finds maps X = Cx and ¥ =Gy, where X and Y
are discrete random variables that are deterministic functions of X and Y, respectively. An optimal co-clustering minimizes
the loss of mutual information between P(X, Y) and the target co-clustering matrix P(X, ¥).

Because Cy and Cy define hard clustering maps, the target co-clustering matrix is defined by P(X,¥) = hIN Zye? p(x,y).

Defining Q(X,Y) =P(X,¥)-P(X | X)-P(Y | ¥) =P(X.,Y) - ggi;’;g; we can express the mutual information loss function in
terms of the Kullback-Leibler divergence:

- p(x.y)
D(P(X.Y) || Q(X.Y)) = KZXKZYWM log (q(x, y>>'

Finding an optimal co-clustering solution is equivalent to minimizing D(P(X, Y)||Q(X, Y)) with the constraints for the number
of clusters per row (k) and column (I). Dhillon et al. (2003) propose estimators for the functions X = Cy and ¥ =Gy that
can simultaneously maximize the mutual information between row clusters and column clusters. Further details on the
algorithm are included in Dhillon et al. (2003).

3.2. PCAP

We describe PCAP following the notation provided by Puppin et al. (2010). Let Q be a collection of m distinct queries,
and let D be a collection of n different documents. D can be retrieved from a black box search engine after executing the
queries that belong to Q. Let P(Q, D) be the contingency matrix that describes the joint probability between Q and D, where
each entry p(q;, d;) can be calculated from the score r; ; of document d; in the list of the results of g;.

Running a co-clustering algorithm on P(Q, D), we obtain the target matrix P(Q, D) = qué > 4ep P(q. d). Puppin et al.

(2010) employed each element of P(Q, D) as an entry to the collection selection algorithm, which is referred to as PCAP, due
to the symbol used to represent the estimator of the target matrix P.
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PCAP works in the following manner: For each query cluster in P(Q, D), a dictionary is constructed with the terms that
comprise the queries in each cluster. Whenever a new query is processed, the BM25 score between the query terms and
the term dictionary of each query cluster is calculated in the broker. We represent the BM25 score obtained by query g in
cluster qc; with the variable r4(qc;). Then, using the elements p(i, j) of matrix P(Q.D), we are able to obtain the ranking
rq(dc;) of each document cluster dc; using the expression

rq(dcj) = qu(qci) P J).

Then, the broker can route q to each document partition in decreasing order according to the scores srq(dc;). Further
details and examples about how PCAP works are included in Puppin et al. (2010).

4. Learning-based collection selection

In this section, we explain how to build a training set to be used as input for the learning algorithm and capable of
maximizing a reward function for relevant results given by the collection selection method. Our method begins by calculat-
ing the top-k document lists for each query submitted to the search engine, using a broadcast. As the queries are evaluated
using a broadcast, the broker requests from each partition the top-k most relevant documents to the query. Then, the broker
consolidates the lists by constructing a new list with the global top-k most relevant documents. This can be done due to
scoring consistency across partitions. For this reason, these lists can be considered to be the gold standard of the learning
process because they are constructed over the entire system. Note that this approach requires to execute a query against all
the processors (multicast evaluation mode) at least one time previous to its inclusion in the query training set. Note also
that a new multicast evaluation of the query is needed every time that the document collection is reorganized (for example,
after each co-clustering rerun).

Because we employ a vertical partitioning scheme, each document is located in a single partition. Beginning from the
global top-k document lists that correspond to each query, we proceed to elaborate a list of partitions that contain the
global top-k documents. For each query g € Q, we have a partition list L(q) that enables a recall of the top-k best system
wide results.

The partition lists L(q) can be sorted according to a reward function for relevant results, in which the first partitions
of each list contribute with the most relevant results to each query. This sorting enables us to route the queries to each
document partition in decreasing order according to the reward function, which is a key element for the collection selection
method design. A natural method for evaluating the reward of each partition consists of calculating the fraction of relevant
documents that contributes to the global top-k list; this fraction corresponds to the partition’s recall. Another reward func-
tion that we consider is the NDCG score which is added to the top-k list by each partition. The NDCG score also considers
the position in which the documents appear (in the top-k list), this yields a higher score for the relevant documents that
appear near the top of the list.

From the partition lists L(q), we construct a training set for the learning algorithm that considers a given reward function.
The main idea in our method is building the training set over the vector space of terms in Q using the reward function of
the corresponding partition as a weight function for each given term. Each partition is represented over the space in terms
of Q, which favors the evaluation of new queries that share terms with the vocabulary of Q.

We propose the learning problem in a supervised environment. Our method considers each partition as a class; therefore,
the learning problem consists of finding the hyper-planes that separate the classes in term space. Each query is going to
be modelled as a training instance; the query will contribute to the description of each partition (class), considering the
terms it is composed of and weighting them according to the reward function associated to the corresponding partition.
This is a multi-class scenario as we consider search engines with more than two partitions. In addition, it is a multi-label
classification scenario because each list L(q) can consider several partitions.

4.1. Set-up of a training instance

Our method transforms each query q € Q into a training instance, using its partition list L(q). For each partition in L(q)
we create a training instance associated with q as follows: Let dc; be a document partition in L(q), and let t; be a term that
is associated with q. A vector representation of q is constructed, labeled dc; and referred to as ¢ over the vocabulary of
Q. There are nonzero elements for the terms ¢; that comprise g, which is given by the weight function w in which each
nonzero component of ¢ is given by ¢/ (i) = w(q, dc;). For the remaining vocabulary components not considered in g, the
weight function returns a value of zero. This process constructs a sparse representation of q.

Several weight functions can be defined. We propose to use one of the following three functions:

- Boolean function: This function is the simplest of the three functions. It considers whether a given partition in L(q)
contributes to the top-k list. Thus, the weight function can be expressed as

w(q. dc;) = 1, if dc; retrieves at least one relevant document for g
q.4¢j) = 0, otherwise.
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- Recall function: This function considers the global top-k document list as the gold standard. The weight function can
be expressed as

w(q, dcj) = RECALL(dc;j, q),

that is, the fraction of documents relevant to q retrieved from partition dc;.
- NDCG function: We employ the definition of the discounted gain function DG(i) used by Jarvelin and Kekaldinen

(2002) for a given position i > 2 of the global top-k document list, which is defined as logjia), where rel; repre-
sents the relevance of the document in the global top-k list. In the case of the list’s first position, DG(1) is simply
defined as rel;. In a list with k documents sorted by relevance in descending order, a decreasing integer function is
typically used, with the initial value k (for the most relevant document) and the final value 1 (for the least relevant

document). In this case, the discounted gain of the ideal list can be expressed as DG(i) = 1’&% i>2.

Example. Let us assume that the top-10 documents are considered for each query. Then, the ideal list (which sorts the
documents by relevance in descending order) obtains the following discounted gains:

8 1
% _506,...,DG10) = ——
oz, (3) (10) = fog,10)

Let us consider the DG reward from the single partition dc;. We need to compare the list of relevant documents retrieved
from each partition with the global top-k list. Let us assume that the partition dc; contains 1 > n > k relevant documents
from the global top-k list. In the best-case scenario, the n retrieved documents correspond to the top-k global documents
list; in this case, the partition gain returns a maximum value. The worst-case scenario corresponds to the partition dc;,
which retrieves only one relevant document from the top-k list, and the document is located in the last position of the list.
We obtain the discounted gain fraction that is returned by partition dc; by accumulating the DG obtained for each document
(cumulative) and normalizing the DG with respect to the DG of the ideal list (normalized) as follows:

> deideat DG (1)

DG(1) =10,DG(2) =9.DG(3) = = 0.301.

