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Abstract 

Modern knowledge society would not be possible without Information Retrieval 

(IR), because of the ever-growing amount of information available on the Internet. 

Information Retrieval provides crucial ways of finding the proverbial needle in a 

haystack. While computing technology is nowadays ubiquitous, users interact with 

various computer interfaces with varying goals and time constraints in order to 

complete their tasks, which may be initiated by their work or leisure-related activity. 

Thereby, Interactive Information Retrieval (IIR), which is the subject of this thesis, 

constitutes an important part of task performance. Users’ interaction is shaped by 

users’ personal and search characteristics, such as query formulation strategy, 

strategies for scanning and assessing of the search results, as well as users’ feedback 

behavior. 

Experimental evaluation is essential to the assessment of the effectiveness of IR 

systems. The traditional approach to measuring the effectiveness of diverse IR 

systems goes back to the Cranfield tests in the 1960s. However, neither user 

characteristics nor time are considered in the traditional evaluation process. In the 

Cranfield-type tests, still popular today, users are taken into account only marginally 

and their interests are represented in relevance assessments, evaluation metrics and 

topics to some extent. However, interaction with an IR system can be dissected 

more precisely and users’ interaction during a search session can be divided further 

into subtasks. This in turn affects the evaluation process of IR systems. Moreover, 

users’ feedback during a search session, which may be of high or poor quality, can 

be exploited to improve the search results. This again influences the effectiveness of 

search systems. In the present thesis, we examine the effects of users’ characteristics 

and the relevance feedback behavior on search effectiveness. While conducting 

interactive experiments with test persons is costly in terms of time and resources, 

our experiments are based on user behavior simulations, which can be conducted 

within a short time, even though a vast number of sessions representing various user 

characteristics are reproduced. 
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Our study suggests that relevance feedback can be utilized in conjunction with 

classification algorithms to improve search results. Further, a realistic level of 

fallibility in the feedback process does not deteriorate the search outcomes 

significantly. When time is taken into account, it plays a major role in the evaluation 

process. Comparing the different search environments and strategies may be 

considered in respect to time expended during the search session. In that case, 

traditional evaluation metrics may deliver misleading conclusions in experiments. 

Further, we examined all possible query formulation strategies. Our experiments 

indicate that there is no single winning strategy that performs best across all topical 

search tasks. Moreover, we show that conventional IR experiments are not aware of 

user-dependent search variables such as query formulation, result scanning and 

assessing behavior, which govern the subtasks of the search process and the 

effectiveness of IIR. Therefore, the effect of these variables should be taken into 

account in the IIR evaluation process. 

Finally, this thesis contributes to the methods of interactive information retrieval 

by better regarding the real life context and by simulating users’ characteristics in 

information retrieval test environments. Consequently, the more users’ behavior is 

perceived, recognized and understood, the more user friendly and effective 

information retrieval systems may be constructed. 
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1. Introduction 

Information Retrieval (IR) (Manning et al., 2008; Ricardo, 1999) is indispensable to 

our modern knowledge-based society. Modern information environments are 

becoming large and complex as well as ubiquitous, because the amount of available 

heterogeneous information grows exponentially each year (Alpert & Hajaj, 2008). 

Almost every aspect of our lives and every profession are affected by the 

information available on the Internet. 

In order to gain knowledge, information should be obtained and analyzed by 

information users. In the first place, users should explicate their information need in 

a predefined way for a certain information retrieval system. Many different 

information objects such as documents, news, tweets, pictures, videos, audios, maps 

and 3D structures require various information need representations, not to mention 

the representation of those information objects in computer systems. However, one 

well-established communication medium is based on natural languages, or more 

precisely on the representation of words. Not only can documents, news, tweets, etc. 

be represented as text, but also other types of information objects such as audio-

visual elements like pictures, videos and music can be described with words, which 

alleviate the possible problems of representation and access of those information 

objects. Therefore, information retrieval based on textual documents plays a major 

role in the research community and in real life. Consequently, the present research 

focuses on text-based document retrieval. 

The history of document retrieval goes back to library science, where the 

documents were cataloged and accessed via catalog cards (Ruthven & Kelly, 2011, 

pp. 1-14). The categorization of documents was carried out according to salient 

features like title, author, publishing date and limited number of content keywords. 

However, emerging computer systems paved the way for automatic indexing of the 

full content of documents. Having all the content indexed, users were able to access 

and search appropriate documents according to their information need through 

search engine user interfaces. At first, Cleverdon et al. (1966) set up an 
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experimental environment for IR experiments, in which documents were indexed by 

content features and retrieved via queries, and then evaluated in a batch mode. This 

experimental setup is better known as Cranfield IR evaluation, sometimes also 

called the laboratory IR, which can also be described as system-centered/oriented 

IR. However, while system-oriented IR focuses on performance and effectiveness, 

designing a good IR system depends not only on system-oriented performance 

issues but also on understanding the users who interact with the system (Ingwersen 

& Järvelin, 2005, pp. 111-258). 

Research and industry efforts in IR bifurcate into two areas; the first being 

system-oriented research and development, and the second a user-oriented, 

academic research field. Most of the effort in research and development is spent on 

system design, development and evaluation. Even though these evaluation efforts 

take the user into consideration by including predefined relevance judgments and 

diverse evaluation methods, they are limited in nature. As humans are diverse, so 

are IR system users. Accordingly, the interaction of the user with IR systems 

exhibits miscellaneous behavior, which is lacking in the design and implementation 

of the pertinent systems. On the other hand, conducting comprehensive user studies 

is not only intricate but also prohibitively expensive. Unsurprisingly, academic 

studies on user-oriented IR usually employ a small number of users in their studies. 

This in turn confines the expressive power of those studies in terms of the 

generalization of hypotheses claimed. To bridge between system-oriented and user-

oriented IR, in the present thesis we simulate the user characteristics in respect of 

information retrieval interaction. Thus, we not only circumvent the peculiarities of 

the individual user characteristics, but also enable the system-oriented IR to respect 

the user behavior and improve the capability of IR systems to utilize an enormous 

number of simulated users in laboratory experiments. 

Real life information retrieval takes place in sessions, where users search by 

iterating between different subtasks through an interactive interface (Marchionini, 

1995, pp. 27-60). As an overly simplified view, after examining results, users either 

modify the initial query or supply relevance feedback (RF) (Ruthven & Lalmas, 

2003), which means users give feedback to the search system by indicating the 

relevant documents from the result list and continue the session until the 

information goal is achieved or the session is abandoned because of frustration or 
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lack of time. Thereby, questions arise such as how relevance feedback can be 

utilized in the search system, how RF affects the IR performance when fallible 

feedback is provided, where the limits of effectiveness of diverse interactive 

searching strategies in different searching environments under overall cost 

constraints are, what kind and how effective the optimal sessions are under varying 

goals and constraints, and human stochastic behavior. 

Psychological and/or social aspects of user behavior can be simulated in 

experimental designs according to experiment design (Ruthven, Lalmas, & Van 

Rijsbergen, 2003). Germane aspects of users should first be characterized to be 

exploited in the simulation. Among others, user’s relevance feedback, fallibility in 

user’s feedback, user’s behavior under time pressure, endurance and scanning 

strategies in result scanning, and query modifications strategies in sessions are some 

of the simulated aspects in the present thesis. 

The present thesis focuses on the simulation of user behavior and its effects on IR 

evaluation, and aims to answer research questions related to relevance feedback and 

multi-query session evaluation. 

In previous RF studies, RF has been used to learn better queries in order to 

improve search result rankings after user’s feedback. Those studies utilize query 

expansion methods to create better queries, which are consequently executed by the 

retrieval system. Instead of query expansion methods, we are interested in applying 

classification algorithms to improve result rankings without executing any further 

expanded queries. Accordingly, in Study I the main research question is: given RF 

on the first result page, assuming ten document surrogates are shown to a simulated 

user, is it possible to learn effective classifiers for the following result pages? 

Furthermore, we query issues such as how this novel classification approach 

depends on initial query length and how the effectiveness of this approach depends 

on diverse classification methods and term space reduction algorithms, which 

attempt to sort out the insignificant document terms. 

Traditional RF studies assume perfectly correct RF, which means users are 

required to identify relevant documents in the initial results. In Study II we 

challenged that point and exercised progressively less perfect RF. This was 

motivated by the user studies, which expose fallible user behavior during RF 

(Vakkari & Hakala, 2000). Consequently, in Study II the overall research question 
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is: how does RF affect information retrieval performance when short initial queries, 

which are one to three words long suggested by real persons, are employed and 

fallible feedback, assuming that users may err when they indicate the relevant 

documents, is provided? Further, we are also interested in finding out whether 

mistakes in RF affect the quality (relevance level) of the documents found. 

In real life, users interact with retrieval systems on different devices such as 

smartphones, desktop computers or tablets. Again, these devices lend themselves 

differently regarding user interaction. This in turn affects the time users spend in 

order to achieve search goals. However, time aspects of retrieval results have not 

been considered in commonly applied evaluation methods. Besides, some users are 

fond of having only highly relevant documents, while others would be perfectly 

satisfied even with marginally relevant documents. Consequently, varying search 

goals and time constraints encourage us to find out their effects on IR evaluation. 

Hence, in Study III we explore how various devices affect information retrieval 

sessions under overall time constraints and what the proper evaluation methodology 

is when time is taken into account. Moreover, we also explore all the search 

strategies which are query sequences applied during a search session, in order to 

find the best and worst sessions and compare them to query patterns frequently 

observed in real life. 

Classical studies assume an average user, who interacts with a retrieval system in 

a predictable and regular way. However, users are diverse and not always 

predictable. Moreover, because of numerous reasons, they can make mistakes such 

as skipping relevant documents when examining a result list. Thus, in Study IV we 

analyze what kind and how effective the optimal search sessions are under varying 

search goals and time constraints, provided that both ideal and stochastic human 

behavior is regarded. In addition to the simulation variant in Study III, we further 

elaborate the search process with more detailed subtasks. With ideal human 

behavior we mean that users make no errors during the search process, or to be more 

precise, users scan all documents one after another, click every relevant document 

without making any judgment errors, read them and judge their relevance correctly. 

In contrast, fallible human behavior means that users may well err during the search 

process, in other words they may skip some relevant documents, read non-relevant 

ones, judge them as relevant or judge the relevant ones as non-relevant by mistake. 
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Besides, we are methodologically interested in the simulation of a behavioral model 

based on comprehensive session subtasks and fallible human behavior. 

The rest of this thesis is organized as follows. Chapter 2 briefly introduces 

Information Retrieval (IR), while Chapter 3 addresses the simulation of Interactive 

IR (IIR). In Chapter 4 the evaluation issues in IIR are handled. The summaries of 

the contributed studies are presented in Chapter 5. Chapter 6 discusses the results, 

draws conclusions and proposes future research. 
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2. Information Retrieval 

Human information behavior consists of phenomena such as information needs, 

information seeking, searching, browsing, finding, judging, usage, communication, 

sharing, transfer, management, information habit, and information style, which in 

brief means any information-related human behavior (Ruthven, 2008). 

Human information behavior can be modeled in numerous ways with a focus on 

different aspects. The history of IR has witnessed many such models, which are still 

valid and consider various aspects from diverse point of views. Ruthven (2008) and 

Toms (2013) discuss some of those models. In general, these models lay out the 

information landscape which characterizes human information behavior. 

On the other hand, interactive information retrieval models are formed to 

describe information retrieval interaction, which is the focus of this thesis. Among 

others, we can list some significant and salient ones like Belkin’s anomalous state of 

knowledge (ASK) (Belkin, 1980), Ingwersen’s cognitive model (Ingwersen & 

Järvelin, 2005), Saracevic’s stratified model (Saracevic, 1997), and Bates’ berry-

picking model (Bates, 1989). 

In this chapter, we first introduce traditional information retrieval, and then 

describe interactive information retrieval. The third section discusses relevance 

feedback, which can be categorized into explicit, implicit and pseudo-relevance 

feedback. Finally, we discuss some common classification methods that we applied 

for RF in the present thesis. 

2.1 Traditional Information Retrieval 

Information retrieval systems store and manage information items, e.g., text 

documents, as well as enable users to access them efficiently. With traditional 

Information Retrieval (IR) we mean system-oriented IR, which focuses on 

documents and document collections, matching algorithm(s) to retrieve relevant 
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information items to stated queries, and relevance judgments about documents in 

relation to queries. 

Figure 1 depicts the traditional IR process, which is also called the laboratory 

model of IR. Figure 1 is adapted from Ingwersen and Järvelin’s (2005, p. 5) 

schematized system-oriented IR Model. The main focus of the system-oriented 

approach is the representation of documents and search requests as well as their 

matching process. The user’s involvement is confined to relevance and possible 

feedback judgments. Moreover, the relevance judgments of documents were created 

once by persons who may be developers of the experimental environment. In this 

view of IR, documents are represented and stored in a database corresponding to the 

applied retrieval model. Thereafter, the user’s information need is translated into a 

search request, which is in turn represented as a query for the matching process. 

However, neither the task, which causes the user’s information need, nor the user’s 

real information context is taken into account in any way. Nevertheless, the 

matching algorithms deliver more or less relevant documents according to the match 

between the presentations of documents and query. At this stage it is possible to 

exercise feedback and modify the query. Results can now be evaluated by 

comparing the output documents against the recall base via diverse evaluation 

measures (e.g., Demartini & Mizzaro, 2006; Su, 1992). 

 

Figure 1. System-oriented view on IR (adapted from Ingwersen and Järvelin 2005, p. 5) 

Retrieval effectiveness is dependent on the selected retrieval model. Belkin and 

Croft (1987) classify retrieval models into two main branches, namely exact and 

partial matching models. Exact matching models are developed on the basis of 

Boolean algebra. For this type of model, queries are meticulously constructed with 

Feedback 
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the help of Boolean operators. Boolean logic-based retrieval models only deem 

those documents which exactly match the Boolean query as relevant, for example 

for the query “Information AND Retrieval”, both keywords must appear in the 

relevant documents. Consequently, this model is robust but very strict, i.e., there is 

no possibility to obtain partially matching documents. Moreover, the delivered 

results list is not ordered according to relevance, though some ordering criteria like 

date or author’s name can be enforced. Even if Boolean systems seem to be obsolete 

nowadays, still some specific domains like legal domain can require recall-oriented 

retrieval, which can be provided by Boolean systems. 

On the other hand, in order to allow partially matching documents to be listed on 

the results list, partial matching models such as vector space models (VSM), 

probabilistic retrieval models and more recently probabilistic language models have 

been developed (Croft et al., 2010, pp. 233-296; Manning et al., 2008, pp. 109-134 

& 219-252). 

VSM was first realized in Salton’s Smart information retrieval system (Salton, 

1970). VSM represents both documents and queries as vectors in multidimensional 

space, whose dimensions consist of keywords. Every vector representing documents 

and queries can be built up with term weights like tf.idf (term frequency multiplied 

by inverse document frequency) (Belew, 2000, pp. 96-97) in respective documents 

and queries as axis values in each pertinent dimension. The similarity between a 

document and a query is calculated, for example, with the cosine similarity measure, 

which gauges the angle between two vectors. Then the documents can be ranked 

according to the cosine values in descending order. VSM is based on vector algebra, 

and is therefore mathematically founded, whereas its applicability in IR may be 

arguable from the justification point of view. 

Probabilistic retrieval models (PRM) (Croft et al., 2010, pp. 233-296; Manning et 

al., 2008, pp. 219-236) are based on probability theories, especially the probability 

ranking principle, which means ranking by the decreasing probability of relevance 

of documents to a query. Documents can be ranked by the proportion of the 

probability of relevance and the probability of non-relevance ( ( | )
( | )

 ).  PRM  

utilizes Bayes’ rule for replacing the posterior probability P(R|D), the probability of 

relevance given to a certain document in the context of a current query, with the 

prior probability P(R) and the likelihood P(D|R). Applying Bayes’ rule for both 
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probabilities (e.g., P(R|D) and P(NR|D)) transforms the above proportion to 
| ( )

( | ( )
 . Because the prior probability of relevance and non-relevance P(R) 

and P(NR) are the same for all documents, they are just playing a scaling factor for 

document scores, they can be removed from the formula. 

Because the real probabilities are unknown, the probabilities in the formula 

above are estimated by diverse probability estimation methods in many different 

PRMs. For example, in the binary independence model (BIM), independence of the 

terms is assumed and term frequency in documents is taken into account simply as a 

binary feature. Hence, P(D|R) is estimated as a product of the probability of 

presence of a term and the probability of absence of a term in relevant documents. 

Given a query, the score for a document is the proportion (likelihood ratio) of the 

products of the term probabilities for all matching terms for relevance and non-

relevance, which is usually converted to the sum of logarithms of term weights, 

because of mathematical precision concerns in computer memory systems. Because 

initially no relevant set is known, the pertinent probabilities are often set to a 

constant. Finally, when the proportions of the probabilities represent the term 

weights in a document, the similarity to the VSM model will be obvious. 

Yet another probabilistic model introduced to the IR community is borrowed 

from language technologies. Language models (Manning et al., 2008, pp. 237-252) 

are applied in speech recognition, machine translation, spelling correction and other 

domains. Language modeling is based on probabilistic language models, which are 

estimated for every document in a collection. In order to rank the documents, 

document models are utilized to calculate the probability of generating the query. In 

language modeling, finite automata are exploited, for example, to generate the 

probabilities instead of generating strings for a language. 

The probability of a query can be decomposed into the probability of each 

successive keyword conditioned on earlier keywords. Language models in IR are 

usually built from a single document. Therefore, there is not enough data to model 

complex conditional probabilities. The simplest possible language modeling, 

namely unigram language modeling (Manning et al., 2008, pp. 237-252), assumes 

the independence of terms; hence the probability formula is reduced to a probability 

calculation without a conditioning context. Assuming unigram language modeling, 

the probability of a query, especially in the query likelihood model, can simply be 
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generated by multiplication of the probability of each query term with the help of 

the language modeling of the pertinent document. In case the query word is missing 

from the document language model, the probability of that query word will be zero, 

which requires special handling, or ‘smoothing’ (Zhai & Lafferty, 2001). Smoothing 

not only adds a fraction of probability to every word, but also discounts the non-zero 

probabilities. Having calculated these probabilities, documents can be ranked 

accordingly in descending order. As mentioned above, during implementation the 

multiplication of small numbers is replaced with a summation of logarithmic values; 

because the logarithmic function is a monotonic function, the ultimate order does 

not change, which is important for ranking the documents correctly. 

In the current thesis we employed the Lemur/Indri search engine (Strohman et 

al., 2005) to conduct the experiments, because it is one of the very effective retrieval 

systems available as open source software. The Lemur/Indri search engine allows 

searching based on language modeling. Moreover, smoothing via Dirichlet priors 

(Zhai & Lafferty, 2001) is applied in order to avoid mathematical conundrums 

caused by the terms that do not exist in documents. 

2.2 Interactive Information Retrieval 

Ingwersen and Järvelin (2005, pp. 313-357) depicted an evaluation framework for 

interactive information retrieval. They tried to set IIR into various self-contained 

contexts, which resemble a Russian matryoshka doll. The framework starts from the 

socio-organizational and cultural context and ends at the IR context. Thereby, IR 

effectiveness can be evaluated in the socio-organizational context with socio-

cognitive relevance, in other words, the quality of work task results. If the socio-

organizational context is opened, the work task context appears. Again, IR 

effectiveness can be evaluated by the quality of information and work process or 

results. Under the work task context, the seeking context is located, in which IR 

effectiveness can be evaluated by the quality of the seeking process. The final 

context represents the IR context, in which the effectiveness of IR systems is 

traditionally evaluated by measures based on recall, precision, and efficiency, for 

example. Moreover, search engines, which are the core of the IR context, can be 

evaluated among others by the effort in using criteria such as comprehensibility of 
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Searcher’s 

   Traits 

interface and query language, support in query formulation, and results presentation. 

In other words, these evaluation criteria need a user’s subjective opinion. However, 

existing methods and measures for the evaluation of systems are user-agnostic. In 

the present thesis we try to close the gap between traditional IR and user studies by 

respecting the user characteristics such as his/her fallibility of feedback (i.e., 

pinpointing relevant information), frustration and context in time, space, and user’s 

search goals (see Figure 2. Dimensions for extending IR ) (Kamps et al., 2009). 

In real life, users do not usually have ready-made topics or queries at their 

disposal. Instead, they are confronted with a problem or task, which is the source of 

the users’ information need. This motivates them to seek information about the task 

or problem at hand. Thereby, different users cope with diverse information sources 

and with their access methods differently. Moreover, users’ problems or tasks can 

be either work or leisure-related (Vakkari, 2003). This often sets some time and /or 

goal constraints. In addition, users have miscellaneous traits and backgrounds such 

as education, gender, domain knowledge, and perseverance which affect how they 

conduct the search process with an information retrieval system. In addition, the 

effect of numerous search interfaces of ubiquitous computer systems such as 

desktop computers, mobile phones, tablets and even smart television sets also have 

an influence on the search process. However, all these variables are not, at least 

directly, taken into account in the design and evaluation of interactive information 

retrieval systems. For example, system-oriented IR experiments, which hardly 

represent IIR experiments and systems, assume a user model representing ideal 

users, single query sessions, well-defined topics and queries, topical relevance, and 

document independence in order to design, develop and evaluate a user’s 

information retrieval process. 
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Retrieval 

Goals 

Time 

Constraints 

Space 

(Search 

environments) 

Figure 2. Dimensions for extending IR evaluation experiments 
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Keskustalo (2010) described six major limitations of traditional IR in his thesis: 
1. No explicit user modeling 
2. Single query sessions 
3. Well-defined topics and queries 
4. Topical relevance 
5. Document independence 
6. Challenge of traditional evaluation 

 

 The first limitation was about explicit user modeling, which means that 

traditional IR lacks an explicit user modeling which represents an individual user 

with a certain mental state, learning capability, educational background, and gender, 

inability in many respects, and a dynamic view of relevance (Kelly, 2009). 

However, taking all these user attributes into account would also complicate the 

evaluation process and even make it difficult to compare the results of different 

systems. Nevertheless, users in real life are different and exhibit different searching 

behaviors, and the systems should be evaluated accordingly. Therefore, we suggest 

explicit user modeling, which takes the personal traits and backgrounds of the users 

into account. In our studies we have incorporated users’ search and query 

formulation strategy, recognizing the relevant snippets and documents, perseverance 

as frustration, and time and goal dependent behaviors, among other things. 

The second limitation of traditional IR was about the single query sessions, 

which is justified from the batch processing point of view of system-oriented IR. 

However, users do not have all the query words initially at hand when they start to 

pose the query to a search system, let alone the search topic (Marchionini, 1993). 

Users learn while searching. Consequently, users often pose multiple queries during 

a search session. Another reason that users modify the query is the ambiguity of the 

query, e.g., in cases where homonyms are used. A search session ends when either 

the user’s information need or goal is satisfied, or users give up because of 

frustration due to unsatisfactory results or a lack of time. Accordingly, multiple 

query sessions with several query modification or formulation strategies are 

simulated in our studies to explore the effects of multiple query sessions. 

Third, well-defined topics and queries were a limitation mentioned by Keskustalo 

(2010). As a relic of Cranfield experimental design, topics and verbose queries 

usually constructed from topic description are quite common in IR experiments. 

Fixed information needs cast as topics and corresponding relevance judgments 

constitute a typical experimental setup for IR experiments. However, a user’s 
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information need is fuzzy at the beginning of a search session, and the information 

need may crystallize itself during the search process. Moreover, a user’s relevance 

perception changes as they learn from inspected snippets and documents. 

In addition to that, users in real life often prefer short queries (Jansen et al., 

2000). In this thesis we also employ realistically short queries produced by real 

people for topics, which are predefined for certain information needs with 

corresponding relevance judgments in standard test collections. Thus, even though 

we do not circumvent all the limitations about topics, queries and recall bases, 

nevertheless we bring human-generated and realistically short queries into research 

settings. 

The fourth limitation was about topical relevance, which can be described by the 

relationship between a topic expressed in a query and a topic covered by an 

information object (Saracevic, 2006). According to Saracevic’s (1997) relevance 

system, relevance can be motivational, situational, cognitive, topical, and 

algorithmic. For example, situational relevance affected by e.g., time pressure, and 

motivational relevance affected by e.g., commitment to task, or cognitive relevance 

affected by e.g., domain knowledge and expertise can easily affect the information 

retrieval performance. Consequently, there is a need to deal with all these types of 

relevance in IR evaluation. Therefore, we simulate not only the topical relevance but 

also some aspects of situational, motivational and cognitive relevance through 

constraints, goals, and fallibility. 

Document independence was the fifth limitation in Keskustalo’s thesis (2010), 

which means relevance judgments in a recall base are based on individual 

documents and their mutual effects are omitted. However, a user’s relevance 

perception changes with every inspected document or snippet. Moreover, recurrent 

information in a result list can affect users’ relevance judgment (Kekäläinen & 

Järvelin, 2002). In spite of this we do not abandon document independence 

assumption, especially since the recall base which we utilize in our simulations is 

constructed under this premise. Still, we applied result list freezing (Keskustalo et 

al., 2008; Ruthven & Lalmas, 2003) in the evaluation process in order to alleviate 

the effect of recurrent documents. Besides, setting an appropriate goal like “find one 

relevant document” (Sakai, 2006) also contributes to the elusion of the 

independence limitation. 
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The challenges of traditional evaluation are presented as the last limitation in IR 

in Keskustalo’s thesis (2010), which means inadequate evaluation metrics from the 

user’s point of view are applied to measure the outcome of IR experiments. 

However, user’s costs for example in terms of time expended and the frustration of 

the user with a futile system should be taken into account. Indeed, we will discuss 

the risks of traditional metrics when time is considered as a component in 

evaluation. Apart from this, we will present a formula to describe the perseverance 

behavior of searchers in our simulations. 

In addition to the six limitations described by Keskustalo (2010), we discuss the 

following novel issues in the present thesis. We show the effects of various search 

interfaces during the search process (Kamvar et al., 2009). While traditional IR 

usually assume a typical search interface for experiments, we considered different 

types of search interfaces and their effects on the search process in respect of the 

costs involved and the utility gained. Thereby, instead of the utility a search session 

produces, we set time constraints and gain goals and investigated the best-

performing patterns which are governed by user habits and behavior. Not only are 

the prototypical patterns investigated, which are prevalent for typical users as earlier 

research (Vakkari, 2000) showed; we also investigated a comprehensive set of 

search patterns in order to find any better strategies, which can surpass the common 

prototypical strategy outcomes. 

Even though users are tacitly integrated into traditional IR research with 

relevance judgments, users’ personal differences are not really regarded. For 

example, users’ understanding of snippets (Turpin et al., 2009) or users’ relevance 

perception can vary. This can lead to accepting various less relevant or even non-

relevant documents as relevant. In our studies we examine various behavior-related 

variables such as clicking a snippet and judging a document, which are then 

represented by various probabilities. Another traditional assumption about users is 

that they are perfect. However, as we know, to err is human. We examine the 

fallibility of searchers1 during RF and scanning search results. Yet another 

characteristic assumption about searchers in traditional IR is their robust 

perseverance during result inspection. In fact, users may get frustrated, especially 

when they encounter unproductive search results. Thereafter, users either abandon 
                                                 

1 The terms searcher and user are interchangeably used in the present thesis. 
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the search session altogether or formulate another query. Indeed, this is an issue 

where we look forward to formulate frustration as a skipping probability. It 

represents a user’s perseverance during a search session. 

2.3 Relevance Feedback 

Before even trying to explain relevance feedback (Harman, 1992; Ruthven & 

Lalmas, 2003), the following question should be answered: What is relevance? Let 

us first describe relevance in the context of IR. First of all, relevance can be 

classified into five sub-categories. The first of these is system relevance, which is 

related to the order of documents produced by the retrieval system and users’ 

request; the second is topical relevance, which represents the topical relationship 

between documents and queries; the third is cognitive relevance, which is related to 

the mental level of receiving pertinent information; the fourth is situational 

relevance, which takes into account the situations e.g., the time pressure the user is 

subjected to and the effort they expend to carry out their tasks; and the fifth 

motivational relevance includes the user’s frustration and lack of accomplishments 

(Saracevic, 1996). Under this classification of relevance we can now utilize some 

aspects of these relevance types that are appropriate to the present thesis. 

Furthermore, relevance is not a constant – it changes during an information 

retrieval session, because the better the information need is understood by the user, 

the more precisely the relevance of documents can be judged. It is also reasonable to 

see this the other way round, in that the information needs of a user changes during 

a search session, and this in turn affects the relevance judgments (Saracevic, 2007; 

Vakkari & Hakala, 2000). 

In order to improve information retrieval effectiveness, relevance feedback (RF) 

can be utilized (Ruthven & Lalmas, 2003). RF means that an information retrieval 

system utilizes feedback supplied by users either explicitly or implicitly inferred 

from user’s behavior on a search result page in order to improve subsequent search 

results and their ranking. IR systems can exploit the given relevance feedback in 

various ways, for example a frequently employed method is the use of query 

modification (QM) (Carpineto & Romano, 2012; Efthimiadis, 1996). Certainly, RF 

implementation depends on the information models used, as different models 
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require the integration of the RF in different ways into the model. However, a novel 

approach to applying RF is suggested in this thesis, which leverages the 

classification methods for RF by classifying the as-yet unseen results with the help 

of a classifier, which is trained on documents from RF. 

There are two types of relevance feedback: explicit and implicit. Explicit RF 

requires explicit input from the retrieval system user, whereas implicit RF discovers 

RF information from the user’s behavior and actions on the result page (White, 

2011). 

2.3.1 Explicit Relevance Feedback 

Explicit RF requires explicit user feedback, which means users of IR systems should 

contribute the feedback information to the system in some form. However, there are 

many challenges to relevance feedback, starting with the cognitive load of the user. 

Depending on the user’s mental capacity and current task difficulty, supplying RF 

can provide an extra burden on the users. Moreover, RF requires additional effort 

both from users and system developers. In spite of this, additional effort can be 

compensated with better ranking of the search results. Although RF is not usually 

realized as an essential part of a routine search process, additional effort can be 

justified with the reward of better search results. For example, Google offers a 

“similar” or “related articles” link, which appears from time to time either in the 

results snippet or in the results preview window, depending on the presented 

information object, for requesting relevant pages. Yet another difficulty could 

emerge with peculiar complex document types which users have to cope with. 

Complex documents, such as multi-topic or partially relevant documents, are those 

which can influence the outcome of the RF process. Such documents can 

accommodate both relevant and non-relevant keywords, so that they may cause 

query drifting in query modification realization of RF (White, 2011). 

As mentioned briefly in the previous section, the nature of relevance judgments 

makes the relevance feedback harder. Another aspect of relevance is its partiality. 

As the majority of relevance assessments are based on binary decisions, a document 

is either relevant or non-relevant (Voorhees & Harman, 2000). However, if the 

complexity of the documents and information needs are considered, it can be very 
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quickly understood that the binary approach is not sufficient for judging the 

relevance of documents. 

Instead of binary judgments, Sormunen (2002) created a graded relevance-based 

collection, in order to study the effect of graded relevance on IR effectiveness. His 

graded relevance scale had four levels, namely highly relevant, fairly relevant, 

marginally relevant, and non-relevant. For instance, this graded relevance scale is 

employed in Study II to scrutinize the effects of fallibility at different relevance 

levels. In addition to the challenges mentioned above, relevance feedback depends 

on initial result ranking. This can be problematic because a user’s information need 

or knowledge state changes, since users usually learn even from the snippets of the 

search results presented with every document surrogate. Moreover, users can only 

indicate relevant documents, if such documents appear on the result page. On the 

other hand, if the user’s information need is already fulfilled through the first result 

page, the necessity of applying RF is dissolved (by itself). In Study I we analyzed 

when to apply RF based on the precision of first result page. Apart from these, users 

have to assess every document individually. If user’s fuzzy information need, 

imperfect knowledge state, and difficulties ascribed by diverse user interface issues, 

e.g., misleading snippets, are taken into account, it is not a big surprise that user can 

err (Vakkari & Sormunen, 2004) during relevance feedback. Consequently, the 

human fallibility in providing RF is simulated in Study II to measure the effect of 

fallibility on RF effectiveness. 

However, users are not always ready to supply feedback information to the IR 

system explicitly even if they have a positive attitude towards giving relevance 

feedback (White, 2011). In such cases, IR systems may exploit implicit relevance 

feedback, which can be beneficial for current web search engines (Joachims & 

Radlinski, 2007; White et al. 2002). 

2.3.2 Implicit Relevance Feedback 

Because explicit RF has time and effort implications for users of an IR system, they 

may be reluctant to provide RF explicitly. A remedial action lies in user behavior 

during interaction with the IR system. Implicit RF does not require explicit feedback 

action from users, so in lieu thereof user’s interaction with the search system will be 
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observed and the user’s information need will be prognosticated from user behavior. 

For example, user’s dwell time on search result page and especially on some 

particular documents, saving or printing any result documents for further reuse, 

selecting, referencing or commenting any document could bring the required 

evidence for RF (Kelly, 2005; White, 2011). 

Implicit RF is classified according to the user’s intent by Oard and Kim (2001) 

into four categories: first, “examine” behaviors, where users read, listen, view or 

select a document; second, “retain” behaviors, where users bookmark, save, or print 

a document; third, “reference” behaviors, where users give a reference to a 

document or its parts by replying, linking, or citing; finally fourth, “annotate” 

behaviors, where users annotate the documents by marking up, rating, or liking. 

However, not all categories can be leveraged during an online search, because IR 

search systems have limited access to users’ actions on document pages. Such 

limited access to user’s actions on various pages can be gained by search systems 

via “like” buttons, advertisement banners or similar constructs to follow the user 

click behaviors. Moreover, implicit relevance can be combined with explicit 

relevance to increase the effectiveness of IR systems and to corroborate the 

understanding of users’ needs by IR systems. 

Furthermore, user profiles, which are based on users’ search history and 

preferences, could also be created by the search system, and can be incorporated 

into the search result building process as a way of implicit RF. 

Although explicit relevance in our experiments is assumed and simulated, 

relevance information could be harnessed by diverse user behaviors in practical 

operational environments. Nevertheless, certain aspects of user behaviors are 

brought into simulation settings. Those aspects of user behavior are discussed in 

more detail in Section 3.2. 

2.3.3 Pseudo-Relevance Feedback 

Even though the usefulness of explicit relevance feedback accomplished with the 

query expansion technique was reported by Ruthven and Lalmas (2003), user’s 

reluctance to provide feedback remains a thorn in one’s side. Consequently, implicit 

RF can alleviate this burden to some extent. Yet another approach to utilizing RF, 
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pseudo-relevance feedback (PRF) (Ruthven & Lalmas, 2003), assumes the top-

ranked documents produced by an initial query to be relevant. PRF also avoids the 

user’s explicit feedback. Before the first result page is presented to the user, which 

in case of explicit feedback is compulsory, PRF can hopefully be applied to improve 

search results before presenting them to the user. However, if the top-ranked 

documents are non-relevant, they cause query drifting, and can decrease the 

effectiveness of the IR system instead of increasing it. Nevertheless, IR experiments 

with PRF have shown that it improves the system outcome slightly. Moreover, to 

counteract the problem of query-drift, Järvelin (2009) and Lam-Adesina et al. 

(2001) introduced the query-based summarization of top-ranked documents in PRF 

and demonstrated the advantages of their approach. In addition to that, PRF can be 

combined with RF, at least after the first page is presented to the user to obtain 

implicit and/or explicit relevance feedback. 

In Study I, we simulated a combination of PRF and explicit RF, in other words 

we applied our novel approach to the RF process on top of PRF results, and showed 

how this classification method can improve search effectiveness. 

 

2.4 Applying Classification Methods for Relevance 
Feedback 

Instead of selecting a conventional path to apply RF by expanding the initial query 

with additional keywords extracted from the relevant and non-relevant documents, 

or by modifying query terms weight (Ruthven & Lalmas, 2003), we opted for using 

classification and clustering methods (Sebastiani, 2002) to distinguish the relevant 

documents from non-relevant ones in subsequent results after RF provided by the 

user on the initial results. In order to train a classification or clustering algorithm, 

we assumed that a simulated user indicates the relevant and non-relevant documents 

on the first result page. The first result page was constructed by applying PRF to the 

initial query results, using the Lemur/Indri PRF algorithm (Strohman et al., 2005; 

Lavrenko & Croft, 2001); before the first result page is presented to the simulated 

user. Then the simulated user supplies the simulation program with relevance 

information based on the recall base of the collection used. Having trained the 
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algorithms with two sets of documents representing relevant or positive ones, and 

non-relevant or negative ones, and built the classification model, the important 

question is whether the search program is able to discern the documents as positive 

or negative ones further down in the result list. Thereafter, the negative documents 

(or non-relevant ones) from the result list are removed and the relevant ones are 

shifted forwards to vacant positions in the result list. 

However, before even starting with the application of the classification or 

clustering the subsequent documents after the first page results, one should ask the 

question: When should be the RF applied? Are we able to improve the results with 

the help of classification? Is it necessary or possible to improve the second and third 

page results at all, when the first page results either already satisfy the user’s 

information needs or have no relevant documents? In order to answer these 

questions, it is necessary to analyze the precision of the first and subsequent result 

pages. 

The next section briefly summarizes the main ideas of classification and 

clustering methods which are used in the present thesis. Further, the term space 

reduction algorithms, which are utilized during the classification process, are 

described. At end of the section, Learning to Rank is compared to the proposed RF 

classification approach, because both approaches apply machine learning methods 

and are therefore related. 

2.4.1 Classification and Clustering Methods Used in the Present 
Thesis 

The following classification and clustering methods are applied in the present thesis: 

Naïve Bayes classification method, K nearest neighbor (KNN) algorithm, KMeans 

algorithm and Support vector machines (SVM) classifier (Joachims, 1999; Manning 

et al., 2008, pp. 253-376; Sebastiani, 2002). These methods are selected because 

they are the most common and state-of-the-art methods in research and practice. 

The Naïve Bayes classification method is based on Bayesian theory. This method 

tries to express posterior probabilities with prior probability and likelihood. 

Thereby, the probability of a document belonging to either the positive set or the 
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negative set is defined by the highest posterior probability, which any of the sets 

produces with respect to the document being classified. 

Again, the naïve assumption is also made here and the independence of words 

from each other in a document is assumed. Even though the words in a topical text 

depend on each other, obviously this assumption does not harm the outcome of 

classification and/or retrieval process severely. The probability of a document 

belonging to a class can now be easily determined by multiplication of the 

individual probabilities with which each word occurs in the documents of each 

class. In addition, the prior probabilities can be estimated according to the 

proportion of documents in each class, namely positive and negative. Still, the 

probabilities of the words in pertinent classes should be estimated and they can be 

computed from the frequencies in the training sets. However, test documents can 

contain words unseen during the training phase, which results in zero probabilities. 

Therefore, smoothing functions are applied, which assumes small probabilities for 

every word. Laplace correction is one of the smoothing functions employed in the 

present thesis. In our experiments we preferred the multinomial model, where the 

frequency of the words in documents is taken into account. An alternative, the 

multivariate Bernoulli model, regards word frequencies as binary features, which 

means that the duplicate words are eliminated from document representations. The 

multivariate Bernoulli model produces competitive results where very short 

documents like tweets are classified (e.g., neglecting the word frequencies does not 

change much) (Manning et al., 2008, pp. 253-288). 

The K nearest neighbor (KNN) algorithm first calculates distances between the 

test document and all training documents. Then KNN selects the k nearest 

neighbors, which are the k closest documents to the test document according to 

whatever distance metric is used. Then the class of test document will be decided by 

a majority vote of the selected documents. There are several distance metrics in the 

literature such as Euclidian distance, Minkowsky distance, Manhattan or City-block 

distance, and Canberra distance (Losee, 1998, pp. 43-75). These were also 

employed in our experiments. Finally, we measured the similarity of documents to 

one another with the Euclidian distance metric, because it achieved the best 

effectiveness in our experiments. Even though KNN is quite a successful 

classification algorithm, it requires comparison with every other document in the 
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collection of negative and positive documents, which happens on the fly after the 

test document is submitted. In comparison to Naïve Bayes, KNN does not build a 

model beforehand. 

The clustering algorithm KMeans is also exploited for distinguishing between the 

relevant and non-relevant documents in our experiments. The documents on 

subsequent result pages are clustered with the help of the KMeans algorithm, which 

starts with the centroids of the clusters of the relevant and non-relevant documents 

pointed out by simulated user and tries to assign the documents to pertinent clusters 

by selecting the nearest cluster centroid. Similarly to KNN, nearest cluster centroids 

are determined by comparing the distances between the document and the centroid. 

After every document is assigned to any one of the either clusters, cluster centroids 

are recalculated with those documents in each cluster. This process is repeated until 

either the cluster centroid positions do not change anymore or the preset maximum 

number of iterations is attained. 

A support vector machine (SVM) is the state-of-the-art classification algorithm, 

which separates data points, or the result page documents in our study, by means of 

a hyper-plane in a multidimensional space. First, SVM tries to find a hyper-plane 

which maximizes the distances to the nearest training data points, or rather 

documents, of two classes. These nearest data points to the hyper-plane are named 

support vectors, which play a major role in developing the training model; all the 

rest of the training documents will be discarded after determining the hyper-plane. 

After building the training model, or defining the hyper-plane, test documents can 

be readily projected to either side of the hyper-plane, which determines the 

appropriate class (Joachims, 1999; Manning et al., 2008, pp. 319-348). 

2.4.2 Term Space Reduction Algorithms 

The purpose of applying reduction is either performance improvement or the 

reduction of noise introduced by high dimensionality. Reducing the number of 

features also reduces the number of calculations, which would otherwise be 

computed for the disregarded features. This in turn contributes to the performance of 

the classification algorithm. On the other hand, one should also notice that term 

space reduction methods consume processing power. The benefit of term space 
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reduction may be the avoidance of noise introduced by high dimensional feature 

space. However, some of the classification methods like SVM can cope with the 

high dimensions very efficiently by regarding only the decisive features. 

In order to reduce the number of dimensions in our experiments, we 

experimented with the following methods: mutual information gain, Kendall-Tau 

rank correlation coefficient, Pearson’s chi-squared test, odds ratio, Spearman rank 

correlation coefficient, and Fisher’s exact test (Banerjee & Pedersen, 2003; 

Sebastiani, 2002). 

The term space reduction methods employed in the present thesis are defined in 

the appendix. 

 

2.4.3 Learning to Rank vs. Relevance Feedback Classification 
Approach 

Web search phenomena triggered the ranking studies in order for the search engines 

to better serve search results for web search engine users (Li, 2011). However, 

ranking is not only confined to document ranking in web search, but is also applied 

in collaborative filtering like product recommendation, machine translation, and 

meta-search, which aggregates search results from several search systems. 

Nevertheless, we focus on the document ranking creation in this thesis. Initially 

unsupervised ranking models or rather ranking formulas like BM25, Language 

Model of IR and PageRank formula (Manning et al., 2008, pp. 219-252 & 461-482) 

and their combinations have been exploited in the evolution of search systems. 

These algorithms are unsupervised because they do not require any training phase 

with labeled data, even though some collection-dependent parameters should be 

gleaned first. These algorithms extract some features from queries and documents in 

the collection in order to calculate a score for the documents for a given query. 

There is a number of features, among others term frequency, BM25 scores, and edit 

distance for various parts of the documents like title, anchor text, URL, and body, as 

well as the number of incoming links and PageRank score of the document or page 

(Qin et al., 2010). Moreover, implicit RF based on click-through data or explicit RF 

features can also be collected in order to be employed in these algorithms. 
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However, the static way of determining the document or page score by these 

methods or their combinations can be improved by machine learning approaches. 

These machine learning approaches include classification and regression. In a broad 

sense, any machine learning algorithm applied to ranking can be called a Learning 

to Rank algorithm. On the contrary, a narrower definition of Learning to Rank is 

associated with the machine learning methods for constructing ranking models in 

ranking creation and ranking aggregation. The former creates rankings; the latter 

aggregates the rankings of different systems. Learning to Rank aims to create better 

rankings for search results. The most relevant documents will be placed on the top 

positions in the result list. Learning to Rank methods first create a ranking model 

out of training data, which is a collection of queries and respective documents 

labeled as relevant. Then the most relevant documents for future queries are 

retrieved by engaging that particular ranking model (Li, 2011). 

The studies on Learning to Rank have produced plenty of different methods. In 

the main, there are three major approaches to learning a ranking model: pointwise, 

pairwise and listwise approaches. The pointwise approach considers the request and 

the respective documents individually. Naturally, both requests and documents are 

represented by feature vectors, which are involved in building the ranking model. 

The group structure between the request and relevant documents is omitted. This 

approach transforms the ranking problem into a classification, regression, or ordinal 

classification problem. For example, a learned ranking model can produce scores, 

e.g., real numbers in case of regression, for documents with respect to a query; 

thereafter documents can be ranked according to scores. The pairwise approach 

converts the ranking problem to pairwise classification or regression. Likewise, the 

pairwise approach ignores the group structure between request and documents. A 

classifier decides the ranking order of document pairs. On the other hand, the 

listwise approach takes the group structure into account, in other words, the ranking 

lists as whole are utilized both in the training and prediction phase. A ranking model 

ranks the documents according to scores which are reckoned by the ranking model. 

The listwise approach requires new methods because the existing machine learning 

techniques cannot be directly employed (Li, 2011). 

Besides these major approaches, there are query-dependent and multiple nested 

ranking approaches. Furthermore, there are many diverse implementations of 
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Learning to Rank methods, some of which are also employed by commercial search 

engine companies. For example, the pairwise approach LambdaMART performed 

best in the Yahoo Learning to Rank Challenge (Chapelle & Chang, 2011). 

In a broad sense, our classification approach for applying relevance feedback 

may be seen as a Learning to Rank method, because we employ a machine learning 

technique for re-ranking the search results and we have the same goal as Learning to 

Rank methods. However, Learning to Rank methods principally try to build a single 

model from training data, which will be exploited for future similar queries. In 

contrast, our approach builds a classification model based on either implicit or 

explicit relevance feedback after user’s individual query and examining the very 

first result page and applies this particular model only for the rest of the results, 

which have already been collected for this specific query. 
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3. Simulation of Interactive 
Information Retrieval 

Simulations are based on models. A model represents the phenomena that will be 

replicated in simulations and further captures the essential components and 

interactions. In this chapter, we first give an introduction to modeling and 

simulation, and then describe modeling behavior factors in simulations. Finally, we 

discuss search environments and cost aspects in session simulation. 

3.1 Introduction to Modeling and Simulation 

Before IIR simulation, which is the main focus of this thesis, is described, modeling 

and simulation are introduced generally in this section. Simulations add one more 

knowledge building tool in addition to the theoretical and experimental tools. 

Simulations can be exploited to gain insight, validate models and experiments, 

predict the potential outcomes of system changes, test and evaluate systems, among 

others (Sokolowski & Banks, 2011, pp. 25-43). In other words, simulations are 

executed to conduct what-if analyses. These what-if analyses in turn can contribute 

to gaining insight on the one hand and solving problems on the other. Problem-

solving simulations incorporate less uncertainty, whereas gaining insight 

simulations are naturally plagued with more uncertainty, because the models used in 

these kinds of simulations are neither complete nor even accurate with respect to 

reality, which is simulated and investigated. The more insight is gained, the more 

accurate the models, and consequently the simulations, become. As a consequence 

the gaining insight simulation models are ephemeral by nature. However, problem-

solving simulations can serve for longer periods, because these simulations are 

usually parameterized and have a stable model. The following type of questions, 

which are given in the simulation book (Sokolowski & Banks, 2011, pp. 25-43), can 

be answered by problem-solving simulations: What would happen if…?, How will 
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a…?,  Why would a…?, Can a…?, Does the…?, Should we…? On the other hand, 

the gaining insight type of simulations can answer the following questions: What 

has the greatest influence? How will X and Y interact? Is there a way to make X 

happen? Why has unexpected behavior X occurred? What new behaviors might 

emerge? 

By nature, the simulations in the present thesis are of the gaining insight type, 

and those general questions can be specified such as: What has the greatest 

influence on cumulated gain in a session? What is the influence of user interface on 

cumulated gain in a session? How will gain and time in an information retrieval 

session interact? Is there a way to achieve the best gain? Why do the traditional 

evaluation metrics deliver unexpected results when time is taken in to account? 

What kind of new behaviors for search process might emerge? 

First, a simulation model represents a real event, phenomenon or system, which 

will be simulated and analyzed, and is expressed in a formal way, usually 

mathematically or as a computer program. Therefore, a model should approximate 

the real event or system closely, and reflect the important features of the real world 

from the pertinent aspects of the simulation. However, incorporating every feature 

of the real world into a model not only increases model complexity but also makes 

the simulations infeasible. Consequently, some of the salient features are selected 

for model building and the rest are ignored. The balance between realism and the 

simplicity of the model is one of the critical decisions the model builder has to face. 

Too much simplicity diverts the simulation from reality, which may cause drawing 

the wrong conclusions. On the other hand, too much realism may cause 

computational difficulties, e.g., either excessive requirements for memory and/or 

processing time, which in turn makes simulations prohibitively expensive. 

Models can be classified on the one hand as static or dynamic with respect to 

time, and on the other hand as deterministic or stochastic with respect to input or 

output variables. While dynamic models take time into account, static ones do not. 

Similarly, the stochastic ones model the probabilistic values for input or output 

variables, whereas the deterministic ones regard those variables as fixed. In Studies 

II, III and IV, we utilized the following model types, namely static, dynamic, 

deterministic, and stochastic models (Maria, 1997). 
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Before a simulation based on a model is further run, it should be verified and 

validated. While verification ensures that the model complies with its specification, 

validation enforces the validity of the model, which means that the model imitates 

the real event or system genuinely (Altiok & Melamed, 2007, pp. 1-10). 

After a part of reality is modeled and formally expressed as a model, the model 

can be executed or, in other words, simulated in an environment, usually on a 

computer. Simulation allows input variables of the model to be changed and the 

execution of the model to be repeated, and then the outcome of the simulation 

experiment to be analyzed. In this way, simulations can shorten or extend the real 

time of a real event into a simulated time, which can be much shorter or longer. 

Hence, simulations empower us to test and analyze hypotheses about a real system 

in a timely manner, which can save enormous costs and efforts in comparison to real 

setup. In some situations real events cannot even be repeated easily or are almost 

impossible to repeat, for example because of side effects, which in turn affect the 

outcome of the real experiment. For instance, the information retrieval system users 

learn during searching in IR experiments, therefore the same task cannot be assigned 

to the same user for analysis of variations of the various task variables. 

The simulations can be realized either as stand-alone programs, which run 

independently, or as integrated simulations, which are embedded into the real 

system. The stand-alone simulations can be classified according to application areas, 

for example: Training, decision support, understanding, education & learning, and 

entertainment. Further, the simulations can be classified according the user point of 

view, namely users or the researcher. While plain simulation users are more 

interested in problem-solving issues which they encounter day by day, for example 

during training, decision-making or entertainment, researchers rather try to gain 

insight into peculiar problems (Sokolowski & Banks, 2011, pp. 25-43). The 

simulations performed and analyzed in the present thesis can be regarded as stand-

alone and simulations for understanding, because they facilitate hypothesis testing 

about the user behavior in IIR. 