NDCG(q. dc;) =

Example. Let us assume that the global top-10 documents are considered for each query. We assume that partition dc;
returns three documents -ds, ds and d;- of the global top-k list. The ideal list that could be generated by a given partition
(truncated to three results) corresponds to the documents d;, d, and ds. Then, the normalized gain returned by partition
dc; is calculated as

4
B 8+6+ 08,3
T 10+9+5.06

In the event that a partition has a null intersection with the global top-k list, NDCG(q, dcj) = 0. We can easily verify that
the maximum value of NDCG is achieved when the partition returns the first documents of the global top-k list, in which
case the NDCG value is 1.

When using w(q. dcj) = NDCG(q. dc;), the vector representation of each query is modeled by the discounted gain reward
function over the vector space of the terms that correspond to each query.

NDCG(q, dc;) — 0.68.

4.2. Learning algorithm

The supervised learning process corresponds to a multi-class, multi-label scenario, which indicates that the learning
algorithm must be capable of building several hyper-planes in the query term space (one for each partition of the search
engine).

Given the query q and the specific partition dc;, we build the vector representation of g that is associated to dc; using
a weight function w(q, dc;) over the terms of g, which we denote as ¢. The learning process is capable of determining a
separating hyper-plane in query term space that is associated with the partition dc;, which we represent with the variable
w;. The negative likelihood function, which corresponds to the information-loss function between the queries whose lists

include the partition and the model w;, is minimized. Let Qi = {q{, s qu} be the set of queries whose partition lists include
dc;. The information-loss function is given by

I
. v (wod, 1
inf — loss(dc;, wj) =C- ;_1 log(1 + e VrWpditwo)y 4 ng Wi,

where y; =1 if ¢; € @/ and y; = —1 if q; ¢ QJ. The variable C > 0 corresponds to the penalty factor, and the term %ws -W;

corresponds to the L, regularization factor of the loss function. The penalty factor controls the balance between loss and
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regularization, which prevents overfitting of QJ = {q{, . qu} by model w; and the loss of generalization capabilities for new
queries.

Given the new query q"", which can be represented in the term space of Q, we can estimate the conditional generating
probability of partition dc; from q"*", using the logistic function over w; as follows:

1

Py=+11¢"VWw)= — .
v lq i) e a1 W o)

The decision threshold corresponds to 0.5 because the estimation of P(y = +1 | g"€W, w;) transforms the decision problem
into a binary problem given the partition dc;. Therefore, if P(y = +1 | ¢"®W, w;) > 0.5, we can add dc; to the partition list
L(grew).

Because the learning of each hyper-plane for each partition is reduced to a binary problem, a logistic regression al-
gorithm can serve as the learning algorithm. We use a logistic regression implementation that is designed to work with
high-dimensional data and is referred to as liblinear, version 2.01." Liblinear utilizes a logistic regression implementation
based on a Newton method for trust regions. Further details of the logistic regression algorithm and its implementation in
Liblinear are included in Fan, Chang, Hsieh, Wang, and Lin (2008).

5. Incremental learning strategy for collection selection

To add new documents to the collection we follow a simple strategy. Because we have a description of each partition
over the query term space, adding a new document to the partition that has the greatest cosine similarity to the vector
representation of the document is sufficient. This addition prevents the need to recalculate the co-clusters and rebuild all
partitions with the associated cost of moving the documents between partitions. We will show in our experiments that this
method avoids co-clustering recalculation with a small cost in terms of precision.

New queries can also be submitted to the search engine. This situation is common; thus, we must determine which
aspects of our proposal must be reconsidered in this scenario. One point is related to the predictability of the frequency
of a query. The logic of this point is that a query that is not expected to be frequent in the future does not need to be
incorporated in the training data set. Several studies address this particular issue (Fagni, Perego, Silvestri, & Orlando, 2006;
Gan & Suel, 2009; Lempel & Moran, 2003; Long & Suel, 2005) and apply query-caching strategies with admission/eviction
policies. This approach enables the use of a reduced query set, with the goal of efficiently administrating the assigned cache
memory. This aspect is independent of the learning model, which assumes as a previous condition that the queries will not
marginally occur. Notice that both components may independently and sequentially operate without incorporating structural
coupling. For this reason, we assume that our routing model can be coupled to a standard query-caching system with proper
logic that is independent of the learning algorithm employed by the router. Therefore, it is beyond the scope of this study.

One aspect that is relevant to the learning algorithm is related to the detection of novelty in a query. The logic behind our
learning algorithm is that any query that introduces novelty to the model must be added to the training data set. Therefore,
the main element that must be modeled is novelty detection. We model novelty detection using a listwise-based detection
strategy.

Let g"®" be a frequent query that is not considered in the training data set, and let Ly;(¢"™") and L(¢™") be the partition
lists that are obtained using the collection selection method and the complete system in broadcast, respectively. We evaluate
the novelty of a query for the model as a function of the number of inversions between partitions and between the exact
list L(g"™") and the approximate list Ly(q"®"). The logic of this design criterion is that a low number of inversions indicates
that both lists were produced by the same model. On the other hand, a high number of inversions in the partitions indicates
that the model list is not a suitable approximation of the exact list; therefore, it should be added to the training data set.

Let Ry(P) and R(P) be the rankings of partition P in Ly (q™") and L(q™"), respectively. For any pair of partitions P; and
P,, if R(P;) > R(P;), we count a match if Ry(P;) > Ry(P,); in the opposite case, we count an inversion. Analogously, we
count matches or inversions in the case when R(P;) < R(P,) for the condition Ry(P;) < Ry(P>).

Let n be the total number of partitions to be compared between both lists. The maximum number of inversions corre-
sponds to w which occurs when Ly (q"") is the reverse of L(q™"). Let A be the number of matches and let B be the
number of inversions between both lists. If both lists were generated independently, it is expected that A and B were jointly
produced by a random process. Then, to check the independence hypothesis we use a test designed to measure ordinal
association between two random variables. The following statistics exhibit a normal distribution when A and B are jointly
produced by a random process (null hypothesis)

3.(A-B)

/ n-(n—1)-(2n+5) .
2

If 2.P(-z) < p, the null hypothesis can be rejected with a significant p-value. As a rule of thumb, we must recall, for
example, that z > 2.3 is significant at 0.05. If the null hypothesis cannot be rejected, we must incorporate the query into
the training data set. Further details on measures of ordinal association are provided in Kruskal (1958).

Z=

1 https://www.csie.ntu.edu.tw/~cjlin/liblinear/
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After we have stored new queries, we can add them in batch to the data set to re-train the model. This process can be
periodically performed, as we show in the section of experiments, without affecting the performance of the search engine.
The training can be performed off-line; once it is completed, a user can proceed to replace the old model.

Note that our model is a long memory model, that is, it does not consider the elimination of queries from the training
data set because queries that were previously frequent may become frequent in the future. Among the factors that explain
this phenomenon is seasonality.

6. Experimental results

In this section, we evaluate the performance of the proposed method. After introducing the data set and the experi-
mental setting in Section 6.1, we start discussing the results of parameter tuning and parametric sensitivity in Section 6.2.
In Section 6.3 we discuss the costs of our proposal in terms of time and space required. Then in Section 6.4 we compare
the performance in batch learning mode of the collection selection method with PCAP by varying the number of partitions.
Section 6.5 evaluates index update and its impact in terms of precision. Then, in Section 6.6 we evaluate the proposed se-
lective learning strategy. Finally, we conclude in Section 6.7 discussing practical implications of our proposal to a production
system.