The following two sections address human factors in simulations, especially IIR 

simulations, and IIR session simulation. The first section models the fallible user 

during RF, further defines query modification strategies, and describes the scanning 

and assessment behavior, which are employed in the experiments in the present 
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thesis. Finally, the scanning strategy of search results and the frustration of the user 

during search result scrutinizing are delineated. The second section specifies the 

simulation environments, and describes the cost factors in simulations. 

3.2 Modeling Behavioral Factors in Simulation 

One of the main focuses of this thesis is the modeling of human behavioral factors 

for IIR simulations (Azzopardi et al., 2011; Clarke et al., 2013). In order to achieve 

a realistic behavior representation, the observation of human subjects during 

information retrieval interaction is indispensable. An information need causes 

searchers to initiate a search process, which often consists of multiple queries in a 

session depending on the type of the search and the availability of documents. While 

traditional IR typically assumes a long query with persistent scanning of a long list 

of search results, we simulate more complex sessions based on user interaction with 

an IR system. Thereby, sessions may consist of multiple queries and/or user 

feedback. For the former, the searcher poses multiple queries one after another, and 

for the latter the searcher may give some feedback to the IR system, which utilizes 

the feedback to improve the search results before presenting them as an enhanced 

result list to the searcher. As one might expect, the searcher typically scans the 

search results and assesses the quality of the snippets before clicking the document 

links. After inspecting the respective document, the searcher then assesses the 

relevance of the document and judges whether the document fulfills their 

information need at least partly. This complicated process can be dissected into 

subtasks like scanning a snippet, clicking a document link, assessing the relevance 

of a document, and reformulating a query. These subtasks represent certain actions 

users apply during a search process. Each subtask is associated with certain effort 

that users expend. This effort may have many aspects and depends on the strategic 

decisions of the searchers. One way of measuring the effort can be realized in terms 

of time, which users spend performing the particular subtasks (Azzopardi, 2011). 

However, searchers are human, and as we know, humans are fallible. We 

continuously make mistakes in every phase of the search process. Starting with 

misunderstanding the (work) task, searchers may type in misspelled search keys, or 

judge the relevance of the snippet or document incorrectly and consequently may 
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give ineffective feedback. In spite of human fallibility in IIR, there is little research 

that takes the consequences of fallibility into account. 

In this section, we first define the fallible user models for RF simulations to 

evaluate the effects of fallibility in RF experiments, whereby fallible humans are 

simulated according to some probability distributions. Second, we investigate the 

effectiveness of query modification strategies observed in real life. Then, we 

analyze the scanning and assessment behavior and their characteristics in terms of 

deterministic and stochastic ways. Finally, humans have limited scanning 

endurance, especially when the search results are of low quality; they either 

reformulate their query or give up the search session altogether. In order to model 

this human aspect, we discuss a novel frustration formula in the last subsection, 

which models the user’s dedication to a search session. 

 

3.2.1 Fallible User Modeling for Relevance Feedback Simulation 

Modeling users for RF simulation requires several considerations regarding users’ 

readiness to browse the initial search results and to give feedback, the level of 

relevance of the RF documents and users’ fallibility during relevance judgments 

about documents. The first three points are addressed by Keskustalo and colleagues 

(Keskustalo, 2010; Keskustalo et al., 2006) by defining a user model. However, the 

last point, fallibility during relevance judgments, is a novel approach to user 

modeling in RF simulation. The motivation for this point comes from the literature, 

where for example Turpin and colleagues (2009) and Vakkari and Sormunen (2004) 

discovered erroneous relevance judgments of searchers. 

Because we simulate the relevance judgments of users without resorting to their 

real judgments, we look for an alternative source of relevance judgments. Since the 

recall base of the test collection indicates the topical relevance level of the 

documents for respective query, we exploit the recall base as the source of relevance 

judgments for RF simulation. The simulation is conducted in the following way: 

Initial query results are scanned; each document on the ranked result list is checked 

against the recall base of the respective topic to obtain the relevance judgments. 
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When the recall base is applied as it is, i.e., relevance judgments are obtained 

directly from the recall base, this represents the deterministic case. We applied the 

deterministic case in Study I, where we accepted the topical relevance judgments 

about documents as given by the recall base. Thereafter, classifiers are trained to 

separate the relevant and non-relevant documents. However, does accepting 

relevance judgments of the recall base as gold standard reflect the real behavior of 

information system users? First of all, the recall bases which are utilized in 

experiments are generated by IR experts or by various persons who may have a 

dedicated task to develop test collections (Voorhees & Harman, 2000). On the 

contrary, we assume a typical information searcher. Actually, even assuming that 

users will agree with the expert’s opinion about document relevance would be naïve, 

yet we also accept this assumption in our experiments; otherwise it would not have 

been possible to conduct the experiments and compare them with past ones. 

Despite the fact that users usually judge correctly the relevance of a document, 

they can make mistakes between adjoining relevance levels (Vakkari & Sormunen, 

2004). A probability distribution of making mistakes during feedback can be 

constructed. For example, according to such a distribution, a user may assess a 

document that is assessed by experts as fairly relevant, e.g., with 10% probability as 

non-relevant, 20% probability as marginal, 50% probability as fair (correct) and 

20% as highly relevant. 

 We defined fallibility scenarios, which are employed in Study II for RF to 

construct models for fallible users. Our fallibility scenarios range from 100% correct 

judgments to completely random judgments. Although the probability distribution 

values are arranged with more probability mass to the correct relevance level and its 

neighboring levels, only some of them obey the normal distribution according to 

Shapiro-Wilk test2, because the rest are limited by the far edge of relevance levels. 

In addition to the systematically varied distributions, we designed one based on 

empirical observations by Vakkari and Sormunen (Vakkari & Sormunen 2004; 

Sormunen, 2002). They discovered that searchers are capable of recognizing highly 

relevant documents quite correctly but tend to err when dealing with the marginal 

and non-relevant documents. Therefore, in this empirically grounded distribution, 

                                                 
2 “R: A language and environment for statistical computing” retrieved May 8, 2014, from http://www.r-

project.org/ 
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presented in Table 1 and labeled “0.50-0.80”, the probabilities are more peaked – 

80% correct – for fairly and highly relevant documents, and flatter – only 50% 

correct – for non-relevant and marginally relevant documents. 

Table 1. Fallibility probability distributions 

 

 

 

 

 

 

 

 

In more detail, the sample fallibility scenario labeled “0.50-0.80” in Table 1 

defines respective assessment probabilities across the relevance levels. The row and 

column headers represent the relevance levels of non-relevant (n), marginal (m), fair 

(f), and highly relevant (h) documents. The row labels n to h represent the true 

document relevance labels as given in the test collection. The column labels n to h 

represent the (simulated) fallible human relevance judgments. The human judgment 

probabilities are given in the respective cells. The gold standard for RF would 

always deliver correct judgments on document relevance during the feedback 

process – that is, probability 1.0 along the diagonal in the table and other 

probabilities equal to zero. In the empirically grounded scenario of Table 1, the 

judgment probabilities approach the correct judgment for fair and highly relevant 

documents but deviate more from correct judgments for non-relevant and 

marginally relevant documents. 

Further, we defined three more fallibility scenarios (see Study II, not shown in 

Table 1) which are motivated by the exploration of the effects of progressively 

increasing fallibility. Accordingly, we decreased the probability values of the sets 

systematically from fairly consistent judgments towards entirely random ones. 

Obviously, simulated relevance judgments are affected by random decisions made 

according to probabilities. As a consequence, RF effectiveness likely fluctuates in 

Fallibility Human Judgment Probabilities 

Scenario n m f h 

0.50-0.80 

n 0.5 0.4 0.1 0.0 

m 0.4 0.5 0.1 0.0 

f 0.0 0.1 0.8 0.1 

h 0.0 0.0 0.2 0.8 
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relation to random decisions. Therefore, we run each RF experiment multiple times 

in accordance with the Monte Carlo simulation approach (Altiok & Melamed, 2007, 

pp. 11-22) and report the average effectiveness. 

3.2.2 Query Modification Strategies 

Interactive search sessions can be characterized simply by querying and scanning 

iterations. While reformulating a query, various users prefer diverse strategies 

(Fidel, 1985). We examined some of these strategies, with which users achieve their 

goals under the constraint of the overall available session time. The procedure to 

reformulate a query can be defined in terms of query modification (QM) strategy. 

First, we naïvely assume that a list of individual words {w1, w2, w3, w4, w5} is 

available for each particular topic, even though real life searchers learn from 

snippets seen and documents inspected (Vakkari, 2000). This can be seen as part of 

the simplification of the model for the simulation purposes. Nevertheless, to 

increase the realism of the experiments, we let two groups of test persons, students 

and researchers, suggest the search keywords for a set of topics. QM strategies 

determine how elements from this list are selected to form either an initial query or 

subsequent queries. In other words, the QM strategy defines how to form a sequence 

of queries (Keskustalo et al., 2009). 

In Study III, we generated all possible query sequences with the permutations of 

the available individual search keys, and scrutinized their effectiveness. One should 

also note that the number of possible QM strategies becomes very large even with 

five search keywords and a limited number of queries per session. Thus, we limited 

the number of queries to three, which reflects real life search behavior (Jansen et al., 

2000; Kamvar & Baluja, 2007; Yi et al., 2008). Besides, the required computation 

time for large number of queries per session would not be viable because of our 

limited computing resources. Still, it would be quite interesting to look at the 

lengthy sessions and their characteristics. 

On the other hand, we paid special attention to five idealized versions of QM 

strategies, which have been employed by real users and reported in the literature 

(Keskustalo et al., 2009). We call them prototypical QM strategies. They are based 

on term-level changes. Consequently, we can only observe a limited number of 
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queries per session by prototypical QM strategies, which also reflect real life 

behavior. According to a study by Jansen et al. (2000), the typical length of a search 

session is about three queries, and users employ 2.21 keywords per query on 

average. The prototypical strategies3 are: 

S1: an initial one-word query (w1) is followed by queries which replace the word 

with the next one in the available list. 

Q1: w1 -> Q2: w2 ->Q3: w3 ->Q4: w4 ->Q5: w5 

S2: an initial two-word query (w1 w2) is followed by queries which replace the 

second word in the initial query with the next one from the available list. 

Q1: w1 w2 -> Q2: w1 w3 -> Q3: w1 w4 -> Q4: w1 w5 

S3: an initial three-word query (w1 w2 w3) is followed by queries which replace 

the third word in the initial query with the next one from the available list. 

Q1: w1 w2 w3 -> Q2: w1 w2 w4 -> Q3: w1 w2 w5 

S4: an initial one-word query (w1) is followed by queries which extend the 

previous query with the next search word from the available list. 

Q1: w1 -> Q2: w1 w2 -> Q3:w1 w2 w3 -> Q4:w1 w2 w3 w4 -> … 

S5: an initial two-word query (w1 w2) is followed by queries which extend the 

previous query with the next search word from the available list. 

Q1: w1 w2 -> Q2: w1 w2 w3 -> Q3: w1 w2 w3 w4 -> … 

 

3.2.3 Scanning and Assessment Behavior 

After posing a query to a search system, a user may scan one or more documents 

before formulating the next query or ending the search session. If the search process 

is simply split into scanning and querying, after a single query Qi a sequence of one 

or more document snippets may be scanned (sij: scanning the jth document for query 

Qi ): 

Q1->s11->s12->s13->… 

                                                 
3  In Study IV we omitted strategy S4, therefore strategy S4 in the paper represents strategy S5 in this summary. 
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A user can scan a varying number of document snippets after posing any 

particular query to a search system during a search session. This results in a vast 

number of possible querying-scanning sessions, e.g.: 

Q1->s11->Q2->s21->Q3->s31-> … or 

Q1->s11->s12->Q2->s21->… or 

Q1->s11->s12->s13->Q2->s21-> s22->Q3->s31->… etc. 

A typical search session continues until the user’s information need is at least 

partially satisfied and/or all the time allocated for the session is consumed or the 

user has no further ideas for a new query or is unwilling to produce new queries. 

The scanning lengths may fluctuate for many reasons depending on the user’s belief 

in the success of the current query (Carterette et al., 2011) and the user’s 

accumulated total gain during the whole session. Therefore, we analyzed the 

properties of optimal and suboptimal interactive search sessions for given time 

constraints. For the analysis, all possible sessions, which were formed by all 

combinations of scanning lengths using a sequence of available queries for each 

topic, were produced. In simulations we confined our focus on the first result page, 

assuming ten documents on a page, because only a few top documents are often 

inspected by users in real life (Jansen et al., 2000; Ruthven, 2008). Therefore, the 

top ten document snippets were taken into account when the scanning length 

combinations were built. In Study III, we utilized all five QM strategies (see Section 

3.2.2) and varying scanning lengths in order to find the best-performing 

combination. 

Furthermore, we can elaborate on the search process with more subtasks such as 

scanning the snippet, clicking the link, reading the linked document, and judging its 

relevance. Every subtask may be associated with a cost, e.g., in terms of time. 

Consider the handling of a single query Qi again. 

Q1->s11->c11->r11->j11->s12->s13->c13->r13->j13->… 

Here sij stands for scanning jth snippet for ith query, cij clicking on the snippet, rij 

reading the linked document, and jij judging its relevance. If the searcher clicks on 

every snippet on the search result page, and reads and judges every document which 

is clicked, the cost of this session manifests as the sum of action costs (e.g., 

assuming the first and third documents are relevant): 

qc1 + sc11 + cc11 + rc11 + jc11 + sc12 + sc13 + cc13 + rc13 + jc13 +… 
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Assuming a particular number n of keywords is either available or searchers are 

ready to produce, it is possible to generate 2n-1 word combinations for distinct 

queries. Further, when a set of queries is available for each topic, the searcher can 

scan a varying number of document snippets after any query. Altogether, this leads 

to a great many possible querying-scanning-reading-judging sessions. 

However, document snippets are not always informative and searchers may 

overlook them (Ruthven, 2008; Turpin et al., 2009). This may cause the searcher to 

skip some of the snippets and documents, which should be read and assessed 

otherwise. Furthermore, the relevance judgments of the searchers may be different 

from experts’ opinions or topic relevance assessors. In order to simulate this 

behavior we selected the probabilities given in Table 1. Table 2 shows the clicking 

and assessment probabilities by the relevance degree of the documents. For instance, 

the simulated searcher will click the snippet of a non-relevant document (of 

relevance degree 0) with the probability of 27%. Top-ranked but still non-relevant 

documents may mislead the searcher to click the link because of the apparent 

snippet relevance (Ruthven, 2008). Further, a searcher may judge a non-relevant 

document with the probability of 20% as relevant. The probabilities increase toward 

highly relevant documents which are judged as relevant with the probability of 97% 

because searchers are able to readily recognize highly relevant documents (Vakkari 

& Sormunen, 2004). 

 

Table 2. Action probabilities by document relevance degree 

Feature of Behavior 
Relevance Degree 

0 1 2 3 

Clicking Probability 0.27 0.27 0.34 0.61 

Judgment as Relevant Prob. 0.20 0.88 0.95 0.97 

 

We model two types of session behavior in respect of interaction with the result 

list for Studies III and IV, namely deterministic and stochastic behavior cases. In the 

deterministic behavior case, we assume that a searcher always decides to execute the 
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subtask and there is no probability to skip the subtask. For example, a searcher will 

always scan all ten documents in the result list confined by the scan length 

constraint and available time for searching, will click all relevant document snippets 

in the scanned result list, as well as will judge them correctly (see Figure 3). 

 

 

Figure 3. The simulation automaton depicts search session with subtasks 

However, in the stochastic case, we assume more realistically that a searcher may 

err and sometimes may make the wrong decisions with some probabilities, as in real 

life. The simulation of stochastic behavior is established around scanning and 

assessment probabilities given in Table 2. For example, after posing a query to a 

search system, the searcher scans the result list and clicks some of those document 

links according to the selected probability values, as well as reads and judges them 

with some other probability (see Figure 3). We simulated sessions representing 

stochastic behavior with the help of the Monte Carlo approach (Altiok & Melamed, 

2007, pp. 11-22). This means that we ran the experiments multiple times with 

random decisions according to the given probabilities, then averaged the outcomes 

of the experiments in order to achieve a more stable and robust analysis of the 

underlying phenomena. 
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3.2.4 Modeling Frustration 

In real life, a searcher can scan one or more documents or links before frustration 

strikes, as a result of futile results, and then stops scanning further and reformulates 

the next query. Therefore, several factors affect the decision to continue scanning 

the results of a current query in a session: the search gain goal, the gain accumulated 

by the preceding queries in a session, the gain accumulated by a current query 

before the current scanning position, and the length of the current scan from rank 

one. 

However, earlier studies (e.g., Carterette et. al. 2011), which model result 

scanning processes, assume single query sessions. This means that users are 

assumed to pose only one query and the proposed models predict at which rank 

users stop scanning the search results and quit the search process. In other words, 

they focus on the utility gained in a single query session. On the other hand, other 

researchers (e.g., Kanoulas et. al. 2011) modeled the multi-query sessions but did 

not consider either the search gain goals or the gain accumulated by previous 

queries in a search session. In summary, none of prior studies into scanning length 

modeling take multiple query sessions, varying gain goals, and simultaneously 

user’s efforts as well as frustration into account. 

Consequently, in the present thesis we modeled the user’s frustration and 

contributed a novel formula for the scanning process regarding multiple query 

sessions in Study IV. 

3.3 Session Simulation 

3.3.1 Search Environments 

First of all, Studies I-IV each had their own simulation environment, which 

emphasizes the particular aspects of that study and is restricted by the respective 

study objectives. In Study I we simulated relevance feedback on top results, and 

learned classifiers to classify the remaining results in order to improve IR 

effectiveness. Here, we resorted to the recall base of the collection (Voorhees & 

Harman, 2000) as the source employed to assess the topical relevance of documents 
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on the first result page. Of course, the evaluation procedure makes use of the recall 

base too. Further, in Study II we again utilized a recall base, but we also introduced 

some noise into the user’s interpretation of the recall base to represent the real life 

user’s struggle concerning document and snippet relevance judgment. In Study III 

we created a simulation environment in which we examine the effects of various 

QM strategies in two interface scenarios. Below we describe this environment more 

precisely. Finally, in Study IV we expand our simulation environment to conduct 

experiments to study the behavioral factors in the search process. In the last two 

studies, we produced all the possible variations of some independent variables, such 

as scanning the search results under several constraints to obtain statements about 

the effects of the independent variables on the dependent one such as effectiveness, 

while certain variables like search environment were held constant. These variables 

will be discussed in more detail later. 

For the session simulation in Study III, we first formally generate all possible 

sessions under constraints. We represented sessions as sequences of actions with 

costs, because the core of this study was about time aspects of different subtasks. 

For example, the tuple <(a1,c1), (a2,c2), …, (an,cn)> is a session of n actions and each 

pair (ai,ci) in the session represents an action ai and its cost ci in seconds. The 

elementary action types and costs are: 

 initial query, represented as (‘iq’, ic) 
 query reformulation (‘q’, qc) 
 document snippet scan (‘s’, sc) 
 next page request (‘n’, nc) 

The constraints are: 

 MaxSLen, maximum session length in terms of elementary actions 
 MaxSCost, maximum session cost (seconds) 
 a session always begins with an initial query 
 all queries (initial and reformulation) are followed by at least one snippet scan 

 
Consequently, the shortest possible session can be formed by an initial action IA 

= <(iq, ic),(s, sc)>, consisting of an initial query followed by the scan of one snippet 

(with costs). To generate longer sessions, the possible subsequent elementary 

actions with costs are defined as the set: 

NA = {<(q, qc), (s, sc)>, <(s, sc)>, <(n, nc), (s, sc)>} 

Note here that the next actions are tuples of one or two elementary actions; a scan 

may appear individually, while a reformulation/next page requires a scan to follow. 
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Sessions are generated by concatenating the actions subsequent to the initial action. 

This operation generalizes over a set of session tuples Si, denoted as: 

i=1…n Si = <<… <<S1, S2>, S3>, …>, Sn>. 

The cost of a session S can be determined, informally, by the sum of its action 

costs. More formally, we derive this cost by the function s-cost as follows: 

s-cost(S)=  (a,c)  S c 

Notably, the definition of the set membership operator was enhanced from sets to 

tuple components in an obvious way. For example, the cost of the session S1 = 

<(‘iq’, ic),(‘s’, sc), (‘q’, qc),(‘s’, sc)> is s-cost(S1) = ic+sc+qc+sc. 

To generate sessions, we first generate all sessions up to the maximum number of 

actions MaxSLen. This session set is MLS: 

MLS =  i=1…MaxSLen{<IA, j=1…i acj > | acj  NA} 

We then select the subset of sessions fulfilling the time constraint MaxSCost and 

the scan length constraint. Note that this approach does not define the query 

contents or modifications in sessions (see Section 3.2.2). However, it keeps them 

within constraints and guarantees that the last action is a document snippet scan. 

For session simulations in Study IV, we first generated all possible sessions 

under constraints as in the Study III. However, this time we refined the behavior 

aspect during search process further. Namely, we introduced more action types such 

as “click a link”, “read a document” and “judge document relevance”. Moreover, we 

integrated all query strategies into sessions, while paying special attention to 

prototypical QM strategies (Keskustalo et al., 2009). Thereby, all possible queries 

were constructed by a combination of keywords suggested by the real users for each 

topic (Keskustalo et al., 2009). Furthermore, sessions were executed many times in 

the stochastic case to encounter the randomness of the decisions concerning the 

actions. Again, we represented sessions as sequences of actions with costs because 

of time constraints. Nevertheless, the main focus of these simulations was the 

effectiveness of prototypical QM strategies employed by real users compared to all 

possible QM strategies under constraints. In the deterministic case, we ran more 

than a million sessions for each experiment, while for the stochastic case we ran 

more than a billion sessions for each experiment. 

The next subsection explains and justifies the cost aspects used in the studies. 
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3.3.2 Cost Aspects 

The effort to formulate a query, to scan the result list, to read documents and to 

judge the documents can be characterized by cost, or rather in terms of time 

expended (Azzopardi, 2011). Average subtask costs, which are utilized in our 

experiments, are given in Table 3. Thereby the scenario, which depends on the 

search environment such as the access device, determines the absolute cost. 

Empirical studies show that it takes significantly longer to enter queries using a 

small smartphone keypad than it does using an ordinary keyboard (Kamvar & 

Baluja, 2007). Two scenarios, i.e., a desktop PC scenario (PC) and a smartphone 

scenario (SP), are designed to study the effects of subtask costs under overall 

session cost constraints. These scenarios have different subtask costs, because the 

properties of the devices partially determine the user’s effort to accomplish the 

subtasks (Kamvar et al., 2009; Smucker, 2009). 

Table 3. Average subtask costs used in Study IV (in seconds) 

Session subtask Costs 

Entering a query word 3.0  

Scanning one document snippet  4.5 

Reading and evaluating one document 30.0 

Entering the relevance judgment 1.0 

 

Obviously, forming queries under different QM strategies S1 – S5 (see Section 

3.2.2) also leads to very different costs. All queries in strategies S1, S2, and S3 have 

a fixed query length in sessions (one, two or three words, correspondingly) while in 

strategies S4 and S5 the queries grow longer. In real life the typing speed is affected 

by, e.g., the experience and knowledge of the person, the size of the keyboard, the 

layout of the keyboard (e.g., nine-key multi-tap vs. QWERTY keyboard) (Kamvar 

& Baluja, 2007; Karat et al., 1999) and whether a predictive text feed is available 

and used. We derived the cost values in PC and SP scenarios regarding the initial 

query cost and the subsequent query cost from literature (see Table 1 in Study III) 

(Kamvar & Baluja, 2007). 
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The query costs in S1 – S5 in the desktop PC case are based on the typing costs 

of 3.0 seconds per word. The corresponding smartphone case costs are based on the 

article by Kamvar and Baluja (2007). The authors performed a large-scale log 

analysis of mobile phone usage and observed that an average smartphone query 

length was 2.56 words and the average query-entry time was 39.8 seconds (average 

typing cost of 15.5 seconds per word). We assumed in our simulations that the cost 

of adding one word to a query (that is, extending one-word query and extending 

two-word query strategies, S4 and S5) or replacing one word at the end of the 

previous query (that is, one, two, or three-word query strategies) is a constant 

depending on the scenario. 

The information processing of humans can be approximately described by 

perceptual, motor, and cognitive systems (Card et al., 1983, pp. 23-100). The 

document snippet scanning costs in real life are affected by the costs accumulated 

by the above-mentioned systems. However, in Studies III and IV we assumed that 

the document snippet scanning cost is constant in both scenarios and across the QM 

strategies. Moreover, we excluded the eventual thinking time in producing query 

words, which can be interpreted as a modeling artifact because of simplification of 

the real world. 
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4. Evaluation of Interactive 
Information Retrieval 

Without measuring the performance of systems and the outcomes of experiments, 

real progress in scientific pursuit cannot be achieved. Therefore, this chapter briefly 

introduces the evaluation methods (Catarci & Kimani, 2013), which are applied in 

our experiments. Further, the statistical methods, which are utilized to show the 

statistical significance of the experiment results, are shortly described. 

4.1 Rank-Based Evaluation 

Information retrieval has a long tradition in measuring IR system performance with 

respect to ranking of the search results. From the system-oriented view of IR, the 

most important aspect is the rank of documents which are returned as a query result. 

Precision, the proportion of retrieved relevant documents to the retrieved 

documents, and recall, the proportion of the retrieved relevant documents to all 

known relevant documents, are the very first measures which are applicable to the 

results of IR experiments. For instance, mean average precision (MAP) is a widely-

used measure to compare systems with each other. MAP is calculated by averaging 

the precision values at the ranks of retrieved relevant documents of a query result, 

and thereafter the mean value of all query averages. Another recently popular 

measurement, cumulated gain (CG) (Järvelin & Kekäläinen, 2000), is based on the 

gain that every document contributes. The gain of a retrieved document is usually 

associated with the relevance level of the document. Further, ranks of the retrieved 

documents are taken into account by discounting the gain factor according to the 

position of the documents in the result list. This results in discounted cumulated 

gain (DCG) (Järvelin & Kekäläinen, 2002). However, in order to accomplish the 

comparability between different systems or experiments, the cumulated gains should 

be normalized; indeed the normalized discounted cumulated gain (NDCG) 
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introduced by Järvelin and Kekäläinen. (2002) has become one of the most widely-

applied evaluation measures in IR domain. DCG is normalized with the help of ideal 

discounted cumulated gain, which can be calculated by summing the discounted 

gains of known relevant documents for each query in descending order up to the 

rank where NDCG value is required. Across the queries of an IR experiment, 

NDCG values are averaged by taking an arithmetic mean in order to obtain a final 

NDCG value. 

4.2 Time-Based Evaluation 

IR evaluation is traditionally considered a rank-based process. However, when the 

time a user expends during a search session is taken into account, traditional metrics 

are inadequate for evaluating the search results. Because traditional metrics are time 

agnostic, a user’s effort in terms of time is entirely omitted in the evaluation 

process. However, there have also been research efforts which introduce the time 

dimension into the evaluation process. For example, Dunlop (1997) suggested 

“time-to-view” graphs, which incorporate user interface and system as well as the 

temporal issues into the same framework in order to evaluate search engine 

effectiveness. According to Dunlop, “time-to-view” graphs offer a single 

presentation, which enables researchers to compare the interface and effectiveness 

changes. 

Another research effort to introduce the time factors into the traditional Cranfield 

setting was conducted by Smucker (2009). He tried to improve the traditional 

evaluation with the use of the GOMS model (Card et al., 1983, pp. 139-192), which 

stands for goals, operators, methods, and selections. Further, he proposes an IR user 

model, which incorporates the sequence of actions performed during the searching 

process, such as typing, clicking, evaluating a snippet summary, and waiting for the 

results to load. All these actions can be associated with times and probabilities, with 

which users perform the actions. For instance, whether a user will click on a 

relevant document surrogate is defined by a given probability. He studied 

simulations to show the impact of changes in the information retrieval interface on 

user performance, which was determined by the number of relevant documents read 

within a given time frame. Moreover, for IR evaluation he suggested a time-biased 
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gain metric, which captures some aspects of user behavior by regarding the search 

process (Smucker & Clarke, 2012a; Smucker & Clarke, 2012b). The suggested 

metric is calibrated through a user study for stochastic simulations. Furthermore, in 

a subsequent article (Smucker & Clarke, 2012c), the authors simulated different 

types of users by modeling user variance in time-biased gain in order to estimate the 

expected number of relevant documents that a user will collect while examining a 

single ranked result list. Still, their experiments were limited to single query 

sessions. 

Azzopardi (2011) approached interactive IR as an economical problem and 

examined the trade-off between querying and browsing while holding search utility 

constant, computed in terms of normalized CG, at a certain level. He employed a 

user cost function in order to determine the search strategy, which keeps the 

minimum cost at the constant utility level to a user. The suggested user cost function 

takes the cost of querying and browsing into account, and is proportional to the 

number of queries issued. The time expended for querying and browsing is utilized 

to define the relative cost. Azzopardi (2011) claims that the user cost function 

estimates the relative cognitive effort of querying and browsing and his approach 

offers a reasonably fair comparison between strategies. 

In our experiments, we take the user’s effort as a variable represented by time 

into account. Consequently, we propose a new time-based evaluation approach. 

Nevertheless, we utilized the cumulated gain (CG) over time to compare the 

effectiveness of sessions as well as search strategies because of some very 

interesting peculiarities with traditional metrics, such as MAP and NDCG (see 

Chapter 6). 

4.3 Statistical Methods 

Parametric and non-parametric statistical methods are applied in order to identify 

statistically significant differences between the proposed and the state-of-the-art 

techniques in IR experiments. Thereby, parametric methods assume some statistical 

distributions to judge the differences between the examined algorithms, which are 

tested for significance in preset level of confidence. On the contrary, the non-

parametric methods do not depend on such statistical distributions; they rather apply 
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the rank-based calculations for statistical tests. The following two statistical 

methods, namely the t-test and the Friedman test, are used in the present thesis to 

assess the significance of differences between the algorithms in our experiments. 

Therefore, the t-test and the Friedman test (Hill & Lewicki, 2007, pp. 15-40; 

Conover, 1999, pp. 367-372) will be briefly described below. 

The t-Test, a parametric statistical test, analyzes two data samples and estimates 

whether the data samples are drawn from the same distribution. Student’s t 

distribution is the underlying distribution for the t-test. In other words, the t-test 

examines the equality of the means of the two normally distributed samples with 

unknown variances. If the sample size is large enough, the normality assumption 

can be relaxed to some extent. Another requirement of the t-test is that the variances 

of the two data sets should not be too different. 

However, when the data samples do not follow the normal distribution, the non-

parametric alternatives are more proper than parametric ones. As a non-parametric 

alternative, the Friedman rank test is selected for the current study for the cases 

where the data do not follow normal distribution. The Friedman test executes two-

way analyses of variance by ranks. Besides, the Friedman test can handle more than 

two data samples, which occurs in our studies. In brief, the Friedman test first 

checks whether a significant difference between data samples exists, then calculates 

pairwise comparison between the data samples, which are produced by the diverse 

methods which are under evaluation. In order to accomplish the test, the Friedman 

test determines whether the data samples originate from the same population or 

populations with the same median, by determining the probability of divergence of 

rank totals of the samples from the rank values obtained by chance. The Friedman 

test is explained in more detail in Conover (1999, pp. 367-372). 
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5. Summary of Contributed Studies 

In this chapter we present the summaries of the four contributed studies. We briefly 

explicate motivation, problems, approach, and data for each respective study. Then 

we present the research questions in a succinct form. Finally, we describe the 

research results of each study. 

Studies I and II handle RF simulations, while Studies III and IV simulate session 

behaviors without RF. While Studies I and II handle single query sessions, Studies 

III and IV utilize multiple query sessions. 

5.1 Study I: Effectiveness of Search Result 
Classification based on Relevance Feedback 

Relevance feedback has been one of the research areas of system-oriented IR for a 

long time. It has been studied by utilizing either test persons or simple simulations. 

RF has been conducted through query reformulations with the help of PRF and/or 

intellectual RF (Ruthven & Lalmas, 2003). In Study I we performed RF in a novel 

way through the classification of search results after users’ initial intellectual 

feedback. We simulated users’ initial intellectual RF for our experiments in a 

comprehensive collection, namely the TREC 1-2-3-7-8 ad-hoc collections with 250 

topics (Voorhees & Harman, 2000). We tried several classifiers, which are 

explained in Section 2.4.1. We also studied the effects of diverse term space 

reduction techniques for the classification process. Experimental results were 

evaluated by user-oriented metrics, P@20, P@30, NDCG@20, and NDCG@30. 

The following research questions (RQ) were set for Study I: 

RQ 1: Given RF on top results of pseudo-RF (PRF) query results, is it possible to 

learn effective classifiers for the following results? What is the effectiveness of 

various classification methods? 
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RQ 2: How does classification effectiveness in RQ 1 depend on term space 

reduction and classification methods? 

RQ 3: When should RF and classification be employed regarding the availability 

of relevant results in the initial Top 10? 

 

In Study I we propose a novel approach to applying RF. Our approach trains 

classifiers with the help of simulated user-RF on top of PRF results instead of 

reformulating the initial user query by expanding with keywords extracted from RF 

documents. These classifiers are then applied to identifying relevant documents 

among the subsequent search engine result documents, which have not yet been 

presented to the user as a result list. 

For the first RQ, our results indicate that the proposed classification approach can 

be applied effectively on top of PRF results. In both cases of title only (T queries) 

and ‘title-and-description’ queries (T+D queries), the proposed classification 

approach improves both the initial query results and PRF results, while the 

improvements over PRF results are smaller than the ones over initial results. This 

suggests that even though state-of-the-art search engines have so much evidence 

from long initial queries, the classification approach can still improve the results by 

learning through top document RF. All in all, the effectiveness of both the short and 

the long queries can be improved with classification approach. Furthermore, all 

tested classification methods provide statistically significantly better results over 

PRF and initial query results. 

For the second RQ, further results indicate that term space reduction is no more 

effective than using the full feature set in T+D queries but that it provides a 

marginal boost in the shorter T queries. Although the best results for short queries 

are achieved either by a classification method other than SVM with term space 

reduction or SVM (Joachims, 1999) with full feature set; the differences between 

classification methods were minor and statistically not significant. The best methods 

for long queries were KNN and SVM with a full feature set, while they had only an 

insignificant advantage over the other classification methods without reduction. 

However, one should also note that SVM with all features performs quite well, 

because term space reduction is an integral part of this method. Reduction in SVM 
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is applied by selecting the support vectors; in this vein, term space is implicitly 

reduced. 

For the third RQ, we found that the classification approach should be applied 

when there is at least one relevant and non-relevant document in the initial result 

list. Regarding the searcher behavior, if the result list contains only relevant 

documents, searcher‘s information need is probably satisfied on the first page. On 

the other hand, learning a classifier with only positive or only negative documents 

complicates building classification models for document space. Moreover, our 

analysis points out the high correlation of P@10 with P@11-20/30 which means 

that if first result page has many relevant documents, the subsequent pages will have 

also many relevant documents, and vice versa, if first result page has no relevant 

documents, the subsequent result pages will have hardly any relevant documents. 

Consequently, high correlation between first and subsequent result pages supports 

the finding on where the classification effort should be focused. 

Our findings are based on user simulation. We modeled searcher interaction 

during RF and assumed feedback on the Top 10 PRF search results. Realistically, 

we simulated that users browse the first page. However, the assumption of RF for all 

documents in the first page may be questionable regarding the observation in the IR 

literature on searcher behavior (Ruthven, 2008). 

Finally, our findings indicate that this novel approach of applying RF is 

significantly more effective than PRF with short and long queries. This paper 

inspired us towards more elaborate models of user interaction in IR. Namely, we 

applied the ideas about user fallibility in RF in the next paper. 

5.2 Study II: Simulating Simple and Fallible Relevance 
Feedback 

In the previous study, relevance feedback was performed under laboratory 

conditions using test collections and a simulated deterministic searcher. In order to 

improve the realism of the experiments we designed a unique experimental setup in 

Study II. First of all, instead of title-and-description derived queries, we introduced 

realistically short queries that were suggested by real persons (Keskustalo et al., 

2009). Second, we simulated human fallibility by providing RF, i.e., partially 
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incorrect judgments about the documents in the feedback process (see Section 

3.2.1). Third, we performed a user simulation with several evaluation scenarios. 

Finally, we employed graded relevance assessments in the evaluation of retrieval 

results. 

The research questions were: 

RQ 1: How effective are PRF and RF when employed on the results of short 

initial queries and shallow browsing? 

RQ 2: Does RF effectiveness seriously deteriorate when RF is of progressively 

lower quality? 

RQ 3: How does RF effectiveness in RQ 2 depend on evaluation by liberal and 

fair vs. strict relevance criteria? 

In order to study real world problems in a laboratory environment, we established 

a simulation environment, in which a simplified model of the real world is utilized 

to conduct the experiments. This motivates our present study in which we model 

user interaction features during RF and vary them systematically. 

At first, the relevant features of real world searching were studied in order to 

fulfill the requirements for more realistic simulations. Day-to-day observations 

corroborate that interaction in real life IR is indispensable. Besides, individual users 

interact with information retrieval systems differently. However, a typical real life 

searcher interaction can be characterized as being simple and error prone, or more 

specifically, searchers try to achieve the best results with minimum effort, in other 

words with short queries as well as shallow browsing (for example at most the top 

10 documents/snippets checked, rather than the top 1000) (Jansen & Spink, 2006; 

Jansen et al., 2000; Sakai, 2006). Because providing RF requires extra effort from 

searchers, they may be reluctant to give it (Ruthven & Lalmas, 2003). If they are 

ready to provide RF in order to achieve better results, they may make errors when 

judging the relevance of the feedback documents (Vakkari & Sormunen, 2004). 

In our simulations for Study II, we employed (1) very short initial queries, 

namely one, two and three-word queries; (2) shallow browsing (assuming that at 

most the top 20 documents per query were inspected); and (3) we also defined the 

fallibility of the searcher during the providing of the RF. Fallibility was modeled 

according to several scenarios, assuming that searchers may err during the selection 

of feedback documents. These scenarios range from assuming perfect user 
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judgments to completely random judgments. In addition, we define a scenario (see 

Section 3.2.1) based on empirical findings on the level of fallibility when the user 

attempts to recognize relevant documents belonging to various relevance levels 

(Foley & Smeaton, 2009; Vakkari & Sormunen, 2004). A total of five different 

fallibility scenarios were analyzed. All experiments were run multiple times in line 

with the Monte Carlo approach (Altiok & Melamed, 2007, pp. 11-22) with random 

decisions which obey the defined fallibility probabilities, and the results of all runs 

were averaged to infer reliable statements about the subject matter. 

The evaluation of the experiments was based on user-oriented measures, 

P@10/P@20 and a traditional system-oriented measure, MAP. In retrospect, it 

would have been interesting to employ cumulated gain-based metrics and to 

compare the results accordingly. Since in real life users differ in their preferences 

considering satisfaction levels, we applied three distinct relevance levels. In other 

words, some users prefer finding even marginally relevant documents, while others 

want to obtain only highly relevant documents because their expertise in topics 

varies. Moreover, we decided to exclude the seen documents from RF results, which 

means we applied full freezing (Keskustalo et al., 2008), because users would not 

gain any benefits from seeing the same documents in the improved result list after 

expending effort to inspect them, regardless of their relevance level, in the first 

result set. 

Regarding the first RQ, our results suggest that both PRF and direct user-RF 

applied by using query-biased summaries4 are promising methods when very short 

initial queries are used. For the second RQ, as we expected that although increasing 

error level in providing RF progressively decreases the performance compared to 

perfect RF, it is still slightly better than the best-performing PRF. Surprisingly, RF 

with the empirical level of fallibility yields results that are close to perfect RF 

results. Considering the third RQ, assuming empirical fallibility and using user-

oriented measures such as P@10 and P@20, RF performance systematically 

exceeds the performance of all short-query types (one, two and three-word queries) 

at a liberal level (i.e., even marginal documents are accepted as relevant). However, 

RF does not improve the performance of all short queries against PRF, when strict 

                                                 
4 Query-biased summary process is depicted in Study II in Figure 1.  
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evaluation is required (i.e., only highly relevant documents are accepted as 

relevant). This may be part of the reason why RF does not prevail in real life. 

Our findings suggest that completely random feedback is no different from 

pseudo-relevance feedback and is not effective in short initial queries. However, RF 

with empirically observed fallibility is as effective as correct RF and is able to 

improve the performance of short initial queries. 

Next, we turned to focus on modeling the user characteristics during interaction 

with a search system. We also take user effort during interaction into account. We 

extended our experiments session dimension by undertaking multiple queries. In 

other words, we simulated direct query reformulation. Obviously, this strategy 

means that we do not study the RF process any more in the following studies. 

5.3 Study III: Time Drives Interaction: Simulating 
Sessions in Diverse Searching Environments 

In real life, users often conduct search activities by posing multiple queries during a 

search session (Jansen et al., 2009; White & Drucker, 2007), whereby searching 

consists of various cognitive, perceptual and motor subtasks (Smucker, 2009). 

During interaction with a search interface, users apply diverse strategies which 

affect their effort (cost), experience and session effectiveness. In Study III we 

suggest a pragmatic evaluation approach based on scenarios with explicit subtask 

costs. Furthermore, the effectiveness of diverse interactive strategies, namely query 

modification and scanning strategies, in two search environments, namely in 

desktop PC and smart phone search environments, was studied comprehensively. 

We simulated 20 million sessions in each environment to cover all possible 

interactive search scenarios that were possible within the study design. This in turn 

enabled us to analyze the effectiveness of the session strategies (see Section 3.2) and 

the properties of the best and worst performing ones in each environment. 

We set the following three empirical and one methodological research questions 

(RQ): 

RQ 1: How effective are the five QM strategies (S1 to S5, see Section 3.2.2) in 

terms of cumulated gain when we compare the Desktop PC and the Smart Phone 

(SP) scenarios under overall time constraint? 
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RQ 2: What are the characteristics of the best and the worst QM sessions? 

RQ 3: How stable are the observed trends when the overall time constraint 

changes? Can we recommend QM strategies based on the PC and SP scenarios 

assuming a specific time constraint? 

RQ 4: What is the proper evaluation methodology when time is part of the 

evaluation criteria? 

In this study, we simulated various search scenarios on two different devices, a 

desktop PC and a smartphone, regarding diverse search subtask costs under an 

overall time constraint. Furthermore, the characteristics of the best and worst search 

sessions were explored. Because real life users have limited time to acquire the 

necessary information about their task and they use different devices for information 

access in different situations, our study has unquestionable user relevance, and 

consequently offers potential pragmatic value to the industry. Measuring the 

effectiveness of search systems from a user’s point of view may reflect the user’s 

interest more accurately, and thus increase the validity of the results achieved. 

The first RQ was about the effectiveness of different QM strategies under time 

constraints. In the desktop PC scenario, when time is tight users cannot pose all 

possible queries, or utilize their entire search vocabulary. Instead, users may 

perform exhaustive scanning for a few queries posed. Short queries (strategy S1) 

perform worst in terms of session effectiveness, which is measured by cumulated 

gain metric. On the other hand, two or three-word queries clearly outperform the 

short queries. The same improvements in results can also be observed in strategies 

S4 and S5, when there is enough time to advance beyond the first query. When more 

time is available for searching, the initially weaker strategies catch up because users 

can scan more results, and the ranking of weaker strategies is not that critical. In the 

smartphone (SP) scenario, users have no time for long queries in a stringent time 

frame; therefore they must employ shorter queries and scan the weaker quality 

rankings. The effective strategies require a high query input cost; consequently they 

may not be applied at all. Again, the more time users have at their disposal, the 

smaller the gap between the effectiveness of best and worst sessions. 

Regarding the second RQ, in both PC and SP scenarios and under stringent time 

constraints, the best sessions involved less queries and longer scans than the worst 

sessions. However, when more time is available, the differences between session 
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characteristics in the PC scenario disappear while in the SP scenario they remain. 

For the best strategies in each scenario, both the number of queries and the average 

scan lengths increase as time allowance grows. Respectively, in the worst sessions 

for the PC case, the number of queries stays the same but the scan lengths grow as 

more time for search is allocated. Because the worst sessions in the PC case 

consume all possible queries even under the shortest time frame and the number of 

queries is limited, the scan lengths grow but not the number of queries. However, in 

the case of SP for the worst sessions, the number of queries increases and the scan 

length remains low as time grows. Because input costs are higher than in the PC 

case, investing the effort for the costly query input defines the worst behavior. 

Ultimately, if there is enough time for searching, posing two or more word 

queries followed by a longer scan seems to provide reasonable effectiveness no 

matter what the search strategy among S2 to S5 is. 

The third RQ is about the stability of observations. When limited time is 

available for searching, there is a trade-off between two action types, namely posing 

queries and scanning the search results cost-consciously. Thereby, the overall cost 

levels related to the stringency of the time frame and the relations between cost 

types play a major role in selecting the action type. Search interfaces and devices on 

which searching takes place certainly affect these variables (Kamvar & Baluja, 

2007). To sum up, expensive input costs cause lengthy scanning of the search 

results, whereas cheap input costs help to pose better or rather longer queries. 

Among the QM strategies S2-S5, there is no significant difference when enough 

time for the search process is allocated. 

Regarding the methodological RQ about the proper evaluation of search sessions 

under time constraints, we can state that the typical IR evaluation metrics must be 

applied with great care because they may be insufficient or even misleading, 

because traditional rank-based IR metrics do not take the user’s experience, 

observed costs and session gains into account. When search costs and time 

expended during a search session, are taken into consideration and metrics utilize 

normalization, i.e., scaling the value of measurement to a predefined range such as 

[0, 1], traditional metrics such as MAP and NDCG deliver deceptive results. 

Moreover, we pointed out the inappropriate use of all normalized rank-based 

measures. 
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5.4 Study IV: Modeling Behavioral Factors in Interactive 
Information Retrieval 

In this study, we carry forward our simulation efforts with more fine-grained 

subtasks and more elaborate behavioral factors. As real life information access is 

session-based (Jansen et al., 2009), and every session consists of one or more query 

iterations, sessions are bound by several subtasks like query formulation5, result 

scanning, document link clicking, document reading and judgment, and stopping the 

session. As a result, the effects of behavioral factors associated with these subtasks 

are inevitable. These factors include search goals and cost constraints, query 

formulation strategies, scanning and stopping strategies, and relevance assessment 

behavior, among others. The purpose of Study IV is to assess the effects of these 

behavioral factors on retrieval effectiveness. Our research questions include: 

RQ 1: How effective is ideal human behavior, i.e., persistent scanning and ideal 

assessments, employing prototypical query formulation strategies, compared to 

deterministic baselines under various CG goals and time constraints? 

RQ 2: How effective is fallible human behavior, i.e., probabilistic scanning and 

fallible assessments, employing prototypical query formulation strategies, compared 

to stochastic baselines under various CG goals and time constraints? 

RQ 3: How much does fallible behavior lose in session effectiveness compared to 

ideal human behavior? 

RQ 4: When examining the best possible query formulation strategies, is there a 

winning query formulation strategy which delivers the best gain across topics? 

RQ 5: Methodologically, how does one simulate a behavioral model based on 

comprehensive session subtasks, fallible human behavior and various query 

formulation strategies? 

In this study, we simulated both ideal human search behavior and the more 

realistic fallible human search behavior in an environment based on a test collection 

with graded relevance assessments. Our session models allowed us to simulate 

multiple query sessions and several interactive subtasks. During simulation 

experiments, the interface properties, the test collection and the search engine were 

kept constant and fixed probability distributions for snippet and document relevance 

                                                 
5 Query formulation (QF in Study IV) and Query modification (QM in Study III) are interchangeably used. 
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assessment and for snippet scanning behaviors were utilized. Then, the following 

behavior factors, the use of QF strategies, cost constraints and gain goals, were 

varied systematically. We compared the empirically grounded prototypical QF 

strategies to three baselines: one long query, which comprises all available query 

words, with a long scanning of search results, the best possible three query session, 

and randomly selected QF strategy with three queries. 

The first RQ was about the effectiveness of ideal human behavior employing 

empirically grounded QF strategies in comparison to deterministic baselines under 

various CG goals and time constraints. Amongst others, we found that some of 

empirically grounded QF strategies, second word variations (S2) and third word 

variations (S3) with ideal behavior are the most effective under several time 

constraints. They are clearly more effective than the expected effectiveness of 

random query sessions with ideal behavior under open time constraints in binary 

and non-binary scoring schemes (assigning more weights to more relevant 

documents), but also perform poorly compared to “one long query” sessions. 

Regarding the second RQ, instead of ideal human behavior we simulated fallible 

human behavior with probability distributions, which were motivated by the 

literature (Turpin et al., 2009; Vakkari & Sormunen, 2004). Because of the random 

decisions based on probability distributions, simulation experiments were repeated 

one thousand times in order to obtain stable statements about the underlying 

phenomena. This approach is obviously an example of the Monte Carlo simulation 

method (see section 3.2.1). Again, the third word variation strategy (S3) with 

fallible behavior was the most effective under time constraints and gain goals. This 

strategy exceeds the expected effectiveness of random query sessions with fallible 

behavior under open time constraints for both scoring schemes, but as in the ideal 

case it is inferior to “one long query” sessions. 

The third RQ was about the difference in effectiveness between ideal and fallible 

human behavior. It is no surprise that fallibility in relevance assessment and 

scanning decisions affected the effectiveness of sessions negatively but less with 

regard to highly relevant documents, because of fewer errors in their assessments. 

This corresponds to human selective capability and effectiveness. All in all, the 

effectiveness of fallible behavior is 28% to 44% of the ideal behavior. 
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The fourth RQ was about identifying a winning query formulation strategy across 

all topics. Unfortunately, there was no optimal query formulation strategy among 

the almost 28 000 inspected for more than one topic. Furthermore, we analyzed the 

query formulation strategies across the topics which perform reasonably closely, 

that is, within 10% of the effectiveness of the optimal strategy that is obviously 

distinct for every topic. Study IV shows that good session effectiveness requires a 

topic-focused interaction. Therefore, topics play a major role in explaining IR 

effectiveness. If query words are available at the beginning of a search session, a 

long query with persistent scanning achieves quite competitive results. However, 

real life searchers learn keywords from snippets seen and documents found 

(Ruthven, 2008). Therefore, many query words are not necessarily available at the 

beginning of a search session. 

Regarding the fifth RQ, we employed a comprehensive multiple query session 

model including several subtasks, behavioral factors, goals, and constraints. We 

employed multiple query sessions, whereas prior simulations of interactive IR have 

concentrated on single query sessions (Smucker, 2009). Further, we experimented 

with multiple gain goals and time constraints while other studies have had limited 

goal and time constraints in experiment settings (Azzopardi, 2011). Moreover, we 

defined a snippet scanning model, which takes not only the current session gain but 

also the session goal and frustration explicitly into account, whereas Carterette et. al. 