6.1. Data set

The data presented in this paper’s experimental section were generated using the Yahoo BOSS search engine. The Yahoo
BOSS API enables the same results that the production Yahoo search engine presents to users. To generate the document
collection, we employed a Yahoo log that corresponds to a three-months period in 2009; this log contains 2,109,198 distinct
queries that correspond to 3,991,719 queries. The query term space spans a vocabulary of 239,264 different terms. For each
query considered in the log, we obtained the top 50 results that were retrieved using Yahoo BOSS, and built a collection of
50,864,625 documents with them.

To create the partitions, we separated the queries into two different sets using the same proportions evaluated by Puppin
et al. (2010). We randomly selected 1,629,113 queries to build the training set, and reserved the remaining 602,862 queries
for evaluation. From these evaluation queries, a subset of 8061 queries that do not intersect the documents retrieved by the
training set were eliminated. Therefore, the definitive testing set was reduced to 594,801 queries.

The co-clustering algorithm by Dhillon et al. (2003) was run over the set of training queries; their respective top 50
document lists were obtained. The same number of query partitions evaluated by Puppin et al. (2010) was employed, that
is, 128 query partitions, as well as a variable number of document partitions. Five distinct configurations were considered:
16, 32, 64, 128 and 256 document partitions.

For each query, lists of the partitions that allow retrieval of the top 20 best results for the entire system were compiled
for both the training sets and the testing sets. This process was performed for the five systems configurations. These lists
will enable us to evaluate the performance of the proposed method.

We evaluated the performance in terms of Intersection measurement, which is employed by Puppin et al. (2010) and
defined as follows:

- Intersection: Let’s call GqN the top-N results returned for a query q by a black box search engine and H{I" the top-
N results returned for g by our method. The intersection at N, INTERy(q), is the fraction of results retrieved by the
proposed method that appears among the top-N documents in the black box search engine:

|Hy NGy

INTERN(q) =
Gy
The INTERy measure for a testing query set is obtained as the average of the INTERy(q) measured for each testing

query.

6.2. Tuning and parametric sensitivity

In this section, we explore the parametric sensitivity of the learning algorithm to the training data. All results correspond
to the representation based on NDCG. No significant differences in terms of sensitivity were observed in the two remaining
representations (Boolean and RECALL); for this reason, we have not included them here.

The first parameter that needs to be explored is the regularizing parameter. This parameter is represented by the variable
C and controls the balance between the regularization and the regressors to prevent training data overfitting. Tuning this
parameter using cross-validation of the training data set over 5 folds is common. For all configurations, the parameter value
was successfully determined to be 0.01, independent of the number of partitions. This value is less than the default value,
which is set to 1. Using a penalty that is less than the default value gives higher relevance to the regularizer, which indicates
its importance in this problem.
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Table 1
Sensibility analysis of the tolerance parameter e in terms of training time and model size for different
values of P.
16 32 64 128 256
nnz 7,364,056 9,305,958 10,934,415 14,174,148 18,029,122
Time e =001 1h31m 32s  3h 1m 8h 41m 6s 22h 19m 48s  3d 4h 26m
e=01 42m 42s 2h 5m 12s  6h 29m 54s  18h 35m 11s 3d 2h 6m
e=1 7m 48s 28m 36s 2h 27m 30s  9h 22m 1d 14h 44m
e=10 2m 24s 13m 30s 51m 18s 3h 19m 42s 11h 22m 36s
Model Size e =0.01 137 MB 274 MB 549 MB 11 GB 2.2 GB
e=01 138 MB 275 MB 550 MB 1.1 GB 2.2 GB
e = 147 MB 291 MB 568 MB 1.2 GB 2.2 GB
e=10 137 MB 294 MB 597 MB 1.2 GB 23 GB
Table 2

Co-clustering computational times and model sizes for different number of processors.

PCAP 16 32 64 128 256

Co-clustering runing time 1h 13m 2s 1h 2m 27s 1h 13m 12s  2h 41m 53s 7h 54m 24s
Co-clustering model size 121 MB 134 MB 144 MB 154 MB 176 MB

The solver is an iterative algorithm, whose cost per iteration is O(nnz - I), where nnz is the number of nonzero entries
of the training data set and I is the number of internal iterations that are required for convergence. The number of inter-
nal iterations I is proportional to an early termination parameter (stopping criteria) -the tolerance e- which corresponds to
the difference between the information loss between two successive iterations. A difference less than e triggers early ter-
mination. Thus, the inverse of e is proportional to the numerical accuracy of the model. We will show that the numerical
accuracy of the model (the numerical precision used to estimate each model parameter) for values of e less than 0.1 does
not affect the performance of our routing method.

As the number of partitions increases, the number of nonzero entries nnz must also increase because the length of the
partition lists increases when the system considers more document partitions. This relation can be observed in Table 1.

We can observe that nnz sublinearly increases with P because the lists are calculated over the global top-k document,
with fixed k (20). Because the solver has a cost of O(nnz - I), the increase in the parameter P produces an increase in the
training time. We evaluated the sensitivity of the method to various values of e. Table 1 shows the time that is required for
the training phase and the size of the corresponding model. We observed that low tolerance values produce longer training
times; the model size is independent of e but proportional to P. The relation between the model size and P is linear.

We evaluated the parametric sensitivity in terms of the Intersection measurement for different values of the parameter
e. We presented the results for INTERs%, INTER g% and INTER,o% over the testing data. We show these results in Fig. 1.

As shown by these results, the performance has a low sensitivity to e. The impact of a lower tolerance value does not
represent a significant performance increase, which shows that the method converges to a suboptimal situation, in which
the parameter e serves a marginal role. The low sensitivity enables us to use a value of e that does not generate excessive
computing times. For this reason, we use the default value of 0.1 that is considered for e in the solver.

6.3. Learning costs

We compare the costs in terms of computational time and memory to the ones involved in PCAP. As a first step, PCAP
needs to run a co-clustering algorithm. We use the codes provided in Puppin and Silvestri (2007), which are implemented
in C++. Then, using query-document coclusters, PCAP builds a collection of query dictionaries, including the terms of the
whole collection of queries that belongs to each partition. Query dictionaries get 31 MB of space in 6.5 s, for every number
of processors used in these experiments. Computational times and sizes for co-clustering are reported in Table 2.

As Table 2 shows more processors implies an increase in model size. In addition the time involved in co-clustering for
128 and 256 processors is greater than for 16, 32 and 64 processors. However no significant differences were registered
between computational times involved in co-clustering for 16, 32 and 64 processors illustrating that for a small value of P
the convergence of the algorithm is independent of P.

Instead of building a query dictionary for each partition using co-clusters, our learning-based approach processes the log
to build a training set. Then, we run logistic regression for each training set. Costs in computational time and space involved
are reported in Table 3. We used the NDCG variant for these experiments, with e tuned to 0.1.

As Table 3 shows, the creation of the training dataset involves computational times in the order of seconds. As we create
a training instance for each query q in the log and each processor that retrieve at least one relevant document for g, the
size of the training dataset increases with P, ranging from 213 MB to 850 MB. As the cost per iteration of logistic regression
is O(nnz - I), where nnz is the number of nonzero entries of the training data set and I is the number of internal iterations
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Fig. 1. Performance sensibility of the tolerance parameter e in terms of INTERs%, INTER1g% and INTER,,% measures for different values of P.

that are required for convergence, an increase in training set size implies an increase in computational time, as the third
row of Table 3 shows. The last row of Table 3 shows model sizes, ranging from the order of MB to GB.

Comparing Table 2 and 3 we conclude that the cost of the learning approach is higher than the cost of PCAP. However,
we claim that the costs of the learning approach reported in these experiments were obtained using a single core imple-
mentation of logistic regression. It is possible to speed up the learning step using a multicore implementation of logistic
regression, as the one provided by Spark.”? We suggest that the use of a multicore implementation is advisable and even
indispensable in a large-scale production system.

2 http://spark.apache.org


http://spark.apache.org
http://dx.doi.org/10.1016/j.ipm.2016.04.008

JID: IPM [m3Gsc;May 7, 2016;21:53]

M. Mendoza et al./Information Processing and Management 000 (2016) 1-22 1
Table 3
Learning computational times and model sizes for different number of processors.
Learning strategy 16 32 64 128 256
Training dataset creation  49s 565 1m 4s 1m 22s 2m 7s
Training dataset size 213 MB 271 MB 326 MB 501 MB 850 MB
Learning step 42m 42s  2h 5m 12s 6h 29m 54s 18h 35m 11s  3d 2h 6m
Learning model size 138 MB 275 MB 550 MB 1.1 GB 22 GB
Table 4

Batch learning evaluation using INTERs%, INTER¢% and INTER,% for differents values of P. Results are shown
for three configurations: (a) Visiting the top-1 recommended processor, (b) Visiting the top-25% of the pro-
cessors, and (c) Visiting the top-50% of the processors. Bold fonts indicate best results for each configuration.

INTERs% INTER 0% INTER%
Top-1  25% 50% Top-1  25% 50% Top-1  25% 50%

16 Log Boolean  28.44 51.38 7339 2280 4352 6736 2328 4580 67.56
Log NDCG 2294  44.04 74.31 20.21 4145 67.88  21.37 42.37 65.65
Log Recall 2294 4679 7523 2021 4249  66.84 2137 43.51 64.89
PCAP 23.85 46.79  59.63 16.58 3990  54.92 14.12 3740  50.76
32 Log Boolean 11.01 5046  70.64 9.84 4456 66.84 8.78  44.66 67.94
Log NDCG 12.84 4220 71.56 10.88 40.41 66.32 11.07 42.75 67.18

Log Recall 11.93 45.87  68.81 1140 43.01 65.28 1145 4466 66.03
PCAP 8.26 3945  66.06 5.70 3375 66.32 534 3740  67.56
64 Log Boolean 1193 5413 71.56 1140 49.22 67.36 10.31 50.76  67.56
Log NDCG 734  48.62 71.56 7.25 48.19 70.98 6.87 47.71 71.76
Log Recall 734  48.62 70.64 7.25 47.67 70.98 6.87 47.71 72.14
PCAP 826 4495 68.81 6.22 4715 72.54 7.63 46.95 74.81

128  Log Boolean  15.60 5229 7798 1088 50.26 73.58  10.31 50.38  72.90
Log NDCG 14.68 5229 7339 1036 4922 7047 9.92 4885 7214

Log Recall 14.68 5046  72.48 1036  48.19 69.43 9.92 48.85 70.99
PCAP 8.26 3486  66.97 518 33.68 61.66 5.73 34.35 61.83
256 Log Boolean 6.42 4128  58.72 518 37.82  53.89 5.34 35,50  53.05
Log NDCG 734 41.28 62.39 5.70  45.08 65.28 5.73 4427 62.98
Log Recall 734 4037 60.55 5.70  45.08 63.21 5.73 4466 6145
PCAP 1.83 31.19 58.72 1.55 33.16 59.07 1.91 32.82 58.78

6.4. Batch-learning experiments

In this section we present the performance evaluation of our method and PCAP in terms of the indicators INTERs, INTER
and INTER,q. To evaluate each method’s ability to sort the partitions by relevance, we evaluate over the best partitions of
each list for each configuration. For example, for the 16-partition configuration, we evaluate INTERs, INTER;y and INTER;, for
the first, fourth and eighth partitions of each list elaborated with the collection selection method. To compare the evalua-
tions of the configurations with different partition numbers, we use the top 1, the top 25% and the top 50% for all evalua-
tions.

The evaluation is performed over the test query data set. The results presented in the following table show the averages
for each configuration for all test queries. The proposed method is indicated with the prefix Log (for logistical regression).
The suffix indicates the weight function employed to build the training instances.

The columns in Table 4 show the number of partitions for each of the lists considered. For a given configuration, the
performance improves as more partitions from each list are considered. The comparison of the performance of different
configurations indicates that in general it decays as more partitions are considered in the system. For example, the value of
INTERs% over the first partition for Log Boolean decreases from 28.44% in the 16-partition configuration to 6.42% when 256
partitions are considered. However, there are some configurations where the metric peak is achieved for 128 processors. For
example, Log Boolean reaches its best result visiting the 50% of the processors at 128. Regarding the use of the indicators
INTERs%, INTER19% and INTER»%, the increase in the value of N from 5 to 20 produces a more restrictive evaluation, which is
reflected in the fact that the INTER,o% results are slightly less than the results obtained using INTER;o%; the INTER % results
are less than the INTERs% results. In some configurations, these differences are more significant.

The performance always surpasses the baseline given by a uniform, random assignment method. In the case of 256
partitions, a uniform random assignment method would achieve a performance of 21% over the first partition, that is, a
base of 0.39%. For this reason, a seemingly low performance of 6.42% over the first partition is, actually, not low because it
surpasses the baseline by a factor of more than 16. For the same measurement, PCAP surpasses the baseline by a factor of
4.5 (achieving 1.83% in the first partition), which shows the significant improvement introduced by our method.

Discussion. As demonstrated by our results, our method surpasses PCAP in almost all the configurations for any of its
three weight functions. The only exception is for 64 processors, where PCAP is very competitive in terms of INTERo% and
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INTER,y%. For 16 partitions, the best variant of our method corresponds to Log Boolean, which achieves a significant dif-
ference in the first partition. This difference decreases as more partitions are considered; it is overcome in INTERs% by Log
Recall and in INTERp% by Log NDCG. For 32 partitions, the results are more uneven, with slight differences in favor of a
particular function. In this configuration, the performance of Log Boolean decays at the first partition but reduces its disad-
vantage with respect to the remaining functions. This finding shows the positive effect of Log Recall or Log NDCG in fitting
the documents that occupy the first positions of the list and the impact of the performance over evaluations that are trun-
cated at the first partition. This advantage is lost in the configurations based on 64 partitions, where Log Boolean obtains
the best results for the three measurements. A slight difference in favor of Log NDCG versus Log Recall is observed. For
128 partitions, the difference in favor of Log NDCG is distinct, whereas the difference in favor of Log Boolean is clear for
256 partitions. These results are not sufficient for establishing distinct differences in favor of one weight function; the only
valid conclusion that can be drawn for all configurations is that our method consistently surpasses PCAP. Note that these
results may be attributed to the fact that the collection is formed over global top-50 document lists, from which we have
employed configurations with many partitions. If this restriction disappears we expect the effect in favor of NDCG becomes
more significant. For these experimental settings, however, a rough reward function, such as a Boolean function, appears to
be sufficient.