(2011), for example, only focus on the utility gained by a single query. While we 

performed an exhaustive search for the best-performing strategies among all 

possible query formulation strategies, which can be produced under the three query 

and 5-keyword constraints, we also paid special attention to query formulation 

strategies observed in real life and analyzed their effectiveness compared to the 

best-performing ones. These constraints were selected, both because they reflect the 

typical real life interactive IR sessions and because we were limited by our 

computing capacity. Having more queries per session and more keywords per query 

would increase the required computing power exponentially (by around several 

orders of magnitude). 
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5.5 Summary of Findings 

The main research questions and main findings for respective Studies I-IV are 

summarized in Table 4. 

Table 4. Summary of main research questions and main findings 

 

Study Main Research Questions Main Findings 

Study I 

Given RF on the first result 

page of PRF, is it possible to learn 

effective classifiers for the 

subsequent results? 

The proposed classification approach can 

be applied effectively on top of PRF results. 

Term space reduction is not necessary. 

Study II 

How  does  RF  affect  IR  

performance when short initial 

queries are employed and fallible 

feedback is provided? 

Increased error level of providing RF 

decreases the performance compared to 

perfect RF. RF with a realistic level of 

fallibility is as effective as perfect RF and is 

able to improve the performance of short 

initial queries. 

Study III 

How do various interface 

devices and diverse query 

formulation strategies affect IR 

sessions under overall time 

constraints? 

What is the proper evaluation 

methodology when time is taken 

into account? 

If there is enough time for searching, 

posing two-word or longer queries followed 

by a longer scan seems to provide reasonable 

effectiveness no matter what the search 

strategy is. 

Typical rank-based IR metrics such as 

MAP or NDCG should be applied with great 

care. These metrics evaluate rankings but not 

user effort or experience. 

Study IV 

What kind and how effective 

are the optimal sessions under 

varying goals and constraints 

provided that human stochastic 

behavior is regarded? 

Empirically grounded query formulation 

strategies, second word variations and third 

word variations are the most effective under 

several time constraints but also perform 

poorly compared to “one long query” 

sessions. 

Fallible behavior affects IR effectiveness 

negatively but less when regarding highly 

relevant documents because of fewer errors 

in their assessments.  
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6. Discussion and Conclusions 

With “Never stop questioning”6 as our motto, we started to question the relevance 

feedback and user behavior-related issues in interactive information retrieval. First, 

we focused on the development of novel approaches for applying relevance 

feedback. Namely, we utilized various standard classification and term space 

reduction methods in order to classify retrieved documents according to simulated 

user relevance feedback. As a result, correct relevance feedback was taken for 

granted. However, in real search environments users may very well err when they 

make relevance decisions based on result lists. The fallible behavior of searchers has 

been observed in empirical studies (Turpin et al., 2009; Vakkari & Sormunen, 

2004). Nevertheless, until now experiments have been conducted with the 

assumption of perfect relevance assessments. To address this, we introduced 

fallibility in relevance feedback by defining diverse fallibility levels according to 

which users supply relevance feedback information to a system. Thereafter, we 

concentrated our research efforts on user behavior aspects, such as search behavior 

on different devices, which lend themselves to situational requirements, under time 

and search goal constraints. In this vein we brought “time” into the evaluation, 

which unveils some very intricate problematic points in IIR evaluation. Thus, we 

discovered that highly popular rank-based evaluation metrics, such as MAP and 

NDCG, are inappropriate for the comparison of systems when a searcher’s time 

expenditure is taken into account. When the search time expended by users is part of 

the evaluation process, normalized rank-based metrics may provide misleading 

evaluation results. Therefore, non-normalized metrics should be employed. Finally, 

we elaborated our simulation experiments by defining fine-grained user behavior 

variables. For example, search strategies, search goals and cost constraints, scanning 

and assessment behavior, and relevance scoring were incorporated into the design of 

simulation experiments. We applied both deterministic and stochastic approaches 

                                                 
6 Albert Einstein’s quote 
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during the simulation of searcher behavior and contrasted both approaches to narrow 

the gap between traditional Cranfield-type experiments and real life search behavior. 

Moreover, user behavior is always assumed correctly in Cranfield-type experiments. 

However, in our experiments, we adulterated the simulated user behavior with some 

probabilities which were set according to prior empirical studies (Turpin et al., 

2009; Vakkari & Sormunen, 2004) to reflect the real user’s interaction with a search 

system. 

Table 5. Summary of themes and variables of the contributed and Cranfield-style 
studies. Variables are encoded as: fixed variables are lowercase, independent 
(varied) variables are uppercase and dependent variables are bold and uppercase. 

Study Theme Subtheme Signatures of Variables 

Cranfield-style Various Various V M q - - - - - E 

Study I RF Classification V M q t s a c j E 

Study II RF Fallibility V m Q t s A c J E  

Study III Sessions QF/Time/Interfaces V m Q T S a c j E 

Study IV Sessions QF/Frustration/Patterns V m Q T S A C J E 

 

In order to give an overview of the studies, the main and sub-themes together 

with the variables of Studies I to IV are summarized in Table 5. The relevant 

variables of each study are encoded in the table as follows: variables which are fixed 

during experiment execution are given in lowercase, independent variables which 

are varied, are denoted in uppercase, and dependent variables which are examined, 

are bolded. In Table 5, v stands for vocabulary, and consequently represents 

information need modeling, m stands for the retrieval method applied, q for 

querying, t for time consumed, s for scanning the search results, a for assessing the 

relevant snippets or documents, c for clicking the document links, j for judging the 

document relevance, and E for effectiveness of retrieval in the IR experiments. 

Accordingly, in order to analyze the new approach to RF, we fixed all interaction 

variables except the method (M) in Study I. In Study II we varied the user’s 

judgment of document relevance, and explored its effects on performance. Further, 

in Study III not only the scanning patterns but also time is varied and effectiveness 

is analyzed. Finally, in Study IV we varied time and scanning patterns as well as 

assessing, clicking and judging behavior in order to examine the effectiveness. In 

comparison, Cranfield-style experiments do not take the variables into account at 
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all. These are depicted with a dash in Table 5. In Studies I to IV we progressively 

introduced and varied such variables, and furthermore we shed light on the effects 

of these variables. 

In Study I, we applied standard classification algorithms to select the relevant 

documents from the result list, more precisely from the second page onwards, after 

relevance feedback was supplied on the first page of the search engine results. 

Thereby, we simulated the relevance feedback on the first page of results of the 

pseudo-relevance feedback run of topical queries. Thus, classifiers were able to 

learn relevant and non-relevant document classes, which are used to decide on the 

relevance of further documents on the result list. Moreover, we explored numerous 

term space reduction techniques (Sebastiani, 2002) for improving both effectiveness 

and efficiency of the classification process. Comprehensive experiments on TREC 

ad-hoc collections (Voorhees & Harman, 2000) indicated that this approach of 

applying RF with the help of classification methods is significantly more effective 

than PRF with title queries as well as title-and-description queries. However, the 

difference between classification approaches and the combination of classification 

methods with term space reduction methods entail no significant improvement from 

the statistical view point. In other words, any of the state-of-the-art classification 

methods can improve the PRF results of short queries. However, in order to learn a 

classifier, the first page of results should have at least one relevant and one non-

relevant document, otherwise the necessity of inspecting the following pages may 

disappear because of the correlation of the first and subsequent result pages. When 

the first page has a lot of relevant documents, the user’s information need may 

already be satisfied (Sakai, 2006), and vice versa, when the first page has no 

relevant document, the following pages are not likely to have enough relevant 

documents worth being classified or inspected either. 

One could try to infer RF automatically e.g., from users’ interaction with search 

interfaces (Ruthven, 2008), and thereafter apply the classification approach to 

amend the result lists. Overall, the parallelism between our approach and Learning 

to Rank algorithms (Li, 2011) should be emphasized once more while regarding 

how differently both approaches are applied to improving search results. 

In Study II, we simulated the RF further but this time we suggested a novel 

approach to RF evaluation, i.e., we introduced and systematically studied the effects 
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of the searchers’ fallibility in supplying RF. This can occur in real life search 

situations, because the snippets delivered by a search engine could mislead 

searchers into deciding incorrectly about the relevance of a document (Turpin et al., 

2009). Further, the multi-grade relevance assessments (Sormunen, 2002) were 

employed in this study to improve the realism of simulations by regarding the 

expertise levels of searchers. Moreover, the experiments were carried out with the 

short initial queries generated by real searchers (Keskustalo et al., 2009) instead of 

the longer title-and-description queries, which are quite popular in Cranfield-style 

IR experiments. Our findings indicated that the results of very short initial queries 

can be improved by applying query-biased summaries (Bates, 1989; Tombros & 

Sanderson, 1998; Turpin et al., 2009) for both PRF and direct user-supplied RF. 

Furthermore, the experimental results showed that very fallible feedback is no 

different from pseudo-relevance feedback (PRF) and not effective in short initial 

queries. However, RF with empirical fallibility is practically as effective as correct 

RF and is able to improve the performance of short initial queries. RF systematically 

improves the performance of all short-query types when evaluation is liberal; but 

does not improve against PRF when evaluation is strict. Short initial queries 

obviously do not provide enough good documents for strict evaluation. It is not 

surprising that in real life users prefer to revise their queries instead. 

In Study III our attention was drawn to session simulations away from the RF 

simulations. Real life search experience is characterized by time constraints, 

multiple short queries and a myriad of different search interfaces on different 

devices. Because busy life situations require prompt answers to ad-hoc emerging 

questions, ubiquitous computing lends itself to such kinds of needs very well. 

However, different devices demand different interaction styles; consequently time 

plays a major role during query input phase. First, we explored the space for all 

possible multi-query sessions within the limited framework for the best querying 

and scanning behavior under diverse time and goal constraints. Interestingly, there 

was no single winning query modification pattern which performed best across all 

the topic queries. Both the number of queries and the average scan lengths increase 

in the best strategies for both PC and SP scenarios analyzed when time allocation 

grows, whereas the number of queries does not change but scan length grows in the 

worst sessions for personal computer scenario, because the worst sessions consume 
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all the available queries as soon as possible. On the other hand, for the smartphone 

scenario, while the number of queries grows, the scan lengths remain low when 

more time is available for searching. Because the input costs are high, investing the 

effort in query typing is apparently the worst behavior. 

The typing speed supported by a device or an interface determines a user’s input 

effort. Where the input effort is low, for example in the PC case, better or rather 

longer queries are favorable. However, if the input effort is high, such as in the SP 

case, users are not able to type longer queries under time pressure. Instead they must 

perform lengthy scans of weak short-query results in order to achieve their goals. 

When the user has enough time at their disposal, the way in which searches are 

executed is not crucial, because there will be enough time to identify the relevant 

documents. 

Finally we discovered the peculiarities of time-based evaluation with standard 

rank-based evaluation metrics. Typical IR evaluation metrics (Demartini & Mizzaro, 

2006; Su, 1992) are based on the quality of ranking alone. When time is taken into 

account, normalized metrics may deliver misleading results, and therefore should be 

used with care. Furthermore, in session-based evaluation they must also be applied 

with great care because they may be insufficient or even misleading. They may be 

partially insensitive to the user’s experience, e.g., because of recurrent documents, 

and observed costs and benefits. This is particularly critical when a user’s costs 

(time expenditure) are taken into account and the metric employs normalization, i.e., 

scaling the measurements to a predefined range such as [0, 1]. For example, the 

popular NDCG metric (Järvelin & Kekäläinen, 2002) and its non-discounted 

counterpart NCG should be avoided in any comparisons between searching 

environments, and between strategies within a given searching environment when 

user effort is taken into account. This is because the ideal gain vector used for 

normalization is read to vastly different lengths between strategies or environments. 

For example, consider Figure 4, which plots NCG over time for QM strategy S2 in 

two scenarios, PC and SP, from Study III. 
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Figure 4. NCG vs. time comparison of PC and SP scenarios for QM strategy S2 

Due to normalization (division by the ideal cumulated gain vector), the 

smartphone (SP) scenario seems to exhibit better performance in the time frame 

from 40 to 135 seconds. This is due to (a) ranking being somewhat effective, and (b) 

the number of documents seen in each session: in the PC case the user sees 15 to 35 

documents, but in the SP case only 5 to 20 documents in the indicated time frame. 

Figure 5 plots CG with the corresponding data and makes the difference clear. 

Similar pitfalls also plague the most classic metric, MAP (see Chapter 6 in Study 

III). 

 

 

Figure 5. CG over time for QM strategy S2 in PC and SP scenarios 

Even within a non-normalized metric like CG, incorporating time in session-

based evaluation has profound effects. Consider figures 6 and 7. The former gives 

traditional cumulated gain over ranks for QM strategies S1 and S3 averaged over the 

topics. The latter gives CG over time for the same strategies in the two scenarios. 
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Figure 6. Traditional View, CGs over ranks, scenarios PC and SP for QM strategies S1 

(allowing five queries) and S3 (allowing only three queries) 

In Figure 6, both the PC and SP scenarios have the same observed effectiveness, 

because the evaluation focuses on the gain (CG) over the result ranks, regardless of 

how long it takes to retrieve the documents. The two strategies S1 and S3 differ in 

effectiveness, S3 providing far better effectiveness than S1. However, when time is 

taken into account (Fig. 7), the scenarios and strategies differ greatly from each 

other. Up to 60 seconds, S3 in the SP case is the worst strategy and this is entirely 

due to the high input cost of the long query. With enough time (180 sec.), S3 in SP 

catches up with S3 in the PC case. Also, PC and SP do not much differ for S1 due to 

the relatively low input cost and the weak result quality. Comparing figures 6 and 7, 

it is easy to see that time profoundly affects both user experience and effectiveness 

in sessions in different scenarios. 

 

Figure 7. Time-based View, CGs over time, scenarios PC and SP for strategies S1 and S3 
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In terms of time, we employed cumulated gain in our experiments in Study III. 

But in order to compare various devices and search interfaces with respect to time-

based evaluation, especially in different studies, the normalization issue remains to 

be addressed and is an interesting study subject. 

In Study IV we delved into user behavior issues during query result inspection. 

We modeled full multi-query sessions with comprehensive subtasks. Thus we 

extended the previously defined user models (Keskustalo, 2010) with further details 

about scanning the snippets, deciding on clicking the links, reading the documents, 

and judging the relevance of documents. Moreover, we conducted experiments 

based on both deterministic and stochastic behavior. While the deterministic 

approach dictates certain predictable behavior, the stochastic case requires 

probabilities about the outcome of every decision. Therefore, we defined probability 

distributions beginning with the deterministic case and moving towards a totally 

random one. Then, we compared the prototypical query modification strategies with 

the best possible strategy. Hence, we can further suggest the prototypical strategies, 

especially second and third word variations (S2 and S3), for future research 

activities, because even they do not reach the level of best performer patterns; they 

still represent a regular pattern and are on par with best performers to some degree. 

In the ideal case, S3 achieves about three-quarters of the performance of the long 

query and of the by-topic optimized best session pattern, which means the strategy 

that is distinctly optimized for each topic. All prototypical QM strategies except the 

sequence of one-word queries (S1) are close to each other in terms of effectiveness, 

with both ideal and fallible behavior. Among all possible QM strategies inspected, 

around 28 000, there was not one strategy that was best across all the topics. Further 

analysis showed that the next to best-performing strategies, the effectiveness of 

which is at least 90% of the best strategy for each particular topic, across all the 

topics achieve good performance in only around one-third of the topics. This 

advocates the view that users apply topic-specific QM strategies in order to reach 

the highest possible effectiveness. 

Because the results of stochastic experiments depend on the selected probability 

values, the experiments are repeated in order to get an average value over a wide 

range of possible values. In conclusion, stochastic behavior was obviously 

inadequate in comparison with deterministic one, which is not realistic although it is 
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superior. Probabilistic scanning and fallible relevance assessment limit the 

performance but cause considerably less damage regarding highly relevant 

documents. Another analysis showed that single long queries yield better 

performance levels than multiple query sessions. However, in real life searchers do 

learn during interaction with search results, frequently modify queries accordingly 

(Ruthven, 2008) and do not initially have a long query available. 

Methodologically we extend the use of traditional test collections to include 

behavioral factors in a controlled experimental environment in order to study the 

effects of searcher-related factors in IIR. Furthermore, we simulated the behavioral 

factors using the Monte Carlo method (Altiok & Melamed, 2007, pp. 11-22) based 

on behaviors observed in real life studies (Vakkari & Sormunen, 2004). We also 

integrated the time variable into the evaluation process. Moreover, we simulated 

user interactive sessions on different interfaces. Besides, we examined all possible 

query formulation patterns created by a limited vocabulary in order to analyze their 

effects on IIR effectiveness. 

In general, with every article the researchers learn new concepts and gain insight 

into diverse phenomena. In retrospect, so did we. Thus the recently gained 

knowledge can now be fed into the research settings of the previous studies as well 

as blended with new research topics; thereby very intricate research problems may 

arise, such as searcher behaviors in several stages of interaction with various search 

systems and environments as well as in the evaluation process. 

However, one should bear in mind that the applied methods and findings are not 

limited to topical search, but they can be exploited across a wider field of 

information retrieval. When the importance of information retrieval in the current 

and future knowledge society is considered, the contribution of bringing the 

searcher’s behavioral aspects into the fast-paced IR experimental world can be 

better appreciated. 

With this thesis and its contribution to the IR research community, we hope we 

are able to instigate new approaches, methods, and metrics for interactive 

information retrieval. 
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Appendix 

Term Space Reduction algorithms 

In order to utilize various term space reduction methods (see for the formulas: 

Banerjee & Pedersen, 2003; Sebastiani, 2002; Siegel & Castellan, 1988, pp. 102-

166 & 224-254), for each term, a 2 x 2 matrix is created, which incorporates the 

number of relevant and non-relevant documents in which a respective term occurs 

or does not occur (see Table A1). With the help of this matrix, a particular measure 

for the respective term can be calculated according to the formulas given below. 

Having a list of terms ordered by the magnitude of the calculated measure, the 

number of possible terms can be pruned to the desired size by neglecting the terms 

that are less significant.   

 

Table A1. Term matrix for term space reduction 

# of documents Relevant 

Documents 

Non-relevant 

Documents 

Term existence n11 n12 

Term absence n21 n22 

 

In the table, n11 is the number of relevant documents in which the current term 

occurs; n12 is the number of non-relevant documents in which the current term 

occurs; n21 is the number of relevant documents in which the current term does not 

occur; and n22 is the number of non-relevant documents in which the current term 

does not occur. 

 

Mutual information gain (MIG) measures the mutual dependence of two 

random variables. MIG is the expected value of pointwise mutual information. The 
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formula for MIG is given below. The expected value (Eij) for the pertinent cell 

position is the ratio of the product of marginal to the total number of frequencies, 

e.g., the number of documents: 

=
( ( )

, :	E =
( + ( + )
( + + + )

 

Where  is the observed value for the respective cell. 

MIG = log  

Pearson’s chi-squared test examines the variables according to chi-squared test. 

The test value will be calculated by summing the normalized squared deviations 

between observed and theoretically expected frequency. 

=
( )

 

Where  is the Pearson test statistics,  is observed frequency,  is expected 

frequency, n is the number of cells in the tables, i.e., 4. 

 

Odds ratio also measures the association of two variables. 

Odds	ratio =
( )
( )

 

 

Kendall-Tau rank correlation coefficient, as the name suggests, measures the 

rank correlation of two variables. It describes the similarity of orderings of 

variables, and can be calculated thus: 

=
# #

0.5 ( 1)
 

Where n is the number of observations. Any pair of observations of two variables 

e.g., (xi,yi), (xj yj), are concordant if both values of the pair are either greater (xi>xj 

and yi>yj) or smaller (xi<xj and yi<yj) than in the pair. Otherwise, the pairs are 

discordant unless the pair values are the same. The contingency table can be 

expressed as observation values of two variables in order to build concordant and 

discordant pairs. Then the Kendall-Tau rank correlation formula can be calculated. 

The Spearman rank correlation coefficient is a non-parametric measure like 

the Kendall-Tau rank correlation, which examines the dependence of two variables. 
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=
( )( )

( ) ( )
 

Where  and represent sample vectors, and   are sample means. Again, 

the contingency table can be reformulated as x and y vectors, e.g., x = [n11, n12] and 

y= [n21, n22], thereafter the Spearman rank correlation formula can be applied. 

 

Fisher’s exact test is an exact test to define the association of two variables in a 

contingency table; in the current thesis these variables are the existence and absence 

of terms. The probability of obtaining exactly these values as in contingency tables 

is given by hyper-geometric distribution. Fisher’s exact test formula is given as: 

=

+ +

+
 

 

Where n is the sum of all cell values, and  represents the binomial coefficient, 

which is calculated as !
! !

 and gives the number of ‘b’ element subsets from ‘a’ 

elements. As a result, the first binomial component of the numerator calculates the 

combinatorial number of term existence in relevant documents, and the second 

multiplier calculates the combinatorial number of term absence in non-relevant 

documents. Multiplication of both these numbers gives the number of all possible 

combinations, which is divided by the number of selecting all possible combinations 

of relevant documents in the document collection. Finally, the result of this division, 

which denotes the relative frequency of the occurrence of an experiments outcome, 

results in the probability of the term occurrence in relevant documents. Therefore, 

the probabilities of terms can be compared further, so as to order them accordingly. 
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Abstract
Relevance feedback (RF) has been studied under laboratory conditions using test collections and either test persons or simple simula-
tion. These studies have given mixed results. Automatic (or pseudo) RF and intellectual RF, both leading to query reformulation, are
the main approaches to explicit RF. In the present study we perform RF with the help of classification of search results. We conduct
our experiments in a comprehensive collection, namely various TREC ad-hoc collections with 250 topics. We also studied various term
space reduction techniques for the classification process. The research questions are: given RF on top results of pseudo RF (PRF) query
results, is it possible to learn effective classifiers for the following results? What is the effectiveness of various classification methods?
Our findings indicate that this approach of applying RF is significantly more effective than PRF with short (title) queries and long (title
and description) queries.

Keywords
Classification; IR; relevance feedback

1. Introduction

When interacting with information retrieval systems, the user’s first query formulation usually acts as an entry to the

search system and database, and is followed by browsing and query reformulations [1]. Because the selection of good

search keys is difficult but crucial for good results, query modification is often necessary. Initial query results can be

improved through the user’s explicit reformulations, relevance feedback (RF) or pseudo RF where the first initial results

are assumed relevant. In the latter two techniques, a new query is constructed on the basis of feedback. Query expansion

(QE) typically is the technique for constructing the new query. Efthimiadis [2], Ruthven and Lalmas [3] and Ruthven

et al. [4] provide useful reviews of the techniques. In the present paper we propose a novel approach to applying RF

where the user’s RF on the top of the pseudo RF search results, Top-10 in effect, is used to learn classifiers to classify

the subsequent results, that is, Top-11–50.

We simulate a search scenario, where users point out relevant documents on the first result page (Top-10) and the

retrieval system trains a classifier with relevant and non-relevant document clusters from this feedback and then classi-

fies the rest of search result list, in effect Top-11–50. In this way we utilize both relevant and non-relevant feedback

from the user. Onoda and colleagues [5] have experimented with Support Vector Machines (SVMs) in RF for document
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retrieval and shown the potential of the approach. Recently, Chen and colleagues [6] proposed a text classification based

method for RF. However, both studies applied a large number of RF iterations in order to show the effectiveness of the

suggested approaches. In the present study, we assume just one round of RF and classification. We believe this is more

realistic regarding user behaviour. We employ an extended version of text classification based RF. We run our experi-

ments on a large collection (TREC 1-2-3-/7-8 test corpus with 250 topics).

In traditional RF, knowledgeable experienced searchers may benefit more of RF because they recognize relevant

vocabulary and are better able to articulate their needs initially [7]. Users also seem more likely to identify highly rele-

vant documents than marginal ones [8]. Baskaya and colleagues [9] showed that slightly incorrect recognition of relevant

documents is not detrimental to RF effectiveness, in particular if the searcher identifies the best documents correctly.

Earlier findings based on simulation [10, 11] suggest that RF is most effective when little feedback is given as early as

possible followed by immediate reformulation, rather than extensively browsing the initial results. Therefore we limit the

feedback to the Top-10 in our experiments; this corresponds to what users see at a glance in typical search environments.

However, there are two difficulties in providing feedback: searcher’s capability and willingness [3]. Pseudo-relevance

feedback (PRF) [3] avoids these challenges by assuming that the first documents of an initial search result are relevant.

Long documents and non-relevant documents, however, introduce noise in the PRF process, thus causing query drift. To

counteract this, one may use query-biased summaries [10, 12] for the identification of expansion keys. Yet another chal-

lenge to PRF is that real users tend to issue very short queries [13, 14] and employ shallow browsing and active query

reformulation. As a consequence, the results of PRF tend to be of poor quality. In the present paper we examine the effec-

tiveness of RF with result classification over the PRF results, as well as of PRF, both for short (title) and long (title and

description) initial queries.

Our approach, learning classifiers to utilize RF for re-ranking results, differs from other learning to rank algorithms

[15]. Hang [15] has given a concise description of learning to rank methods for information retrieval and natural language

processing. Even though both approaches, the current study and learning to rank methods, employ machine learning tech-

niques for re-ranking the documents, our approach utilizes the first page of the respective result sets as training data and

consequent pages as test data. On the other hand, learning to rank methods try to find a model from some pre-labelled

training data with the help of machine learning techniques and exert it on test data for ranking predictions. Xiubo Geng

and colleagues [16] studied query-dependent ranking and applied the K-nearest neighbour (KNN) method for it. They,

however, created a ranking model for a given query using the labelled neighbours of the query in the query feature space.