6.5. Index update

We start this section measuring the size of each partition and the quality of the results for different document index
update strategies. We add new documents to the collection by calculating the cosine similarity of each new document to
the vector representation of each partition in the query term space. Then, each document is assigned to the closest partition
using its content as a query over the query routing model. This strategy avoids the recalculation of the query routing model,
limiting the cost for index update at the level of each local index.

A crucial point to evaluate is the relative size of the partitions achieved using index update. As expected, an unbalanced
partition size solution will increase latency.

We measured the size of the partitions for four different configurations: a) Full collection: We run co-clustering over
the whole document collection, i.e. considering 50,864,125 documents, b) Partial collection: We run co-clustering over a
fraction of the document collection which comprises 40,000,000 documents. Then we updated the collection by assigning
the remainder 10,864,125 documents using as a routing method c) PCAP update: we use PCAP to distribute the documents,
and d) Log NDCG update: we use Log NDCG for document distribution.

We show in Figs. 2 and 3 the size of the document collections in each partition for different values of P. The expected
partition size m (m = % N: total number of documents) is depicted with a segmented line. Note that a balanced solution
will tend to be around m. To perform a fair comparison among the different configurations, all the plots shows normalized
collection sizes (see the x axis), ranging from 0 to 2m.

Figs. 2 and 3 shows that co-clustering achieves balanced solutions for P in 16 to 64. However, as P increases, solu-
tions tend to be more unbalanced. In fact, for 128 and 256 processors, on full and partial collections of documents, both
co-clustering solutions accomplish partition sizes beyond scale. This fact illustrates that co-clustering overemphasize the
relevance of document and query pairwise distances, lacking of a density condition that may helps getting balanced cluster
size solutions.

The third and fourth columns of Figs. 2 and 3 show the number of documents (normalized to get 10.8 M of docs)
assigned to each partition using PCAP and Log NDCG, respectively. As we can see from the figures, PCAP gets unbalanced
solutions. In fact, as P increases, PCAP tends to concentrate the documents into a single partition. These results illustrates
that the use of document as queries over query dictionaries skews the results, phenomenon that is more noticeable for 128
and 256 processors. In fact, under these configurations the 89% and 98% of the documents were routed to a single partition.
On the other hand, Log NDCG achieves more balanced solutions. The effect of partition unbalance is more noticeable for
128 and 256 partitions, where a few processors concentrate the half of the documents. However, the remaining partitions
capture documents achieving sizes around m. This fact may be explained from the nature of the model. Logistic regression
builds models with nonzero entries (see model sizes in Table 3) achieving a smoothed representation of each partition
over the query term space. Accordingly, the use of long term vectors as the ones created from document contents over a
smoothed model will tend to limit the effect of bias, favoring partition balance.

Fig. 4 shows the impact of index update on the routing method in terms of precision. We use as a performance measure
INTERp%. Fig. 4 shows that both index update strategies obtain performances that are between the results achieved using
partial and full collections. Note that the evaluation was conducted using testing queries whose results were retrieved from
the whole collection (50 millions of documents), reason why the precision of partial collection only gets the 80% in terms of
INTER % visiting all the processors. Accordingly, Log NDCG and PCAP over the partial collection are considered as baselines.
Fig. 4 shows that PCAP update (depicted with a circle) is almost equal to the baseline. On the other hand, Log NDCG update
(depicted with a bold square) is always several precision points over the baseline, reaching the performance of PCAP on
the full collection. The effect of unbalance explains why Log NDCG update cannot reach the performance of Log NDCG on
the full collection, suggesting that Log NDCG update is an acceptable solution for index update during a transient. However,
to avoid precision depletion the system will need to recalculate co-clustering forcing document reassignment from time to
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Fig. 2. Size of the document collections in each partition for P in 16 to 128. Each segmented line indicates the expected partition size for perfect balance
(m= % where N is the size of the collection). The x axis shows normalized collection sizes ranging from 0 to 2 m. Out of range partition sizes are indicated
showing the size of the respective partition at the right side of each plot.

time. To avoid the inclusion of these new costs the use of an incremental clustering solution appears to be an advisable
strategy to scale up our proposal to a production system.

6.6. Incremental learning experiments

To evaluate our incremental learning strategy, we have chronologically separated the test query set into three groups of
similar sizes. The first part of the test set considers 187,204 queries; the second part of the test considers 192,400 queries;
and the third part of the test set considers 215,197 queries. Each of the three sets spans timelines of approximately one
month to make them comparable. For each third of the test set, we evaluate its performance using the INTER5%, INTER %
and INTER»p% indicators considering three learning strategies: The first strategy does not incorporate any query from the
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Fig. 3. Size of the document collections in each partition for 256 processors. As in Fig. 3, the expected partition size is indicated with a segmented line.
Out of range partition sizes are indicated at the right side of each plot.

test set into the model. This strategy was evaluated in the previous section and was denoted batch learning. The second
strategy, which we refer to as full learning, incorporates all queries into the model. The third strategy, which is denoted
selective learning, selectively incorporates queries that satisfy the novelty criterion discussed above in Section 5.

Selective learning demonstrates important discrimination capabilities. When the query selection method is run with z >
2.3 that is, to a significance value of 0.05-32.07%, 31.43% and 34.08% of the queries from each third of the test query set are
discarded. The novelty detection method discards almost a third of the queries to be incorporated into the training phase.

In the first evaluation, both incremental strategies performed the re-training at the end of the corresponding period. To
consider the cumulative effect of the time invested in incremental learning in the batch case, each third of the timeline
considers the queries from the previous period. Consequently, the evaluation over the final third of the timeline considers
the full test data set; for this reason, this experimental configuration coincides with the batch evaluation that was performed
in the section on batch learning.

The three strategies are evaluated for the four routing methods previously explored. Due to our query selection strategy
is built over the partition lists, which corresponds to the output of a generic routing method, we can also apply it to PCAP.
As measures of partition selection, for each search engine configuration, we consider the INTERs%, INTER g% and INTER,y%
indicators, which are calculated over the first partition (top 1), top 25% and top 50% of the partitions with the highest
routing score. In this evaluation, we consider three distinct search engine configurations with 16, 64 and 256 partitions. The
results of this evaluation for INTERs, INTER o and INTER, are listed in Table 5, 6 and 7, respectively.

The results displayed in Table 5, 6 and 7 show that the selective incremental learning strategy produces better results
than its competition. In particular, selective learning surpasses full learning, which indicates that the training query selection
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Fig. 4. Performance of routing methods in terms of INTER;o% for different index update strategies using P processors ranging from 16 to 256. Routing over
the partial collection is a baseline for the experiment.

method enables the discarding of queries that are detrimental to the model’s predictive performance. An explanation for this
phenomenon is that when queries that can be approximated by the model are discarded, we prevent overfitting and improve
the model’s generalization capabilities. Both incremental learning strategies surpass batch learning, which confirms the need
to periodically update the routing model so as to prevent a performance loss.