In a broad sense, our approach can be seen as a variation of learning to rank for re-ranking retrieved documents. Our

method learns a model for every query from RF supplied by a simulated searcher, and applies it on the following results

in order to improve the ranking of the documents by discarding the non-relevant documents from the list.

We base our experiments on searcher simulation (like Baskaya et al. [9] and Keskustalo et al. [11]) rather than tests

with real users. Simulation has several advantages, including cost-effectiveness and rapid testing without learning effects,

as argued in the SIGIR SimInt 2010 Workshop [17]. In addition, the simulation approach does not require a user inter-

face. The informative aspects and realism of searcher simulation can be enhanced by explicitly modelling those charac-

teristics of searchers and RF that pertain to RF effectiveness.

Our evaluations are based on four standard information retrieval (IR) evaluation metrics (P@20, P@30, NDCG@20

and NDCG@30). The main role is given to P@20/NDCG@20 and P@30/NDCG@30 as clearly user-oriented measures

– users frequently avoid browsing beyond a couple of results page, that is, 10 links/documents [13]. After giving RF and

already browsing up to 10 documents, the P@20/NDCG@20 can be seen as evaluation for quasi-first page and the

P@30/NDCG@30 for quasi-second page.

2. Study design

2.1. Research questions

Our main research question is: given RF on Top-10 results of pseudo RF query results, is it possible to learn effective

classifiers for the following results, at ranks 11–50? More specifically:

RQ1: How effective is search result classification of result ranks 11–50 given RF on result ranks 1–10? How does this compare

with PRF? How does this depend on initial query length (T = title, and T&D = title and description queries)?

RQ2: How does classification effectiveness in RQ1 depend on term space reduction and classification methods?

RQ3: When should RF and classification be employed regarding the availability of relevant results in the initial Top-10?
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2.2. Test collection, search engine and query construction

We used the TREC 1-2-3/7-8 ad-hoc test collection including 250 topics, topic numbers 51–200 and 351–450, with bin-

ary relevance assessments. The topics have, on average, 189 relevant documents in the recall base. The document data-

base contains 741,865 documents indexed under the retrieval system Lemur Indri (http://www.lemurproject.org/

indri.php). The index was constructed by stemming document words by Porter stemmer.

The research questions do not require any particular interactive method to be employed. We simulate interactive RF

that takes place at document level: the simulated users point to relevant documents and the RF system then automatically

trains the classifiers. The simulated user examines the entire Top-10 of the initial query result and marks each relevant

document; the rest are assumed to be non-relevant. This decision is based on the relevance of each Top-10 result in the

recall base of each topic.

The initial title queries are on average 3.1 words and title and description queries 17.8 words long. When constructing

the queries, the topic words are stemmed. Queries are constructed as bag-of-words queries.

2.3. Classifiers and term space reduction

We studied several standard classification and clustering methods for the classification process [18, 9]:

• KNN (K-nearest neighbours);

• KMeans;

• naive Bayes;

• SVM (Support Vector Machine).

These are suitable choices because they are widely used and well understood. Therefore one may assess whether the

RF with a classification approach is at all useful. All the classification algorithms except SVM are implemented in

Python programming language by the researchers. SVMLight [20] is utilized for SVM experiments.

Often in text classification, term space reduction methods may be utilized to improve the efficiency of classification

without a loss in effectiveness. We experimented with the following reduction methods: Fisher exact test, Pearson’s chi-

square test, Kendall–Tau rank correlation coefficient, Spearman rank correlation coefficient, information gain, and odds

ratio. These are standard methods [21]. Having observed in initial tests that the other methods delivered comparable

results, we focused on Kendall–Tau and information gain as the reduction methods in training the classifiers.

2.4. Experimental protocol

Figure 1 illustrates the overall experimental protocol. TREC topics are first turned to initial short and long queries

(stemmed) and executed with Lemur Indri, followed by feedback document selection. This is based on the simulated

searcher’s feedback scenario (in the present experiments browsing first 10 documents and returning the relevant docu-

ments as positive RF). The feedback documents for each query are used to learn classifiers, and the rest of the result list

Query 
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Lemur Indri

Retrieval 

Ranked
PRF Result 
lists

Classifier 
Training 

Result list

Classification 
Recall 
Base

Re-ranked
Result lists

Evaluation
Results

   Query 
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Figure 1. Classification-based RF retrieval process.
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for that query is classified. No new query is executed, and both the original ranked results as well as PRF results and re-

ranked results classified by feedback go to evaluation and comparison.

The detailed process of training classifiers and classification of each document in a result set is depicted in Figure 2.

Up to 40 documents from subsequent pages are classified as relevant or non-relevant. The non-relevant ones are dis-

carded and the entire list is moved forwards. Evaluations are executed on the second and third pages. This process takes

place for every query.

2.5. Evaluation and statistics

We use standard evaluation metrics available in the TREC-eval package and report evaluation results for P@20 and

P@30 documents, NDCG@20 and NDCG@30 documents. These are motivated by real life findings – people often are

precision-oriented and avoid excessive browsing – great results beyond the first couple of pages are of no importance.

Statistical testing is based on Friedman’s test comparing the RF with classification runs and PRF. PRF on the initial

query result provides the stronger baseline, and therefore PRF is used as the baseline when (pairwise) statistical signifi-

cance is evaluated. We ran several PRF experiment with 30–100 extension terms. We report results for PRF with two

documents and 100 extension terms because they delivered better results.

3. Experimental results

3.1. When to apply classification?

Before classifying the search results, we analysed the precision on the first and second page of the search results. This

was done in order to learn how many relevant documents the Top-10 initial results provide and how their number is cor-

related to the number of relevant documents in the rank range 11–20. The former informs about the possibilities to learn

classifiers and, from the user viewpoint, about the need to obtain more results. Very few relevant documents makes learn-

ing of classifiers challenging, whereas very many increases the probability that the user’s need is satisfied in the Top-10

already. The latter informs about the density of relevant documents to be identified in classification when learning the

classifiers from Top-10 RF is worthwhile. There need be both relevant and non-relevant documents in the ranks 11–20

for the classification to be worth the effort.

We compared P@10 with P@11–20. In Figure 3, the horizontal axis represents the P@10 values and the vertical axis

P@11–20. The test collection is TREC, topics 151–200. Not surprisingly, the general trend is that, the more precise the

first result page, the more precise the following page.
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Non-Relevant Document 

Page 2 Page 3 
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Page 4 

Discard  
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Training
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Figure 2. Classification of search results after RF by user.
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In Figure 4, the matrices have the same axes and the numbers in each cell represent the number of occurrences of the

respective precision pair (P@10, P@11–20, values ranging from 0.0 to 1.0). Therefore the value ‘4’ in Figure 4(a) on line

0.2 and column 0.3 shows that there were four queries in the data set where the initial query P@10 was 0.3 and P@11–

20 was 0.2. The data clearly concentrate along the diagonals. The correlation coefficients in the range 0.78 < r < 0.85

confirm this.

The findings in Figures 3 and 4 lead us to the conclusion that we exclude the queries with both the worst and the best

precision in Top-10 from the classification effort. If a searcher finds no relevant documents on the first page, she will

probably reformulate her query rather than examine the second page. In addition, learning a good classifier with no rele-

vant documents would be difficult and the second result page probably would have only a few relevant documents to

identify. On the other hand, if the searcher finds 10 relevant documents on the first page, it is highly probable that her

information need is already satisfied. In addition, learning a good classifier would be difficult and the second page prob-

ably would have many relevant documents, making their classification-based identification futile.

The two arguments, on the probable searcher behaviour and on the learnability of classifiers, support the view that

efforts in classifying the second result page should be focused on cases where the first page precision is 0.1–0.9. In our

experiments, we do not apply the classification approach, and exclude the original result, when the initial Top-10 preci-

sion is 0.0 or 1.0. Note that such a decision can be done in real life as well by examining the searcher’s RF.

3.2. Training results

The search space for the best classifiers is large because we examine three basic approaches (KMeans, KNN and naive

Bayes); all can be used with the full or reduced feature set, there are several feature set reduction methods (Fisher exact
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Figure 3. Scatterplots of correlation between P@10 vs P@11–20. (a) Title queries, only for TREC topics 151–200. (b) Title-and-
Description queries, only for TREC topics 151–200.
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Figure 4. Correlation between P@10 vs P@11–20. (a) Title queries, all 250 TREC topics, r = 0.845. (b) Title-and-Description
queries, all 250 TREC topics, r = 0.782.

Baskaya et al. 768

Journal of Information Science, 39(6) 2013, pp. 764–772 � The Author(s), DOI: 10.1177/0165551513488317

 at Tampere Univ. Library on May 8, 2014jis.sagepub.comDownloaded from 

http://jis.sagepub.com/


test, information gain, Kendall–Tau correlation, Pearson’s chi-square test, Spearman correlation coefficient and odds

ratio), and various levels of feature set reduction can be applied. We employed extensive manual hill-climbing to explore

the search space and to identify the best classification methods for reduction and associated feature selection methods

and feature set sizes. The results are given in Table 1.

Table 1 gives for T, T + D queries and the indicated TREC topic sets the best performing classification method, the

best performing feature selection method for the classifier, and the best number of features identified in training experi-

ments. From Table 1 one may conclude that, overall, KMeans with information gain or Kendall–Tau feature reduction

down to about 300–500 features is a reasonable choice for reduction method. KMeans with Information gain reduction

with 300 features is applied for T queries. For the T + D queries, KMeans with Kendall–Tau reduction with 500 fea-

tures is utilized. These selections of the number of features can be interpreted as arbitrary, but the main point is to reduce

huge space of the features to some manageable and convenient size. This in turn improves the efficiency of the employed

method. Moreover, selection of the number of features can be seen as an indication of the robustness of the reduction

method.

In addition to the training for reduction method, we executed experiments with KMeans, KNN, naive Bayes and SVM

methods without reduction. We report the results in Table 2 and Table 3 for three of them. Naive Bayes delivered inferior

results in comparison to the others; therefore it was excluded from further experiments.

Regarding the KMeans clustering method parameters, we utilized two centroids, a maximum of 30 iterations and a

convergence threshold 0.001. For KNN classification method K was set to one. A multinomial version of naive Bayes

with Laplace smoothing was implemented for the naive Bayes classification method. Further, Euclidean distance was

used as a distance metric between documents, and all documents were normalized before further processing by the

respective algorithms.

During SVM training phase we could not achieve better results than what the other methods delivered. Having

observed the classification results, the poor quality of the SVM could be attributed to data imbalance. The first page of

the IR experiment results usually has a varying number of relevant and non-relevant documents. This could not be alle-

viated with the cost factor parameter in spite of many experiments conducted. The problem could be circumvented by

balancing the training document numbers. We included in the training set only the minimum number of relevant and

non-relevant documents for each set. That is, for example, if only two relevant and eight non-relevant documents were

available in the first result page, the SVM training set was established by two relevant and two first non-relevant

documents.

3.3. Test results

The test results are reported in Table 2 (for T queries) and Table 3 (for T + D queries). In Table 2, the first block

(T_51-100) reports results for the TREC topic set 51–100. The rows within this block report results for the four metrics

employed. The columns are the initial query, the PRF baseline (with top two documents and 100 extension keys) and the

classification-based results. PRF was applied as provided by Lemur Indri. The columns KNN, KMeans and SVM give

results for the three classification methods without feature reduction. The column REDUC indicates the results for the

selected classification method with a feature reduction indicated in the table caption – in this case KMeans/Information

Gain with 300 features. The effectiveness values for each metric in the block T_51-100 are the average effectiveness val-

ues obtained for the topic set T_51_100. The other blocks have analogous content; just the test sets vary. The final block

Table 1. Training phase results for reduction method.

Topic set Classification method Feature selection method Number of features

T queries 51–100 KMeans Kendall–Tau 440
101–150 KMeans Kendall–Tau 430
151–200 KMeans Information Gain 300
351–400 KMeans Information Gain 250
401–450 KMeans Information Gain 600

T + D queries 51–100 KMeans Kendall–Tau 240
101–150 KMeans Kendall–Tau 250
151–200 KNN Kendall–Tau 530
351–400 KMeans Kendall–Tau 400
401–450 KMeans Kendall–Tau 710
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in Table 2 shows the total average of the all test sets for each metric. The maximum value for every row is highlighted

in bold type. The asterisks mark statistically significant differences of classification results compared with the PRF

results. Almost all experiment results are statistically significant in comparison to the initial query results, but these are

not marked separately. We employed Friedman tests with p < 0.01 indicating high statistical significance. In addition,

Friedman tests were also conducted with p < 0.05. In this case most of the results are statistically significantly different

from PRF; these are marked separately on the tables with a plus sign.

Table 2 suggests that, in the case of short T queries, one of the classification approaches provides the best average

performance. Most often the top approach is the reduction-based approach or SVM without feature set reduction. All

classification-based methods constitute a statistically significant difference at the level of p < 0.01.

Table 3 has the same structure; the only difference is that queries here are longer (T + D). The results indicate that

the maximum values for average appear in both the KNN and SVM columns. Even though all these methods have a sta-

tistically significant difference with regard to PRF baseline queries, they do not show any significant difference to each

other.

4. Discussion and conclusion

We have proposed an alternative approach to implement RF. Instead of query reformulation based on query expansion

provided by RF documents, one learns classifiers from the PRF top results after simulated user RF. These classifiers are

then applied to identify relevant documents among the subsequent documents in the result list. We addressed three

research questions in the present paper (Section 2.1).

RQ1: Tables 2 and 3 indicate the effectiveness of the proposed classification approach. In case of the short T queries

(Table 2), classification improves retrieval effectiveness over the initial query results by almost 11% at NDCG@20 and

NDCG@30. For P@20 and P@30 the corresponding readings are > 14% and almost 14%, respectively. Over the PRF

baseline, the improvements are smaller: > 5% at NDCG@20 and > 4% at NDCG@30. For P@20 and P@30 the

Table 2. Comparative experiment results (%) for Title queries.

Improvements over PRF change (%)

Collection Metric BASE PRF KNN KMeans REDUC SVM KNN KMeans REDUC SVM

T 51–100 NDCG@20 42.28 49.32 49.79 50.56 50.75 50.71 0.96 2.51 2.91 2.82
NDCG@30 40.94 47.02 48.10 48.94+ 48.60 49.54 2.29 4.06 3.35 5.36
P@20 41.21 49.66 50.34 51.38 51.55 51.72 1.39 3.47 3.82 4.17
P@30 39.65 46.21 47.70 48.74+ 48.16 49.65 3.23 5.47 4.23 7.46

T 101–150 NDCG@20 43.96 44.90 47.89+ 48.86* 48.10+ 48.75* 6.68 8.82 7.13 8.59
NDCG@30 41.90 44.60 46.28 46.93+ 46.31 47.00+ 3.76 5.23 3.83 5.38
P@20 42.36 43.06 47.22+ 48.61+ 47.50+ 48.47+ 9.68 12.90 10.32 12.58
P@30 39.91 43.24 45.09 45.93 45.09 46.02+ 4.28 6.21 4.28 6.42

T 151–200 NDCG@20 48.63 51.17 53.54* 52.86+ 53.80* 53.11* 4.62 3.30 5.14 3.79
NDCG@30 46.30 49.08 50.50 50.42 50.76 50.87 2.90 2.74 3.44 3.67
P@20 47.65 50.15 53.38* 52.50+ 53.68* 52.79+ 6.45 4.69 7.04 5.28
P@30 44.12 46.86 48.53 48.63 48.82 49.02 3.56 3.77 4.18 4.60

T 351–400 NDCG@20 38.95 40.21 43.08* 43.09* 43.85* 42.70+ 7.14 7.16 9.06 6.21
NDCG@30 36.15 37.43 39.21 39.64+ 40.40* 38.69 4.74 5.89 7.93 3.36
P@20 35.27 36.62 40.41* 40.41* 41.35* 39.73+ 10.33 10.33 12.92 8.49
P@30 30.54 31.80 33.78 34.32 35.23+ 32.97 6.23 7.93 10.77 3.68

T 401–450 NDCG@20 42.69 43.40 46.78* 44.46 44.94+ 45.54* 7.78 2.43 3.53 4.93
NDCG@30 40.51 41.82 44.69* 42.56 42.63+ 43.74* 6.86 1.78 1.93 4.61
P@20 37.50 38.10 42.74* 39.88 40.48 40.95+ 12.19 4.69 6.25 7.50
P@30 31.99 33.25 36.67* 34.76 34.68 35.48+ 10.26 4.53 4.29 6.68

Average NDCG@20 43.30 45.80 48.22* 47.96* 48.29* 48.17* 5.28 4.73 5.43 5.17
NDCG@30 41.16 43.99 45.75* 45.70* 45.74* 45.97* 4.01 3.88 3.98 4.50
P@20 40.80 43.51 46.82* 46.56* 46.91* 46.73* 7.59 6.99 7.80 7.40
P@30 37.24 40.27 42.35* 42.47* 42.40* 42.63* 5.17 5.47 5.27 5.85

*Statistically significant difference (Friedman, p < 0.01) from the PRF results; + statistically significant difference (Friedman, p < 0.05) from the PRF

results (REDUC, reduction method, KMeans, information gain, number of features, 300).
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corresponding readings are > 7% and > 5%, respectively. This suggests that short initial query results can be improved

to a useful degree by the proposed classification approach.

In case of the long T + D queries (Table 3), classification improves retrieval effectiveness over the initial query

results by > 12% at NDCG@20 and NDCG@30. For P@20 and P@30 the corresponding readings are around 19% and

> 17%, respectively. Over the PRF baseline, the improvements are smaller: almost 6% at NDCG@20 and > 4% at

NDCG@30. For P@20 and P@30 the corresponding readings are > 8 and > 5%, respectively. Even though long initial

queries provide so much evidence to a modern search engine, classification methods can still improve the results by

learning through top document RF.

In all, both the short and the long queries can be improved by the classification approach. Furthermore all classifica-

tion methods provide statistically significantly better results over PRF and initial queries.

RQ2: Tables 2 and 3 indicate that feature set reduction is not more effective than using the full feature set in T + D

queries but provides a marginal boost in the shorter T queries. The best classification methods for short queries are the

reduction method and SVM with a full feature set most of the time, while the differences from the other classification

methods are minor and statistically not significant. For long queries the best classification methods are KNN and again

SVM with full feature set, but even this one provides only a minor advantage over other classification methods.

RQ3: the probable searcher behaviour, the learnability of classifiers and the high correlation of P@10 with P@11–

20/30 supported the view that efforts in classifying the second/third result page should be focused on cases where the

first page precision is between 0.1 and 0.9. In the case of T-queries, there were 178 (Figure 4) topics for which the initial

query result fell in the P@10 range of 0.1–0.9. Therefore this 71% of the topics was responsible for the observed overall

improvement. In the case of T + D queries, there were 190 topics for which the initial query result fell in the P@10

range of 0.1–0.9. So in this case about 76% of the topics were responsible for the observed overall effects.

Our findings are based on searcher simulation. Simulation entails using a symbolic model of a real-world system in

order to study real-world problems. The model is a simplified representation of real world. The relevant features of the

real world should be represented while other aspects may be abstracted out. We modelled searcher interaction features

during RF and assumed feedback on the Top-10 of the PRF search results. Browsing only the Top-10 is quite realistic

Table 3. Comparative experiment results (%) for T + D queries.

Improvements over PRF change (%)

Collection Metric BASE PRF KNN KMeans REDUC SVM KNN KMeans REDUC SVM

T + D 51–100 NDCG@20 46.86 53.01 55.76+ 56.99* 56.65* 55.99+ 5.19 7.51 6.87 5.62
NDCG@30 44.83 51.95 54.82 55.70* 54.83* 53.66 5.53 7.23 5.54 3.30
P@20 42.90 51.29 55.16+ 56.94* 56.45* 55.48+ 7.55 11.01 10.06 8.18
P@30 41.29 50.32 53.98+ 55.06* 53.87+ 52.26 7.27 9.40 7.05 3.85

T + D 101–150 NDCG@20 44.65 46.58 49.00 48.88 48.50 49.40+ 5.18 4.92 4.12 6.03
NDCG@30 42.05 45.13 46.86 46.88 46.57 48.25* 3.84 3.89 3.19 6.93
P@20 42.35 45.15 48.68+ 48.53 47.94 49.12* 7.82 7.49 6.19 8.79
P@30 39.31 43.53 45.69 45.78 45.29 47.55* 4.95 5.18 4.05 9.23

T + D 151–200 NDCG@20 49.52 52.92 55.73* 55.33* 54.73+ 54.87* 5.32 4.55 3.43 3.69
NDCG@30 47.57 50.48 52.60* 52.10* 52.50+ 52.93* 4.21 3.21 4.00 4.86
P@20 47.38 52.75 56.63* 56.00* 55.13+ 55.38* 7.35 6.16 4.50 4.98
P@30 44.92 48.83 51.42+ 50.67+ 51.33+ 52.00* 5.29 3.75 5.12 6.48

T + D 351–400 NDCG@20 40.71 42.73 46.24* 45.45* 45.95* 45.40* 8.22 6.36 7.54 6.24
NDCG@30 38.85 41.00 43.47* 42.58* 42.58* 42.45* 6.04 3.85 3.86 3.54
P@20 36.43 38.45 43.33* 42.14* 42.86* 42.14* 12.69 9.60 11.46 9.60
P@30 33.10 35.48 38.25* 37.14 37.06+ 36.91 7.83 4.70 4.48 4.03

T + D 401–450 NDCG@20 43.05 44.56 47.99* 46.45+ 47.64* 48.00* 7.69 4.25 6.91 7.71
NDCG@30 42.12 44.04 45.60 44.58 46.36+ 46.48+ 3.56 1.24 5.29 5.56
P@20 37.67 39.65 44.30* 42.33 43.84* 44.07* 11.73 6.74 10.56 11.14
P@30 33.18 35.50 37.29 36.28 38.29 38.29 5.02 2.18 7.86 7.86

Average NDCG@20 44.96 47.96 50.94* 50.62* 50.70* 50.73* 6.22 5.54 5.70 5.77
NDCG@30 43.09 46.52 48.67* 48.37* 48.57* 48.76* 4.63 3.98 4.41 4.81
P@20 41.35 45.46 49.62* 49.19* 49.24* 49.24* 9.15 8.20 8.32 8.31
P@30 38.36 42.73 45.32* 44.99* 45.17* 45.40* 6.06 5.27 5.71 6.24

*Statistically significant difference (Friedman, p < 0.01) from the PRF results; + statistically significant difference (Friedman, p < 0.05) from the PRF

results (REDUC, KMeans; reduction method, Kendall–Tau; number of features, 500).
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while the assumption on RF for all documents in Top-10 may be little optimistic compared with observations on searcher

behaviour in the IR literature. On the other hand, if the searcher broke off variably after identifying three relevant docu-

ments (on average before scanning the entire Top-10), the classification results might be better than what we report

above. Other simulations with RF [22] have indicated this at least for the traditional query reformulation based RF.

Our experimental evaluation was based on user-oriented metrics, P@20/P@30 and NDCG@20/NDCG@30.

Compared with explicit query reformulation, RF and scanning one or two pages of classification-based results may be

an option for the user, if RF is made convenient and classification is fast. Therefore the metrics @20 and @30 are rele-

vant. In the future we aim to developing simulation of user interaction in IR towards more fine-grained models of user

interaction. Namely we apply the ideas of user fallibility [9] in RF with a classification approach. We also plan to apply

classification process and compare this approach with RF with various query expansion methods.
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Abstract. Much of the research in relevance feedback (RF) has been performed 
under laboratory conditions using test collections and either test persons or  
simple simulation. These studies have given mixed results. The design of the 
present study is unique. First, the initial queries are realistically short queries 
generated by real end-users. Second, we perform a user simulation with several 
RF scenarios. Third, we simulate human fallibility in providing RF, i.e., incor-
rectness in feedback. Fourth, we employ graded relevance assessments in the 
evaluation of the retrieval results. The research question is: how does RF affect 
IR performance when initial queries are short and feedback is fallible? Our 
findings indicate that very fallible feedback is no different from pseudo-
relevance feedback (PRF) and not effective on short initial queries. However, 
RF with empirically observed fallibility is as effective as correct RF and able to 
improve the performance of short initial queries. 

Keywords: Relevance feedback, fallibility, simulation. 

1   Introduction  

Query modification (QM) means query reformulation by changing its search keys (or 
modifying their weights) in order to make it better match relevant documents. Query 
formulation, reformulation, and expansion have been studied extensively because the 
selection of good search keys is difficult but crucial for good results. Real searchers’ 
first query formulation often acts as an entry to the search system and is followed by 
browsing and query reformulations [9]. Relevance feedback (RF) based on initial 
query results and query expansion (QE) have been the main approaches to QM. 
Efthimiadis [2], Ruthven and Lalmas [11], Ruthven, Lalmas and van Rijsbergen [12] 
provide useful reviews of the techniques.  

In the present paper we focus on interactive RF. In this method, users either point 
out relevant documents and the retrieval system infers the expansion keys for the 
feedback query, or the retrieval system presents a list of candidate expansion keys for 
the user to choose from. Knowledgeable experienced searchers may benefit more of 
RF because they recognize relevant vocabulary and are better able to articulate their 
needs initially [13]. Users also seem more likely to identify highly relevant documents 
than marginal ones [18].  