Discussion. For the INTERs% indicator for 16 and 64 partitions, selective learning surpasses full learning in all compar-
isons. The best results are obtained by Log Boolean, closely followed by Log Recall. When the partition number is increased
to 256, Log Recall and Log NDCG become more competitive and surpass Log Boolean in all comparisons. The fact that Log
Boolean overcomes its closest competitors in configurations with 16 and 64 partitions indicates the presence of overfit-
ting. When using the performance indicators INTERp% and INTER,y% and considering the performance over more relevant
documents, we increase the recall relevance to the performance. In this scenario, the learning algorithms that are based
on recall functions (Log Recall and Log NDCG) overcome their competitors. For example, the use of INTERy%, Log NDCG
with selective learning always disputes the first place in performance, for 16, 64 and 256 partitions. The difference becomes
more significant in favor of Log NDCG for configurations with more partitions where differences between 7 and 8 percentile
points in INTERo% over Log Boolean are observed. This finding shows that Log NDCG has greater generalization capabilities
as the recall increases. Using INTER,o%, which represents the performance measure at the maximum reachable recall level
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Table 5

Incremental learning evaluation using INTERs%. Three different configurations were evaluated: (a) Batch learning, (b) Full incremen-
tal learning, and (c) Selective learning. Results achieved by visiting the top-1, top-25% and top-50% partitions are shown for each
of three parts of the query log analyzed.

First part Second part Third part

Top-1 25% 50% Top-1 25% 50% Top-1 25% 50%

16 partitions Batch Log Boolean  27.62 5198  73.11 27.63 5132 73.66 2844 5138  73.39
Log NDCG 23.56 43.87 73.79 22.73 4439 74.71 22.94 44.04 74.31
Log Recall 23.63 4632 7446 2305 47.03 7508 2294 4679 75.23
PCAP 2379 4748 5878 2393  47.08 59.13 23.85 4679  59.63
Full-inc  Log Boolean  33.71 58.78 7994 3373 5823 7987 32,64 58.01 79.88
Log NDCG 2958 5029 8028 29.68  51.31 81.03  29.01 5094  80.77
Log Recall 30.06 5152 8136 2991 53.87 80.66 29.64 5347  82.06
PCAP 3027 53.04 6524  30.82 51.65 66.09 3079 5525 65.8
Sel-inc Log Boolean  35.14 60.14 81.81 3649 60.15 8263  35.01 60.27 8255
Log NDCG 3097 5271 83.57 31.08 5582 8341 3185 5581 86.29

Log Recall 3231 5499 8595 3297 58.13 86.99 3538 58.58  89.97
PCAP 29.96 52.61 65.58  29.79 51.37 65.13 27.36 52,64 63.21
64 partitions Batch Log Boolean 11.08 54.95 71.72 11.53 54.29 71.06 11.93 54.13 71.56
Log NDCG 7.79 47.65 71.94 713 48.09 71.47 734  48.62 71.56
Log Recall 6.9 49.09 70.84 7.37 48.89  70.83 734  48.62 70.64
PCAP 8.06 4592 6834 8.07 4548  68.75 826 4495 68.81

Full-inc  Log Boolean 17.64 60.26  78.45 18.41 59.86  75.27 18.67 63.11 78.48
Log NDCG 14.14 53.15 78.01 13.63 53.57 75.88 13.79 57.02 78.29

Log Recall 13.83 54.73 77.65 14.15 5413 7515 13.69 56.76 76.89

PCAP 14.86 51.04 7531 14.94 51.03 73.51 14.41 53.84 74.89

Sel-inc Log Boolean  19.32 62.18 80.03 21.03 61.76 77.68 21.55 66.02 81.47

Log NDCG 15.61 55.01 81.18 1518 57.65 78.73 16.11 61.74 84.21

Log Recall 15.81 57.84  82.51 17.29 58.31 82.12 19.51 6235 8439

PCAP 14.38 51.18 75.02 13.19 50.08 73.42 9.99 51.18 72.01

256 partitions  Batch Log Boolean 634 4227 58.41 6.8 4139  59.12 6.42 4128  58.72
Log NDCG 6.51 40.5 61.89 6.67 39.89  62.67 7.34 4128  62.39

Log Recall 7.91 41.02  60.14 7.01 40.93 60.38 734 4037 60.55

PCAP 1.53 3193  58.38 1.63 3145  59.04 1.83 31.19 58.72

Full-inc  Log Boolean 12.95 47.27 65.35 12.95 47.16 64.06 1299  49.91 65.56
Log NDCG 13.09 4627 6793 1276 4519 6735 1425 4945  69.33
Log Recall 14.68 4623 6692 1356  46.21 65.21 14.06  48.86  66.93
PCAP 8.01 37.06  64.66 7.89 3648 6341 787  39.69 6498
Sel-inc Log Boolean 1433 4827  67.23 1546 4912  66.01 15.12 5214  67.51
Log NDCG 1476 4878 7279 1595 4973 73.81 1946 5491 76.98
Log Recall 1699 4892 7217 17.22 5081 7215 1945 5482 7492
PCAP 7.02  37.01 64.93 626 3514 6341 452 3764 6202

in these experiments, Log NDCG and Log Recall surpass Log Boolean in all comparisons. These differences decrease when 16
partitions are used. Note that PCAP is surpassed in all comparisons by the proposed methods.

The following experiment considers a more realistic evaluation scenario. In this experiment, the router is placed on-line
with the stream of submitted queries and is updated on daily basis using the queries selected by the novelty detection
method. The model is evaluated using the next-day test queries to avoid the intersection between the training query set
and the testing query set. Note that in the case of 256 processors, logistic regression takes 3 days to converge in a single
core implementation (see Table 3), reason why in a production system we will need a fast implementation of this algorithm.
For the purposes of this experiment, we assume that the model may be obtained in at most 24 hours making possible the
evaluation of the proposal for this scenario. Note that this constraint imposes the need to use a parallel implementation of
logistic regression, that is beyond the scope of this paper.

For each day, performance values of previous evaluations can be obtained. In this evaluation, we consider the INTERy%
and INTER»% indicators, over first-partition lists (top-1), and top-25% partitions. As in the previous experiment, we evaluate
configurations with 16, 64 and 256 partitions. We compare selective learning over Log Boolean, Log Recall, Log NDCG and
PCAP learning. Because the indicators are evaluated daily over the entire log, a time series is obtained over a timeline of 90
days. The results are shown in Figs. 5 and 6 for the INTERo% indicators and INTER,y% indicators, respectively.

As shown in Figs. 5 and 6, the performance in terms of INTER{g% and INTER,9% shows mean values close to those ob-
served in the batch evaluation, with reduced variability for the learning-based methods in INTER;¢%, for 16, 64 and 256
partitions in the top-1 partition. All comparisons show advantages over PCAP, confirming the observations from the batch
evaluation. The variability between the learning-based methods increases as more partitions are explored. The results over
the top 25% for INTER;p% indicate a difference in favor of Log NDCG and Log Recall over Log Boolean, which increases for
configurations with 64 and 256 partitions. When using the indicator INTER,o%, the three learning-based strategies obtain
similar results for the top-1 partitions in the 16-partition configuration. Using 64, 128 and 256 partitions, Log NDCG and

Please cite this article as: M. Mendoza et al., Reducing hardware hit by queries in web search engines, Information Pro-
cessing and Management (2016), http://dx.doi.org/10.1016/j.ipm.2016.04.008



http://dx.doi.org/10.1016/j.ipm.2016.04.008

JID: IPM [m3Gsc;May 7, 2016;21:53]

M. Mendoza et al./Information Processing and Management 000 (2016) 1-22 17

Table 6
Incremental learning evaluation using INTER% for 16, 64 and 256 partitions.

First part Second part Third part

Top-1 25% 50% Top-1 25% 50% Top-1 25% 50%

16 partitions Batch Log Boolean — 22.22 42.64 68.14 22.79 43.41 67.72 22.80 43.52 67.36
Log NDCG 19.45 4182 6643 19.9 4164 6714 20.21 4145 67.88

Log Recall 1955 4215 66.03 2054 4223 66.11 20.21 4249  66.84

PCAP 15.62 39.11 54.66 15.74 3936  55.06 16.58 3990 54.92

Full-inc  Log Boolean  28.71 47.75 74.41 2923 4911 72.61 29.29 5235  73.64

Log NDCG 25.61 46.88  73.01 26.61 47.41 7125 2692 4986  74.35

Log Recall 2646 4727 72.91 27.04 4772 7048 2693 51.38  72.86

PCAP 2232 44381 6144 2259 4481 5944 2271 48.12 61.81

Sel-inc Log Boolean  30.02  49.17 75.68 3218 5032 7522 3216 54.61 76.53

Log NDCG 29.07 51.04 80.31 31.51 54.17 7955 31.75 58.61 84.22

Log Recall 28.59 50.79 78.99  30.01 52.67 77.08 2993 59.01 81.71
PCAP 2189 4466 61.26 2088  44.12 58.89 18.79 4529  59.66
64 partitions Batch Log Boolean 10.87 4894  67.34 11.47 49.57 67.7 11.40 4922  67.36
Log NDCG 6.49 4814 71.32 7.24 4816 71.22 7.25 48.19 70.98
Log Recall 6.72 4764  70.86 717 48.58 70.88 7.25 47.67 70.98
PCAP 6.13 47.74 71.88 6.27 46.78 72.03 6.22 47.15 72.54

Full-inc  Log Boolean 17.83 53.99 73.54 18.31 55.23 72.29 18.32 58.14 73.94
Log NDCG 12.78 53.16 7817 13.81 5352 7594 14.17 56.87 77.68
Log Recall 13.56 52.95 77.69 14.04 51.41 75.52 13.81 5594  77.35
PCAP 12.14 53.08 78.53 13.09 52.69 76.53 12.97 5555  78.64
Sel-inc Log Boolean  19.49  55.02 7489  20.99 56.78 7528  20.71 60.33 76.24
Log NDCG 14.41 5748 84.04 15.98 58.41 82.69 1717 64.21 86.14

Log Recall 15.27 57.11 84.11 16.28 55.63  82.21 17.04  63.07 86.04
PCAP 11.83 53.46 78.71 11.61 52.08 76.27 9.91 53.21 75.28
256 partitions  Batch Log Boolean 5.36 37.6 53.39 4.45 37.91 54.34 518 3782  53.89
Log NDCG 566  44.51 65.07 6.01 4455  65.81 570  45.08  65.28
Log Recall 5.61 4475  63.07 5.88 45.58 6391 570  45.08  63.21
PCAP 1.31 3247 59.46 1.92 3298  59.01 1.55 33.16 59.07

Full-inc  Log Boolean 12.04 4345 60.13 11.41 43.69  58.54 11.89  46.75  59.95
Log NDCG 1248  49.51 71.31 1241 49.78 7017 12.36 53.64 71.76
Log Recall 11.75 5048  69.46 12.01 50.97 68.89 11.99 53.66  69.46
PCAP 7.51 37.72 65.48 8.59 38.05 63.16 7.83 4144  65.77
Sel-inc Log Boolean  13.72  45.22 61.37 14.22 45.11 61.36 14.15 49.37 62.05
Log NDCG 13.52 5233 76.09 1433 54.05 75.74 13.39 59.55 79.56
Log Recall 12.29 51.56 71.26 13.74 52.98 72.09 13.26 57.41 73.52
PCAP 7.22 37.43 65.14 714 3754  62.66 4.05 3942 6337

Log Boolean establish a difference of approximately five performance points over Log Recall. Considering the results based
on the top-25% partitions, the three learning-based strategies obtain similar results for 16 and 64 partitions, with a slight
advantage in favor of Log NDCG. For the 256-partition configuration, the difference between Log NDCG and Log Recall over
Log Boolean significantly increases, which reveals a gap of almost ten performance points.

Seasonal factors can be appreciated in the series for all evaluations. The day of the week is indicated on the horizontal
axis, which reveals a decrease in performance by a few points during the weekend. In some comparisons, the seasonal
factor can be highly relevant, as is the case of the evaluation over top-25% using INTERo%. Using the INTER,% indicator,
the seasonal factor is less relevant indicating that seasonal relevant documents tend to appear in the top-10 page results.
A slight improvement in learning can also be appreciated when using INTER,¢%, where a positive slope is observed in the
performance series for the strategies that are based on recall learning.

6.7. Practical implications to a production system

In this section we illustrate some implications of our proposal to a production system. We do this by evaluating efficiency
aspects of our proposal in a parallel information retrieval system.

We evaluate our proposal in a BSP-based simulator Valiant (1990), distributing the cost relevant operations among the
supersteps and processors, wherein the cost of each operation is determined by a set of process-oriented discrete-event
simulation objects which model resource contention of operations. In each superstep, the use of these resources causes
cumulative costs in the respective processors. The degree of contention is determined by the outcome of a cache admis-
sion/eviction policy. A first cache that is considered in the baseline strategy is at the level of each processor. As the length
of the posting lists can be huge and during periods of time it usually happens that a large subset of terms is not required,
most of the posting lists are kept in secondary memory. A subset of highly required posting lists is kept in main memory,
what we called posting list caches. These caches are administered with a standard LRU admission/eviction policy in each
processor. A second cache is maintained in the broker. This cache is a results cache which stores the answers for frequent
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Table 7
Incremental learning evaluation using INTER;p%.

First part Second part Third part

Top-1 25% 50% Top-1 25% 50% Top-1 25% 50%

16 partitions Batch Log Boolean  22.84 4443 67.72 2295 4446 674 23.28 4580  67.56
Log NDCG 20.86 41.66 6528 2113 4207 6441 2137 4237  65.65

Log Recall 20.68 4258 64.86  21.41 4337 6504 2137 4351 64.89

PCAP 1343 3833  50.73 14.16 37.54 5091 14.12 3740  50.76

Full-inc  Log Boolean  29.51 4949 7351 2928 4966 73.88 2849 5189 7359

Log NDCG 2693 4741 7093  27.73 4784 7128 2684 4844 7245

Log Recall 2736 4839 6995 2825 49.03 7152 2711 4954  71.01

PCAP 1949 4396 5648  20.51 4312 57.08 1958 43.74 5743

Sel-inc Log Boolean  31.18 5146 7541  32.02 50.71 7646 3135 5478 76.12

Log NDCG 29.05 5053  75.17 29.74 51.7 7619 3023 5335 7827

Log Recall 28.97 51.75 7381 30.03 51.81 7599  30.07 53.03 7511
PCAP 18.81 44.02  56.58 18.85 42.41 56.61 16.41 41.08  55.25
64 partitions Batch Log Boolean 11.16 50.65 66.57 10.86 51.28  66.79 10.31 50.76 67.56
Log NDCG 6.72 48.16 71.87 6.5 47.79  70.98 6.87 47.71 71.76
Log Recall 6.7 47.96 71.35 6.76 47.74 71.98 6.87 47.71 72.14
PCAP 7.41 4692  75.24 7.23 4786  75.11 7.63 46.95 74.81