There are two difficulties in providing feedback: searcher’s capability and willing-
ness [11]. Pseudo-relevance feedback (PRF) [11] avoids these challenges by assuming 
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that the first documents of an initial search result are relevant. Long documents and 
non-relevant documents however introduce noise in the PRF process thus causing 
query drift. To counteract this, one may use query-biased summaries [8], [16] for the 
identification of expansion keys. Lam-Adesina & Jones [8] and Järvelin [5] have 
shown that query-biased summaries positively affect PRF effectiveness. Yet another 
challenge to PRF is that real users tend to issue very short queries [4] and employ 
shallow browsing. As a consequence, the initial query results tend to be of poor qual-
ity and sparse regarding relevant documents, thus making PRF ineffective regarding 
the computational effort. Query-biased summaries may nevertheless counteract the 
latter to some degree [8].  

Järvelin [5] argued that while RF is more effective than PRF, the performance dif-
ference does not justify the necessary searcher’s effort. His results were however 
based on long queries (Title+Description).  In the present paper we examine the effec-
tiveness of RF and PRF under short initial queries. This is motivated by observed 
searcher behavior [4]. This leaves a chance for RF score higher than PRF since the 
initial performance may not be good enough for PRF to be effective.  

However, searcher’s capability to identify relevant documents may be limited. 
Humans are fallible. Turpin and colleagues [17] showed that snippets (i.e. query-
biased summaries) are important in IR interaction and bad snippets may lead to incor-
rect relevance decisions. Vakkari and Sormunen [18] showed that humans may well 
err on marginal and non-relevant documents while are likely to identify the highly 
relevant ones correctly. Foley and Smeaton [3] examine collaborative IR where the 
collaborators may err. These findings suggest that the effect of correctness of RF 
should be examined. Since searcher performance may vary greatly across situations, 
we investigate in the present paper a range of fallibility scenarios. 

Some earlier studies [3] and [5] suggest that RF is most effective when little feed-
back is given as early as possible – that is, the searcher should identify one or two 
first relevant documents in the initial result and stop browsing there. One should not 
be picky regarding the quality of the feedback documents, i.e. marginal ones would 
do. Therefore in the present study, our main RF scenario is based on shallow brows-
ing (max top-10) and identifying the first two relevant documents of whatever  
relevance degree (perhaps erroneously) as feedback.  

We base our experiments on searcher simulation (like [3] and [7]) rather than tests 
with real users. Simulation has several advantages, including cost-effectiveness and 
rapid testing without learning effects as argued in the SIGIR SimInt 2010 Workshop 
[1]. Besides, the simulation approach does not require a user interface. The informa-
tiveness and realism of searcher simulation can be enhanced by explicitly modeling, 
in the present case, those aspects of searchers and RF that pertain to RF effectiveness. 
In the present paper, two issues are significant: (a) realistic short queries, and (b) 
realistic fallibility of searchers’ relevance judgments. While we perform our study in a 
test collection, we employed test persons to generate short queries (length 1 – 3 
words). These are more realistic and controllable than, e.g. the title elements of TREC 
topics. To study the effects of fallibility, we employ several fallibility scenarios rang-
ing from random judgments to perfect judgments with one scenario based on the em-
pirical findings by Vakkari & Sormunen [18]. We implement them as probability 
distributions over possible degrees of relevance. In this way, we may employ both 
analytical variety and empirical grounding in our simulations. 
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Our evaluations are based on three metrics (MAP, P@10 and P@20) and three lev-
els of relevance. Regarding the metrics, the main role is given to P@10 and P@20 as 
clearly user-oriented measures – users frequently avoid browsing beyond the first 
results page, i.e. 10 links/documents [4]. After giving RF and already browsing up to 
10 documents, the P@20 can be seen as evaluation for quasi first page. For compari-
son, MAP is reported as well. The three levels of evaluation are liberal (i.e. even mar-
ginal documents are taken as relevant), fair (medium and highly relevant documents 
are relevant), and, strict (only highly relevant documents matter). This is justified 
because the user may not benefit from many marginal documents at all, and because 
there are systematic performance differences across the evaluation levels. 

We utilize the TREC 7-8 corpus with 41 topics for which graded relevance as-
sessments are available [14]. The search engine is Lemur. The fallibility simulations 
are based on the relevance degrees of documents given in the recall base of the test 
collection (the qrels files) and probability distributions across the possible (partially 
erroneous) simulated user judgments. A random number generator is used to drive the 
judgments. All experiments are run 50 times with random decisions and the reported 
results are averages over the 50 runs. We will use PRF results as baselines to our 
simulated RF experiments.  

2   Study Design 

2.1   Research Questions 

Our overall research question is: how does RF affect IR performance when short 
initial queries are employed and fallible feedback is provided? More specifically:  

• RQ 1: How effective are PRF and RF when employed on the results of short 
initial queries and shallow browsing? 

• RQ 2: Does RF effectiveness seriously deteriorate when RF is of progressively 
lower quality? 

• RQ 3: How does RF effectiveness in RQ2 depend on evaluation by liberal, fair 
vs. strict relevance criteria? 

2.2   The Test Collection, Search Engine, and Query Expansion Method 

We used the reassessed TREC 7-8 test collection including 41 topics [14]. The docu-
ment database contains 528155 documents indexed under the retrieval system Lemur 
Indri. The index was constructed by stemming document words. The relevance as-
sessments were done on a four-point scale: (0) irrelevant, (1) marginally relevant, (2) 
fairly relevant, and (3) highly relevant document. In the recall base there are on aver-
age 29 marginally relevant, 20 fairly relevant and 10 highly relevant documents for 
each topic. For three topics there were no highly relevant documents. This recall base 
with its intrinsic human judgment errors is taken as a gold standard for further fallibil-
ity study and evaluation. 
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The research questions do not require any particular interactive query expansion 
method to be employed. We simulate interactive RF that takes place at document 
level: the simulated users point to relevant documents and the RF system then  
automatically extracts the expansion keys. We follow Tombros and Sanderson [16], 
Lam-Adesina & Jones [8] and Järvelin [5] who have shown that query-biased summa-
ries positively affect RF effectiveness. Given a query and an indicated relevant docu-
ment, our QE method ranks the document sentences by their query similarity, then 
extracts the top-n (n=5) sentences, and then collects the non-query words from these 
sentences, scores them by their (tf*idf based) discrimination power, and chooses the 
top-k (k=30) most significant words as expansion keys to be appended to the RF 
query. When multiple documents are indicated for feedback, top-n sentences are col-
lected from each and then pooled before sentence scoring and key extraction. The 
parameter values for n and k were found reasonable in prior studies [5]. When scoring 
sentences, if a non-stop query word did not match any sentence word, an n-gram type 
of approximate string matching with a threshold was attempted [10]. 

Initial short queries, 1-3 words in length, were constructed based on real searchers’ 
suggestions (see below) but the query keys were stemmed. Multi-word queries were 
constructed as bag-of-word queries. Feedback queries were constructed by appending 
the feedback keys to the initial query as a second bag-of-words. 

2.3   User Modeling for RF Simulation  

The design of RF simulation requires several decisions to be made: (1) user’s willing-
ness to browse the initial result, (2) user’s willingness to provide RF, (3) the level of 
relevance of the RF documents, and (4) user’s fallibility in making relevance judg-
ments. The first three decisions are suggested in Keskustalo and colleagues [7] as a 
user model. Their general recommendation was also that RF is most effective when 
the browsing depth is shallow (we use 10 documents here), when only little RF is 
given as early as possible (we provide the first two relevant document as RF, and then 
stop to browse), and that even marginal documents as RF as early as possible are 
better than highly relevant documents given late (we provide the first two relevant 
document as RF whatever their degree of relevance). Järvelin [5] confirmed these 
findings. In these simulation studies, the recall base of the test collection was used as 
the source of relevance judgments for RF. This means that the initial query result was 
scanned and each document ID on the ranked list was checked against the recall base 
of the topic in question. 

The fourth decision, on human fallibility, is a novelty in RF simulation. This is mo-
tivated by Turpin and colleagues [17] and Vakkari and Sormunen [18], who point out 
errors in human relevance judgments. In the present study, the recall base is still a 
source in relevance judgment, but not taken as a fact as such. We simulate users that 
with some probability make correct judgments, and with some other probabilities err 
more or less. We have thus a probability distribution around the correct judgment. For 
example, such a distribution could state for a document of relevance degree, say 
‘fair’, that there is a 10% probability for the user to assess the document as non-
relevant, 20% probability as marginal, 50% as fair (correct), and 20% as highly rele-
vant. Table 1 summarizes the fallibility scenarios employed in the present study. 
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In Table 1, the row sets 
represent fallibility scenar-
ios. The first set, labeled 
1.00, represents the gold 
standard for RF, always 
correct judgments of the 
feedback documents. The 
rows within 1.00 represent 
ground truth relevance of 
non-relevant (n), marginal 
(m), fair (f), and highly 
relevant (h) documents. 
The human judgment prob-
abilities in columns repre-
sent the simulated human 
judgments. In the gold 
standard all judgments are 
correct, indicated by prob-
ability 1.0 in the diagonal. 

The next three sets are 
labeled as 0.75, 0.50, and 
0.25, indicating progres-
sively more random judg-
ments among the retrieved 
ranked documents, from 

fairly consistent to fully random. The final set, labeled as 0.50-0.80, is based on Vak-
kari and Sormunen’s [18] empirical findings. They reported that searchers are able to 
recognize highly relevant documents quite consistently but tend to err on marginal 
and non-relevant ones. Also Sormunen [14] found the judges inconsistent: most in-
consistency occurred between neighboring relevance classes. Therefore the scenarios 
in Table 1 allocate intuitively more of the probability mass to neighboring classes 
than to more distant ones.  

In our simulations, we use a random number generator together with the judgment 
scenarios to drive simulated relevance judgments. Because RF effectiveness is bound 
to be sensitive to random judgments, we run each RF experiment 50 times over and 
report the average effectiveness. 

2.4   Short Initial Queries 

Test collections such as the TREC collections provide their test topics structured as 
titles (T), descriptions (D), and narratives (N). In our TREC7-8 test collection, the 
titles of the 41 topics vary in length from 1 to 3 words, with 2.4 words average. The 
descriptions have an average length of 14.5 words. Real-life searchers often prefer 
very short queries [4] [15]. Jansen and colleagues [4] analyzed transaction logs con-
taining thousands of queries posed by Internet search service users. They discovered 
that one in three queries had only one keyword. The average query length was 2.21 
keys.  Less than 4 % of the queries in Jansen’s study had more than 6 keywords. The 

Table 1. Fallibility probability distributions 
 

Fallibility  Human Judgment Probabilities 
Scenario n m f h 

n 1.0 0.0 0.0 0.0 
m 0.0 1.0 0.0 0.0 
f 0.0 0.0 1.0 0.0 

 1.00 

h 0.0 0.0 0.0 1.0 
n 0.75 0.125 0.075 0.05 
m 0.10 0.75 0.10 0.05 
f 0.05 0.10 0.75 0.10 

 0.75 

h 0.05 0.075 0.125 0.75 
n 0.50 0.25 0.15 0.10 
m 0.20 0.50 0.20 0.10 
f 0.10 0.20 0.50 0.20 

 0.50 

h 0.10 0.15 0.25 0.50 
n 0.25 0.25 0.25 0.25 
m 0.25 0.25 0.25 0.25 
f 0.25 0.25 0.25 0.25 

 0.25 

h 0.25 0.25 0.25 0.25 
n 0.5 0.4 0.1 0.0 
m 0.4 0.5 0.1 0.0 
f 0.0 0.1 0.8 0.1 

0.50-
0.80 

h 0.0 0.0 0.2 0.8  
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average number of keywords per query was even less, 1.45, in Stenmark’s study [15], 
focusing on intranet users.  Therefore it makes sense to test the effectiveness of initial 
queries of length of 1 to 3 words in RF scenarios. A further point is that test collection 
topic titles are carefully crafted to summarize each topic whereas end users are rather 
characterized by trial-and-error carelessness. Therefore we wanted to have end-user 
created short queries for our experiments.  

The 41 topics were analyzed intellectually by test persons to form query candidate 
sets. A group of seven undergraduate information science students performed the 
analysis. Regarding each topic a printed topic description and a task questionnaire 
were presented for the test persons. Each of the 41 topics was analyzed by a student. 
The subjects were asked to directly select and think up good search keys from topical 
descriptions and to create various query candidates.  

First a two-page protocol explaining the task was presented by one of the research-
ers. Information in the description and narrative fields of the test collection topics was 
presented to the users. Descriptions regarding non-relevance of documents were omit-
ted to make the task more manageable within the time limitation of 5 minutes per 
topic. The test persons were asked to mark up all potential search words directly from 
the topic description and to express the topic freely by their own words. Third, they 
were asked to form various query candidates (using freely any kinds of words) as 
unstructured word lists: (i) the query they would use first (“1st query”); (ii) the one 
they would try next, assuming that the first attempt would not have given a satisfac-
tory result (“2nd query”). Finally, the test persons were asked to form query versions 
of various lengths: (iii) one word (1w), (iv) two words (2w), and (v) three or more 
words (3w+). The very last task was to estimate how appropriate each query candi-
date was using a four-point scale. During the analysis the test persons did not interact 
with a real IR system.  

In the present experiment, we used the short queries, ranging from 1 to 3 words, 
from this data set as the initial queries. The results of these were subject to RF under 
various feedback and fallibility scenarios. 

2.5   Experimental Protocol 

Figure 1 illustrates the overall experimental protocol. TREC topics are first turned to 
initial short queries (stemmed) of given length and executed with Lemur, followed by 
feedback document selection. This is based on the simulated searcher’s feedback 
scenario (in the present experiments browsing up to 10 documents and returning the 
first two documents fallibly judged relevant as RF). The random judgments were 
repeated 50 times. In each case, the feedback documents for each query are split into 
sentences, and the sentences are scored on the basis of the query word scores. Word to 
word matches are facilitated by stemming and, in the case of Out-of-Vocabulary 
words (OOVs), by n-gram string matching. The sentences are ranked and the k best 
ones are extracted for each document. After processing the feedback documents, the 
m (m=5) overall best sentences are identified for expansion key extraction. For each 
query’s set of feedback sentences, their non-query, non-stop words are ranked by their 
scores and the 30 overall best keys are identified as expansion keys for the query and 
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Fig. 1. Query-biased summarization process 

added to the initial query. The new query is executed and both the original and feed-
back query results go to evaluation. 

2.6   Evaluation and Statistics 

In evaluation we employ full freezing (e.g. [7]) of the all documents 'seen', this is, 
(1) freezing all initially scanned (say, f) documents for RF, relevant or not, at their 
ranks, (2) removing all initially seen documents from the RF query result, and (3) 
then filling the positions from f+1 with the feedback query results. We use standard 
evaluation metrics available in the TREC-eval package and report evaluation results 
for P@10/20 documents, and mean average precision MAP. The former are moti-
vated by real life findings – people most often are precision-oriented and avoid 
excessive browsing – great results beyond the first pages don’t matter. We employ 
liberal RF but three final evaluation levels, where liberal accepts all at least mar-
ginal documents as relevant, fair accepts all at least fairly relevant as relevant, and 
strict only highly relevant as relevant. Statistical testing is based on Friedman’s test 
between RF runs and the baseline. PRF on the initial query result provides the 
stronger baseline, and therefore PRF is used as the baseline when statistical signifi-
cance is evaluated. We ran several PRF experiment with 1, 2, 5 and 10 PRF  
documents. We report results for 2 PRF documents because using more did not 
consistently improve effectiveness. 
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3   Findings 

3.1   Initial and PRF (Baseline) Queries 

Table 2 reports the initial query performances for user-defined one, two and three-word 
queries, as well as PRF queries at the three evaluation scenarios (liberal, fair and strict). 
The best query performance values are indicated by dark gray background. We see, 
among others, that the initial one-word queries are 3.4 (at fair evaluation) to 4.2 (at 
liberal) % units (MAP) weaker than 2-word queries except at strict level. Initial query 
MAP values for 3-word queries are 1.9 (at fair) to 4.0 (at liberal) % units better than 
one-word initial query values, and 1.3 (at fair) to 2.3 (at liberal) % units better than two-
word query results. At strict evaluation results are slightly worse than one-word query 
results. On the other hand, P@10 initial values for two-word queries improve continu-
ously the initial one-word query results from 9.3 % units (at liberal) to 1.1 % units (at 
strict). Compared to one-word queries, P@10 initial values for three-word queries im-
prove also the initial results from 10.8 % units (at liberal) to 1.8 % units (at strict). 
P@20 initial query values for two-word queries improve continuously the initial query 
results from 7.8 % units (at liberal) to 1.4 % units (at strict). P@20 initial values for 
three-word queries improve also the initial results for one-word queries. 

The PRF for one-word queries improves both MAP and P@10 only around 1 % 
and 0.5 % units respectively at liberal evaluation. At strict evaluation it decreases the 
MAP reading 1.7 %. The greatest PRF improvement in P@10 for one-word queries is 
0.5 % units (at liberal). We can confirm earlier findings that tighter evaluation weak-
ens PRF effectiveness [6]. The greatest PRF improvements in MAP for two-word 
queries are from 1.8 % units (at liberal) to 0.5 % units (at fair). The greatest PRF 
improvements in P@10 for two-word queries are 2.4 % units (at strict) to 1.0 % units 
(at fair) and in P@20 for  two-word queries are 2.2 % units (at liberal) to 0.2 % units 
(at fair). When initial query length grows, the initial query effectiveness grows 
greatly, e.g. with liberal evaluation, P@10 grows by 10.7 % units and P@20 grows by 
8.3% units. Likewise, the PRF to initial query effectiveness for P@10 improves by 
3.9 % – 2.6% units depending on query length and evaluation stringency. Further, the 
shorter the initial queries are, the less PRF contributes. Thus PRF seems not capable 
of improving poor initial results. These findings hold for all evaluation metrics. 

The findings above are deliberately for short initial queries reflecting real life 
searcher behavior. PRF on top of the RF query results (with no fallibility) did not 
yield any improvement.   

3.2   Expanded Runs and Fallibility in the Process 

Table 2 also reports RF query effectiveness for all metrics (MAP, P@10 and P@20) 
under several user fallibility and evaluation scenarios. Refer to Table 1 for the expla-
nation of the fallibility scenarios. Friedman’s test indicates overall significant statisti-
cal differences in each block of experiments defined by initial query length, metric 
and evaluation scenario (p<0.05). This allows examining the pair wise significant 
differences among the results in each block. Table 2 indicates (by ‘*’) those pair wise 
differences between the PRF as baseline and fallible RF that are significant at the risk 
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Table 2. Simulated RF effectiveness for short queries 

Queries Liberal Fair Strict

Fallibility MAP P@10 P@20 MAP P@10 P@20 MAP P@10 P@20
Initial 0.143 0.246 0.209 0.164 0.210 0.171 0.190 0.111 0.080

PRF 0.151 0.251 0.212 0.164 0.210 0.171 0.173 0.111 0.079

1.00 0.161 0.261 0.243* 0.172* 0.215 0.192* 0.195* 0.108 0.090

0.75 0.159 0.258 0.235 0.170 0.213 0.186 0.194 0.107 0.087

0.50 0.158 0.257 0.232 0.169 0.213 0.182 0.193 0.108 0.085

0.25 0.154 0.253 0.223 0.166 0.210 0.175 0.191 0.107 0.081

1-W
ord

0.5-0.8 0.161 0.261 0.242* 0.172* 0.215 0.191* 0.195* 0.108 0.089

Initial 0.185 0.339 0.287 0.198 0.278 0.224 0.178 0.121 0.095

PRF 0.203 0.356 0.309 0.203 0.288 0.227 0.192 0.145 0.097

1.00 0.215 0.376 0.334* 0.218 0.302 0.243 0.197* 0.145 0.109

0.75 0.213 0.376 0.330 0.216 0.305 0.241 0.195 0.145 0.108

0.50 0.210 0.373 0.324 0.213 0.302 0.236 0.192 0.143 0.106

0.25 0.206 0.367 0.315 0.209 0.298 0.231 0.189 0.141 0.102

2-W
ord

0.5-0.8 0.215* 0.378 0.336* 0.218* 0.306 0.244 0.196* 0.145 0.110*

Initial 0.183 0.354 0.292 0.182 0.266 0.209 0.187 0.129 0.095

PRF 0.209 0.393 0.326 0.199 0.305 0.235 0.195 0.155 0.107

1.00 0.219 0.400 0.339 0.204 0.295 0.237 0.205 0.153 0.108

0.75 0.217 0.394 0.339 0.203 0.291 0.237 0.203 0.151 0.109

0.50 0.215 0.389 0.338 0.200 0.287 0.237 0.201 0.149 0.107

0.25 0.208* 0.380 0.328 0.194* 0.281* 0.230 0.196 0.145 0.103
3-W

ord
0.5-0.8 0.220 0.398 0.340 0.205 0.294 0.238 0.205 0.151 0.109

 
Legend: * indicates statistically significant difference to PRF baseline, Friedman’s test, 
p<0.05. 
 

 
level p<0.05. In Table 2, background shading indicates the best performance in each 
column – lighter shading the strongest initial query and darker shading the strongest 
(P)RF query. PRF is also highlighted with a gray background. 

Correct RF nearly always yields better effectiveness than PRF, but the difference is 
not always statistically significant. In MAP the difference is 0.6 to 2.2 % units, in 
P@10, -1.0 to 2.0 % units, and in P@20, 0.1 to 3.1 % units depending on initial query 
length and evaluation scenario. In MAP, there is a tendency for the difference to grow 
by tighter evaluation. In P@10 and P@20, the difference of correct feedback to PRF 
diminishes by tightening the evaluation. While both PRF and correct RF generally 
benefit from growing query length, PRF seems to benefit more. 

The distribution of the fallibility results for MAP, P@10 and P@20 follows the 
judgment capability of the user. As the probability of incorrect judgments increases, 
the results are decreasing. A clear trend between 100 % correct RF and random RF 
(fallibility 0.25) is that the latter delivers worse results. Random RF rarely yields 
results significantly different from PRF, which was expected. While both generally 
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yield some improvement over the initial query baseline, the difference is not signifi-
cant and tends to shrink by tighter evaluation criteria, being sometimes negative by 
strict criteria. Further, better relevance judgment capability clearly improves the re-
sults. In case of fallibility 0.75 the results are slightly better than with fallibility 0.5. 
The empirically grounded fallibility in RF is never significantly different in effective-
ness from correct RF. The difference is ±0.4 % units. This means that RF with em-
pirically observed fallibility is as good as correct RF. 

In summary, when initial queries are realistically short, the initial query results are 
relatively weak. This renders blind techniques, PRF and random RF ineffective. There 
is room for effective human interaction even when the initial queries are short. De-
spite their fallibility, humans can identify the relevant bits in poor results reliably 
enough for the benefit of their searching. However, RF requires human effort while 
PRF is automatic. The practical effectiveness difference is not material. 

4   Discussion and Conclusion 

Simulation entails using a symbolic model of a real-world system in order to study the 
real-world problems. The model is a simplified representation of the real world. The 
relevant features of the real world should be represented while other aspects may be 
abstracted out. This motivates our present study in which we model user interaction 
features during RF and vary them systematically. The validity of our simulation 
model is justified by observations in IR literature regarding query lengths, RF behav-
ior and relevance judgment fallibility.  

We started our simulation experiment by discussing relevant features of the real 
world searching. In the most general level one can observe that interaction is vital in 
real life IR. Secondly, individual users vary greatly. However, typical real life user 
interaction can be characterized as being simple and error-prone, more specifically: 
(1) searchers prefer using short (or even very short) queries; (2) searchers prefer shal-
low browsing (e.g., at most the top-10 documents observed, not top-1000); (3) 
searchers may be reluctant to give RF, (4) even if they are eager to give RF, they may 
make errors.  

In the present paper we performed a simulation based on modeling real life fea-
tures listed above, in other words, (1) very short initial queries are used (one, two, and 
three-word queries); (2) shallow browsing is assumed (at most top-20 documents per 
query); (3) PRF is also modeled, because it avoids requiring direct RF from the user; 
(4) fallibility is modeled based on several scenarios assuming that the simulated user 
makes errors during the selection of feedback documents. These scenarios range from 
assuming perfect user judgments (no errors) to random judgments (lots of errors).  
Importantly, we also construct a scenario based on empirical findings on the level of 
fallibility when the user attempts to recognize relevant documents belonging to vari-
ous relevance levels [18]. In all, five different fallibility scenarios were studied. All 
experiments were run 50 times with random decisions and the reported results were 
averaged over the 50 runs.  

Evaluation of the experiments was based on user-oriented measures, P@10 / 
P@20, and the traditional system-oriented measure, MAP. We used three distinct 
relevance levels because in real life different kinds of users exist. Some users prefer  
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finding mixed-level documents, while others want to focus on the best (highly-
relevant) documents. We used full freezing during evaluation because it closely imi-
tates the point of view of a real user who has wasted effort in inspecting any number 
of documents, regardless of their relevance level.  

Regarding the first research question, our results suggest that using query-biased 
summaries is a promising method to approach both PRF and direct user-RF when 
initial very short queries are assumed. For the second research question we observed 
that although increasing fallibility decreases the performance compared to perfect RF, 
it is slightly better than the best performing PRF. Surprisingly, RF with a realistic 
level of fallibility yields results that are close to perfect RF. Third, when realistic 
fallibility is assumed and a user-oriented evaluation measure (P@10/P@20) is used, 
at the liberal relevance level RF systematically improves the performance of all short-
query types (one word, two word, and three word queries).  However, when strict 
evaluation is demanded, RF does not improve the performance of all short queries 
against PRF (Table 2). This suggests that the results of very short initial queries do 
not provide often enough sufficiently good RF documents even for human eyes. This 
may in part explain the low pick-up rate of RF in real life. Searchers rather issue a 
new query. 