Full-inc ~ Log Boolean ~ 17.29 5577  71.98  17.01 56.71 73.04 1591 5733 7412
Log NDCG 12.91 5325 7712 1274 5335 7779 1228 5378 7857
Log Recall 12.91 53.31 76.62 1343 5371 7865  12.81 54.51 79.08
PCAP 13.92 5268  80.95 14.06 5322 8161 13.05 53.82  81.05
Sel-inc Log Boolean 19.09 57.09 73.11 19.34 57.79 7547 18.24 59.35 76.59
Log NDCG 20.03 5812 8234 2115 59.26 83.53 19.17 60.69  85.62

Log Recall 13.12 54.76 78.66 14.93 5576  81.91 14.45 5822 8397

PCAP 13.03 52.61 81.09 1212 53.04 81.23 9.22 51.77 7817

256 partitions  Batch Log Boolean 4.95 3544 5265 522 3635 5271 534 3550  53.05
Log NDCG 5.38 43.8 63.86 5.55 44.15 63.4 5.73 44.27 62.98

Log Recall 589 44,56 61.55 5.63 44.78 61.13 5.73 4466 6145

PCAP 217 32,64 58.36 2.01 32.74 58.17 1.91 3282 5878

Full-inc  Log Boolean 7.41 40.68 57.95 6.31 4156  59.46 6.58 42.02  59.62
Log NDCG 8.27 47.09  67.02 6.71 49.79  69.42 7.59 51.14 69.48

Log Recall 8.66 4836 6549 6.68 4995 67.29 7.04 51.53  68.43

PCAP 513 36.13 61.36 3.83 38.71 64.75 3.04 39.27 65.07

Sel-inc Log Boolean 8.45 42.63 59.07 9.18 43.53 61.72 9.47 44.04  61.64
Log NDCG 8.93 50.12 66.88 9.25 5318 75.21 1011 57.21 75.26

Log Recall 922 4957 6748 8.21 52.86 7126 8.94 55.19 72.91

PCAP 4.71 36.56 61.03 2.39 3776 63.75 243 37.21 62.98

queries. This cache is administered with the standard SDC strategy. A final consideration is related to network latency.
Communication among processors is performed in accordance with BSP as its cost model takes the network latency into
consideration.

We further describe the basics of our simulator. In a baseline strategy the work-load generated by the processing of
a one-term t query, containing a posting list of global length r - k - P, can be decomposed into r iterations where each
iteration involves the processing of a k-sized piece of a posting list. Assuming that the query first arrives to the broker, then
this work-load can be represented by the following sequence of primitive operations:

M(t)p — [F(k)||P — R(K)|[P] — S(K) || P — E(PK).

In this sequence, the multicast operation (M) represents the part in which the broker sends the term t to P processors.
Then, in parallel (]|), all P processors perform the fetching (F) from secondary memory of the k sized piece of posting list.
They rank (R) the documents present in their piece of posting lists and the sequence F-R is repeated r times. (For more than
one term, the rank operation takes into consideration the costs of intersecting the posting lists and scoring the resulting
documents.) Then in parallel they send (S) their local top-K results to the broker. Finally the broker merges (E) them to
produce the global top-K results for the query. These operations are properly combined. For instance, if a given posting list
is already stored in the LRU posting list cache, we do not charge the cost of fetching (F) in that particular processor.

As a validation experiment we executed the different result caching strategies (broker-side) discussed in Gan and Suel
(2009) over our log. Fig. 7(a) shows that our results precisely mimics the performance results obtained in Gan and Suel
(2009). This experiment allowed us to verify that our query log was properly pre-processed and that our caching policies
are correctly implemented. Fig. 7(b) shows normalized results both for real execution time and simulation time for the
baseline query processing strategy. These results were obtained with the Zettair Search Engine (www.seg.rmit.edu.au/zettair)
and we adjusted our simulator parameters to simulate the performance of Zettair. We installed Zettair in 64 processors
of a RLX cluster and broadcast queries to all processors using TCP/IP sockets to measure query throughput. The cost of
processor computation, disk accesses, communication and synchronization in our simulator was determined by performing
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Fig. 5. Incremental learning strategies performance at INTER;o%. We used selective learning for the four routing methods.

benchmarks on RLX using the BSPonMPI library (http://bsponmpi.sourceforge.net). The results show that the simulator is
capable of almost overlapping each point in the curves of Fig. 7(b).

Throughput and query answer time. In these experiments we measure throughput at regular small intervals of simulation
time to detect singularities in the stream of queries. We scale up our proposal ranging P from 64 to 512 processors. Fig. 8(a)
shows the query throughput obtained with different values of P. As expected, the proposed strategy is in general more effi-
cient than the baseline strategy. However, there are some intervals in which our strategy slows throughput down to values
close to those of the baseline. This happens in cases in which queries hit about the same reduced set of processors limiting
the performance by the answer time of those few processors. In these cases, one should expect that the baseline strategy
outperforms our proposal because it can distribute workload among the P processors, whereas our strategy is limited to a
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Fig. 6. Incremental learning strategies performance at INTERyo%.

few processors. However these results show that at the same time queries routed to few processors tend to be admitted in
the local posting lists caches, favoring load balancing.

Finally, we illustrate the advantages of our proposal regarding individual response query times. Fig. 8(b) presents indi-
vidual response query times for P = 128. Similar results were achieved for the other values of P. The results show that the
baseline strategy overcomes the maximum user latency by a wide margin at regular intervals because of saturation whereas
the proposed strategy keeps query latency steady.
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7. Conclusions

We have introduced a new collection selection method for distributed search engines with vertical partitioning. The pro-
posed method builds representations of each partition content, without using the documents content. Instead, it uses the
query terms. This approach enables a learning process over a term space with lower dimensionality and greater represen-
tation, from the search engine users’ point of view. The main difference between our method and PCAP is that our method
models the partition lists during the learning process, using the recall gain or NDCG as a reward function for the process.
This approach enables the incorporation of the objective function that needs to be optimized into the collection selection
method, which significantly improves the performance.

In this study we introduce a novelty query detection method to be incorporated in the incremental learning process. The
method is parameter-free and does not require tuning. It only requires definition of the significance level of the statistical
test. The query selection strategy discards almost a third of all test queries, which are redundant to the model, to prevent
overfitting, and improves the method generalization capabilities. The latter prevents performance deterioration compared
with batch or full-learning methods.

As future work we plan to investigate how to combine query caching policies and machine learning methods to rank
partitions. Caching methods are on-line as passes through cache contents on demand whereas machine learning methods
are off-line as gets training data from periodically scanning logs. This resembles the concept of static and dynamic caches. As
machine learning methods are able to update their internal functions in short intervals of time, they are a good alternative
to quickly adapt to dynamic topic-shifts in user query contents.

As our proposal depends on logistic regression, the use of a fast implementation of the learning algorithm is advisable,
reason why the use of a parallel implementation of logistic regression is a promisory line of research. There are a number of
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alternatives to test the speed up of logistic regression, among them the logistic regression library provided in Spark 3 or the
recently released multi-core version of liblinear (Lee, Chiang, & Lin, 2015). Regarding index update, our experiments suggest
that a density-based clustering may offer advantages to document partition size balance. The use of a fast implementation
of a density-based clustering algorithm appears to be another advisable research line.

Partitions need to be recalculated in the event a particular partition size shows an increment with respect to the re-
maining partitions. Another scenario where all partitions would need to be recalculated occurs when there is an adding of
extra hardware to the search engines and therefore the number of partitions increases. In these cases, the clustering algo-
rithm should be rerun to recalculate the partitions enforcing the replacement of a batch clustering (e.g. co-clustering) by a
high dimensional incremental clustering solution. In this line, the use of hashing-based clustering strategies appears to be
promisory.
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