In the future we aim at developing simulation of user interaction in IR toward more 
fine-grained models of user interaction. 
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ABSTRACT  
Real life information retrieval takes place in sessions, where users 
search by iterating between various cognitive, perceptual and motor 
subtasks through an interactive interface. The sessions may follow 
diverse strategies, which, together with the interface characteristics, 
affect user effort (cost), experience and session effectiveness. In this 
paper we propose a pragmatic evaluation approach based on scenar-
ios with explicit subtask costs. We study the limits of effectiveness 
of diverse interactive searching strategies in two searching envi-
ronments (the scenarios) under overall cost constraints. This is 
based on a comprehensive simulation of 20 million sessions in each 
scenario. We analyze the effectiveness of the session strategies over 
time, and the properties of the most and the least effective sessions 
in each case. Furthermore, we will also contrast the proposed 
evaluation approach with the traditional one, rank based evaluation, 
and show how the latter may hide essential factors that affect users’ 
performance and satisfaction - and gives even counter-intuitive 
results.  

Categories and Subject Descriptors 
H.3.3 [Information Search and Retrieval]: Search process 

Keywords 
Session-based evaluation, simulation, time-based evaluation  

1. INTRODUCTION 
Interaction through search interface and environment greatly affects 
the user behavior, user experience, and user performance. 
Many earlier studies have extended the traditional Cranfield view of 
IR and discussed various aspects of interactive searching (see, e.g., 
[4], [5], [6], [13], [21]), user interaction, and query modification 
(see, e.g., [3], [10], [14], [28]). 

During interaction the user selects between subtasks, e.g., whether 
to scan the result or launch a new query instead, and how to con-
struct the query. Such selections obviously affect session gains. 
However, different subtasks also have costs, e.g., they take time. 
This is important because real life IR often takes place under (time) 

constraints. In particular, keeping the overall session cost reasonable 
may be essential for end users.  

The costs of subtasks may vary for many reasons between searching 
environments. For example, regarding the query side, small devices 
and touch screens are inconvenient for typing [11]. Recently, novel 
kinds of searching devices, including personal phone-based mobile 
devices, have become increasingly popular. 

In order to minimize the overall session costs, a mobile phone user 
might e.g., avoid typing and prefer result scanning. Low input costs 
might change the situation from the user’s point of view, leading to 
longer queries. Therefore, if we assume two users having identical 
needs and identical cost constraints regarding the overall session 
time, it is possible that different devices render different subtask 
combinations optimal in searching.  

Traditional IR evaluation focuses on the quality of the ranked out-
put. In this view, the costs of posing queries are non-problematic, 
even uninteresting. In this paper we will utilize simple scenarios to 
bring time factors into the research setting. Scenarios formalize and 
quantify the gains and costs of interactive sessions. We construct 
two cases – a personal desktop computer (PC) and a smart phone 
(SP) case, with subtask costs derived from the literature. We will 
simulate session interaction involving multiple queries based on 
prototypical but empirically grounded query modification strategies 
using a test collection. We then explore the effectiveness of search-
ing via the exhaustive set of querying-scanning combinations possi-
ble, and evaluate the effectiveness of both scenarios in terms of 
Cumulated Gain (CG) [16] under time constraint (overall session 
time). We use non-normalized metrics, because normalized metrics 
may yield misleading results, especially if time is taken into ac-
count. 

Early papers on IR evaluation had a comprehensive approach to 
interactive IR evaluation. Cleverdon et al. [8] pointed out, among 
others, physical and intellectual user effort as an important factor in 
IR evaluation. Salton [24] identified user effort measures in the 
context of IR evaluation. More recently Su [30] gave a comparison 
of 20 different evaluation measures for interactive IR, including 
actual cost of search, several utility measures, and worth of search 
results vs. time expended. The interactive aspect of IR requires 
attention because previous studies have repeatedly shown that 
discrepancy exists between interactive and non-interactive evalua-
tion results. Hersh et al. [12] showed that a weighting scheme giv-
ing maximum improvement over the baseline in non-interactive 
batch evaluation failed to surpass others when real users performed 
a simulated task.  Turpin and Hersh [31] observed that a system 
superior over the baseline in batch evaluation, measured by mean 
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average precision, was not superior in an interactive situation.  
Turpin and Scholer [32] found no significant relationship between 
the search engine effectiveness measured by mean average preci-
sion and real user success in a precision-oriented task. Smith and 
Kantor [25] observed that users of degraded systems were as suc-
cessful as those using non-degraded systems. They suggested that 
users achieved this by altering their behavior.  

Dunlop [9] proposed “time-to-view” graphs, which incorporate user 
interface and system as well as the time component into the same 
framework for evaluation of system effectiveness. However he did 
not analyze time constraints, query modification strategies and 
different devices. 

Smucker [26] brought time factors into the traditional Cranfield 
setting by augmenting it with the use of the GOMS [7] model (ac-
ronym for Goals, Operators, Methods, and Selections).  He sug-
gests a user model for IR where the search process is seen as a 
sequence of actions (e.g., typing; clicking; evaluating a summary; 
waiting for the results to load) with associated times and probabili-
ties (e.g., whether the simulated user will click on a relevant sum-
mary). He used the model in a simulated study to demonstrate the 
impact of changes in the IR system interface (e.g., when the speed 
and accuracy of the summary evaluation is varied) on user perform-
ance (the number of relevant documents read within a given time 
frame).  While his experiment was limited to single query situations, 
the approach can be extended to multiple query scenarios, e.g., for 
computing the costs of specific query reformulations.  

Azzopardi [2] addressed the cost aspect by treating interactive IR as 
an economical problem and studied the trade-off between querying 
and browsing while maintaining a given level of normalized CG 
(NCG) [15] in sessions. His analysis focused on querying – scan-
ning depth combinations for various formal retrieval methods that 
deliver a given level of NCG.  

Our approach in the present paper differs from earlier studies. Our 
study is based on the simulation of multiple-query sessions gener-
ated with various query modification and scanning strategies in 
different searching environments. 

In the next section we start by discussing session generation with 
costs, and present the research questions. In Section 3 we describe 
the research setting. In Section 4 we will run an experiment in a test 
collection based on scenarios and discuss the results. We close the 
paper by discussing the significance of our approach in the last 
section. 

2. CONSTRUCTION OF SESSIONS 
A use case is “a relatively informal description of system’s behavior 
and usage, intended to capture the functional requirements of the 
system by describing the interaction between the outside actors and 
the system, to reach the goal of the primary actor" [19].  We utilize 
simplified use cases, which we call scenarios, to present an alterna-
tive way to look at the effectiveness of IR approaches based on the 
user viewpoint. The next subsections will first explain the session 
generation formally, and then explain the specific query modifica-
tion (QM) and scanning strategies utilized in the scenarios. 

2.1 Session generation 
For session simulation, we first formally generate all possible ses-
sions under constraints. We will represent sessions as sequences of 
actions with costs. For example the tuple <(a1,c1), (a2,c2), …, 
(an,cn)> is a session of n actions and each pair (ai,ci) in the session 

representation represents an action ai and its cost ci. The elementary 
action types are: 

• Initial query, represented as (‘iq’, ic), where ‘iq’ is the action 
label and ic (∈R) the cost in seconds. 

• Query reformulation (‘q’, qc), where ‘q’ is the action label and 
qc (∈R) the cost in seconds. 

• Document snippet scan (‘s’, sc), where ‘s’ is the action label 
and sc (∈R) the cost in seconds. 

• Next page request (‘n’, nc), where ‘n’ is the action label and nc 
(∈R) the cost in seconds. 

The constraints are: 

• MaxSLen, maximum session length in terms of elementary 
actions, here 50 actions. 

• MaxSCost, maximum session cost (seconds), here 60, 90 or 
120 seconds. 

• A session always begins with an initial query. 
• All queries (initial and reformulation) are followed by at least 

one snippet scan. 
• The longest scan sequence we consider is a scan of 10 snippets 

(i.e. one typical result page). 

In effect, the shortest possible session therefore is initial action IA = 
<(iq, ic),(s, sc)>, consisting of an initial query followed by the scan 
of one snippet (with costs). To generate longer sessions, we define 
the set NA for the possible subsequent actions: 

NA = {<(q, qc), (s, sc)>, <(s, sc)>, <(n,nc), (s,sc)>} 

Note here that the next actions are tuples of one or two elementary 
actions; a scan may appear individually, while a reformulation / 
next page requires a scan to follow. Sessions are generated by con-
catenating next actions to the initial action. Concatenation of two 
tuples S1 = <e1, e2 ,…, en> and  S2 = <f1, f2 ,…, fm> is denoted by < 
S1, S2 > = <e1, e2 ,…, en, f1, f2 ,…, fm>. This operation generalizes 
over a set of session tuples Si, denoted as: 

×i=1…n Si = <<… <<S1, S2>, S3>, …>, Sn>. 

The cost of a session S is, informally, the sum of its action costs. 
More formally, we derive this cost by the function s-cost as follows: 

s-cost(S)= Σ (a,c) ∈ S c 

[N.B. we extend the definition of the set membership operator from 
sets to tuple components in an obvious way.] For example, the cost 
of the session S1 = <(‘iq’, ic),(‘s’, sc), (‘q’, qc),(‘s’, sc)>  is s-
cost(S1) = ic+sc+qc+sc. 

The condition of maximum scan length of n in a session S is en-
forced by the Boolean predicate max-scan(S, n). It yields ’true’ for a 
given session S if S does not contain a subsequence of scan actions 
<(‘s’, sc)1, (‘s’, sc)2, …, (‘s’, sc)n>, otherwise ‘false’ (formal defini-
tion here omitted for brevity).  

To generate sessions, we first generate all sessions up to the max 
number of actions MaxSLen. This session set is MLS:  

MLS = ∪  i=1…MaxSLen{<IA, ×j=1…i acj > | acj ∈ NA} 

We then select the subset of sessions fulfilling the time constraint 
MaxSCost and the scan length constraint as follows. All sessions in 
MLS with maximal cost MaxSCost (or less) form the set MCS: 

MCS = {S ∈ MLS | s-cost(S) ≤ MaxSCost ∧ max-scan(S, 11)} 
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Note that this approach does not define the query contents or modi-
fications in sessions. However, it keeps them within constraints and 
guarantees that the last action is a document snippet scan. In our 
experiments, we excluded the next page action from NA due to the 
max scan length constraint of 10. The next two sub-sections explain 
and justify the query modification and scanning strategies used in 
the experiment.  

2.2 Query Modification Strategies 
We will simulate interactive search sessions as querying-scanning 
iterations having a goal, a procedure to reach the goal, and con-
straints regarding the procedure. We define the goal in terms of 
maximizing CG during the session under the constraint on the 
overall session time available. The procedure is defined in terms of 
QM and scanning strategies. 

The previous section did not define any particular QM strategies. 
We assume that a set of individual words {w1, w2, w3, w4, w5} is 
available for each particular topic, and QM strategies determine 
how elements from this set are combined to form queries (either the 
initial query, or one of the subsequent queries). In other words, 
given a set of individual search words for the topic, the QM strategy 
defines how to form a sequence of queries.  

Five QM strategies (S1 – S5) were used in the experiment. These 
prototypical strategies are based on term level changes which have 
grounding in the observed real life behavior and are justified by 
literature (see [1], [20], [33]): 
• S1: an initial one-word query (w1) is followed by repeatedly 

varying the search word : 
Q1: w1 -> Q2: w2 ->Q3:  w3 ->Q4:  w4 ->Q5:  w5 

• S2: an initial two-word query (w1 w2) is followed by queries 
formed by repeatedly varying the second word : 
 Q1: w1 w2 -> Q2: w1 w3 -> Q3:  w1 w4 -> Q4: w1 w5  

• S3: an initial three-word query (w1 w2 w3) is followed by que-
ries formed by repeatedly varying the third word : 
 Q1: w1 w2 w3 -> Q2: w1 w2 w4 -> Q3:  w1 w2 w5  

• S4: an initial one-word query (w1) is followed by adding one 
word to each subsequent query : 
 Q1: w1 -> Q2: w1 w2 -> Q3:w1 w2 w3 -> Q4:w1 w2 w3 w4 -> … 

• S5: an initial two-word query (w1 w2) is followed by adding 
one word to each subsequent query : 
 Q1: w1 w2 -> Q2:  w1 w2 w3 -> Q3: w1 w2 w3 w4 -> … 

This means that the sessions consist of at most 3 to 5 queries; this 
reflects real life behavior [22]. Generally speaking, constructing a 
query entails a cost due to the cognitive user load plus the edit costs. 
We will return to the cost factors in Section 2.4. 

2.3 Scanning Strategies 
The user may simply scan one or more documents after each query 
before formulating the next query candidate or ending the session. 
After a single query Qi a sequence of one or more document snip-
pets may be scanned: 
Q1->s11->s12->s13->… 
The cost of this session manifests as: 
qc1 + sc11 + sc12 + sc13 + … 
 
 
 

When a set of queries is available for one topic, the user can scan 
varying numbers of document snippets after any particular query, 
leading to a vast number of possible querying-scanning sessions, 
e.g., 

Q1->s11->Q2->s21->Q3->s31-> … or 
Q1->s11->s12->Q2->s21->… or 

Q1->s11->s12->s13->Q2->s21-> s22->Q3->s31->… etc. 

In real life a session typically continues until the user has found 
what he was looking for, at least partially, and/or when he runs out 
of time or queries. The scanning lengths may fluctuate for many 
reasons. In this paper we study the properties of optimal and less 
optimal interactive behaviors in sessions below the given overall 
time constraint. Therefore we produced all possible sessions as 
follows. For all five QM strategies we formed all possible combina-
tions of scanning lengths exhaustively (from 1 to 10 documents) 
using a sequence of all possible queries available per topic (cf. 
equation MCS in Section 2.1). We focus on the top documents 
because only few top documents may be inspected by the user in 
real life [14], [23], and only these may matter for the user [1]. As we 
had 5 words for each topic, sessions had at most 5 queries, con-
trolled by the QM strategy and time constraint. As the query words 
were ordered by quality (see 3.1), the query words were used in that 
particular order, not permuted. 

2.4 Cost Factors 
There is a cost involved with the subtasks of formulating the query 
and scanning. We assume that the absolute cost is partially deter-
mined by the scenario. Empirical studies show that it takes signifi-
cantly more time to enter queries by using a small smart phone 
keypad than by using an ordinary keyboard [17]. To study the sig-
nificance of subtask costs under overall session cost constraint we 
define two scenarios, i.e., a Desktop PC scenario (PC) and a Smart 
phone scenario (SP). These scenarios have different subtask costs. 
This is justified because the properties of the devices partially de-
termine the subtask costs [17].  

Obviously, also forming queries under different QM strategies S1 – 
S5 have very different relative costs. All queries in strategies S1, S2 
and S3 have a fixed query length in sessions (one, two or three 
words, correspondingly) while in strategies S4 and S5 the queries 
grow longer.  In real life the typing speed is affected by, e.g., the 
experience and knowledge of the person, the size of the keyboard, 
the layout of the keyboard (e.g., nine-key multi-tap vs. qwerty 
keyboard) [17], [18], and whether predictive text feed is available 
and used. We used literature to derive the cost values in scenarios 
PC and SP regarding the initial query cost and the subsequent query 
cost (Table 1).The query costs in S1 – S5 in the Desktop PC case 
are based on the typing costs of 3.0 seconds per word. The corre-
sponding Smart Phone costs are based on [17]. The authors per-
formed a large-scale log analysis of cell phone usage and observed 
that an average smart phone query length was 2.56 words and the 
average query-entry time was 39.8 seconds (average typing cost of 
15.5 seconds per word). We assume in our simulations that the cost 
of adding one word to a query (that is, S4 and S5) or replacing one 
word at the end of the previous query (that is, S1, S2, S3) is a con-
stant, i.e., either 3.0 or 15.5 seconds depending on the scenario. 
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Table 1. Average subtask costs (in seconds) of five QM strate-
gies (S1-S5) for two scenarios: (i) initial query cost, (ii) subse-
quent query cost, and (iii) the cost of scanning one document 
snippet 

Scenario 1: Desktop PC 

QM strategy S1 S2 S3 S4 S5 

Initial query 3.0 6.0 9.0 3.0 6.0 
Subsequent query 3.0 3.0 3.0 3.0 3.0 

Snip. scanning cost 3.0 3.0 3.0 3.0 3.0 

Scenario 2: Smart Phone 

QM Strategy S1 S2 S3 S4 S5 

Initial query 15.5 31.0 46.5 15.5 31.0 

Subsequent query 15.5 15.5 15.5 15.5 15.5 

Snip.  scanning cost 3.0 3.0 3.0 3.0 3.0 

 

To check whether these costs are reasonable we also performed a 
small-scale experiment where four test persons typed the initial and 
subsequent queries according to strategies S1-S5 using two types of 
interfaces (Desktop PC and Smart Phone) for three test topics. The 
experiment corroborated that the query time estimates were reason-
able. 

The document snippet scanning costs in real life are affected by the 
motor and perceptual costs plus the cognitive load related to the 
task. In this study we assume that the document snippet scanning 
cost is constant in both scenarios and across the searching strategies 
S1 – S5 (see Table 1). In the SP case we defined a scanning cost of 
three seconds per snippet. We justify this by an observation by 
Kamvar and Baluja [17] that the average cell phone user used 30 
seconds to scan the search results before selecting one, after receiv-
ing 10 search results. For the snippet scanning costs in the Desktop 
PC case we decided to use the same value. Obviously, our method-
ology is well-suited to experiment with different costs. The overall 
cost constraint of a session was defined as 60, 90, or 120 seconds. In 
the simulations all subtasks (querying and scanning) had to be 
performed within this time constraint. We excluded the eventual 
thinking time in producing query words. 

2.5 Research questions 
We set forth the following research questions: 

1. How effective are the five QM strategies (S1 to S5) in terms of 
CG when we compare the Desktop PC and the Smart Phone 
scenarios under overall time constraint? 

2. What are the characteristics of the best and the worst sessions 
achieved in terms of average scan length, and average number 
of queries? 

3. How stable are the observed trends when the overall time con-
straint changes?  Can we recommend QM strategies based on 
the scenario - what to do, and what not to do, assuming a spe-
cific time constraint? 

4. What is proper evaluation methodology when time is part of the 
evaluation setting? 
 

3. RESEARCH SETTING 
3.1 Test Collection and Search Engine 
We used a subset of the TREC 7-8 document collection with 41 
topics for the experiment.  The documents have graded relevance 
assessments on a four-point scale with respect to the topics. [27]  
The present authors obtained query words for session generation for 
the test topics from [20] where the authors used real test persons to 
suggest keywords of various lengths for queries on the 41 topics. 
The test persons were asked to directly propose good search words 
from topic descriptions (descriptions and narratives) in a structured 
way. Among others, they produced query versions of various 
lengths: (i) one word, (ii) two words, and (iii) three or more words. 
These were collected per topic as ordered word lists of 5 words for 
each topic. During the query formulation experiment the test per-
sons did not interact with a real retrieval system. While this may 
have affected negatively the quality of queries, Keskustalo and 
colleagues [20] suggest that the test persons were able to construct 
the query words in a descending order of effectiveness.  

Retrieval system Lemur with language modeling and two-stage 
smoothing options was used in the experiment. 

3.2 Session Data  
For each topic we utilized a minimum of 1 query and a maximum of 
5 queries in each session. A minimum of 1 document snippet and a 
maximum of 10 document snippets were scanned per query.  
In Table 2, the number of possible scanning paths is given for con-
secutive queries. If the session comprises at most 2 queries, first 
there are 10 possible paths after the first query, and for every path 
there are 10 possible paths after the second query. So the combina-
tions of these at most two queries sum up to 10+10*10 =110 possi-
ble paths. In our experiment design, users can pose up to 5 queries 
depending on session strategy; this presents altogether 111,110 
possible paths, which are taken into consideration.  

 Table 2. Number of possible sessions per number of queries, 
when at most 10 documents can be scanned after each query 

Queries 1 2 3 4 5 ∑ 
Possible 
sessions 

10 100 1000 10,000 100,000 111,110 

 
We ran all 41 topics * 5 QM strategies * Q queries, Q ∈ {3, 4, 5} 
depending on the strategy, and collected their results. Then we 
generated all 111K possible sessions from the query results, pruned 
the ones exceeding the time constraint in each scenario, and by 
using the recall base (qrels), evaluated the CG of the scanned snip-
pets for each session. For example, for the session Q1->s11-> s12-
>s13->Q2->s21->s22->Q3->s31, the CG is calculated on the basis of 
the snippet sequence s11, s12, s13, s21, s22, s31. Altogether about 45 
million sessions (41 topics * 5 QM strategies* 111,110 possible 
scanning sessions * 2 scenarios) were evaluated. As the collection 
has graded relevance assessments, CG was incremented by 3 points 
for the highly relevant documents, 2 points for the fairly relevant 
documents and 1 point for the marginal ones. Whenever a duplicate 
was retrieved by a subsequent query in a session, its gain was nulli-
fied. Finally, we ranked all sessions within a topic and a strategy by 
their CG scores. In this data set per topic, strategy and time con-
straint, each session is represented by its tuple of actions (see 2.1) 
and its gain.  
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3.3 Data Analysis 
The action tuples allow the analysis of the number of queries and 
the length of each scan in a session. The ranked order of sessions 
allows identification of the best and the worst session across  topics, 
strategy, scenario, and time constraint. We analyze the sets of 10 
best sessions, and 10 worst sessions per topic as averages instead 
the single best or worst session. This approach smoothes minor 
random variations in human behavior and thus the set of top (bot-
tom) 10 sessions provide more reliable measurements compared to 
the single best/worst session when we explore their properties under 
varying conditions. Since the present study does not aim to prove 
one retrieval method better than another, we report the findings 
without tests on significance of statistical differences.    

4. EXPERIMENTS 
4.1 Results for the 60 Seconds Time Frame 
First we discuss the CG results under the two scenarios, PC and SP. 
We present the best case and worst case results regarding all query-
ing-scanning sessions based on the five QM strategies: S1 (se-
quence of individual words); S2 (two-words; last word varied); S3 
(three-words; last word varied); S4 (incremental extension starting 
from one word); and S5 (incremental extension starting from two 
words). Table 3 gives the averaged CG values, the number of que-
ries and scans per query for 10 best and 10 worst cases for every 
QM strategy for the 60 second time constraint, which are utilized in 
the following figures in this section.  
 

Table 3. Averaged CG, number of Queries (#q) and Scans per 
Query (s/q) for scenarios PC and SP, for 5 strategies for the 10 
best (b) and 10 worst (w) sessions, time constraint 60 seconds 

 Query Modification Strategies Time 
(60 s) 

Environment 
best/worst S1 S2 S3 S4 S5 

b  4.9 8.3 8.5 7.9 8.1 
PC 

w  1.2 5.4 7.1 4.7 6.0 

b  2.8 3.6 2.3 4.4 3.7 
avg. 
CG 

SP 
w  1.2 2.8 2.3 2.0 2.9 

b  2.7 2.6 2.5 4.2 3.0 
PC 

w  5.0 4.0 3.0 5.0 4.0 

b  1.9 1.5 1.0 2.0 1.5 
avg.
#q 

SP 
w  2.7 1.7 1.0 2.6 1.7 

b  6.4 6.3 6.2 3.8 5.3 
PC 

w  3.0 3.8 5.0 3.0 3.8 

b  4.7 3.6 2.5 4.0 3.6 
avg.
s/q 

SP 
w  1.6 2.5 2.5 1.7 2.5 

 
Table 4 and Table 5 are equivalent to Table 3 but for the time con-
straints 90 and 120 seconds, respectively. Figure 1 shows the CG of 
the best (worst) sessions for each strategy in both scenarios under 
the overall cost constraint of 60 seconds. Note that all sessions 
require 60 seconds or less if no further action fits in (the absolutely 
worst imaginable session without any time requirement, in terms of 
the CG, would naturally consist of the initial action (IA) only). In 
other words, regarding the worst results, we report CG for the worst 
possible 60 second performance. 

When the best sessions of the PC and SP cases are compared in 
Figure 1, the PC case performs at a considerably higher level (aver-
age CG is above 8 in three strategies) than the SP case (average CG 
is below 5 in all strategies). 

 
Fig 1. Cumulated Gain under cost constraint of 60 seconds. 
 

Second, when the best and the worst cases are compared within the 
scenarios, not surprisingly, the best case results are typically clearly 
better than the worst case results except in SP case for S3. In the 
latter case both the best and the worst session may not contain more 
than one query because of high query entry cost.   
Third, among the best cases for PC the strategies S2 and S3 are 
almost equally good. For the SP case, the strategy S2 (varying the 
second word), S4 (extending from one word), and S5 (extending 
from two words) lead to much higher gain than S1 and S3. An 
interesting trade-off in the SP scenario can be observed when the 
scanning length is considered. In the best case the gain reached 
increases from S1 to S2. However, the average scanning length 
decreases (Fig. 2). In other words, a better result is achieved using 
the longer queries although a smaller number of documents are 
scanned on the average; the ranking is simply better. 
 

 
Fig 2. Average number of scanned document snippets per query 
under cost constraint of 60 seconds. 
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Table 4. Averaged CG, number of Queries (#q) and Scans per 
Query (s/q) for scenarios PC and SP, for 5 strategies for the 10 
best (b) and 10 worst (w) sessions, time constraint 90 seconds 

 Query Modification Strategies Time 
(90 s) 

Environment 
best/worst S1 S2 S3 S4 S5 

b  5.8 10.5 10.4 10.4 10.5 
PC 

w  1.9 7.6 10.3 7.6 8.7 

b  5.0 7.3 6.0 7.1 7.0 
avg. 
CG 

SP 
w  0.9 2.5 3.0 2.5 2.6 

b  3.8 3.5 3.0 5.0 4.0 
PC 

w  5.0 4.0 3.0 5.0 4.0 

b  2.0 2.0 1.9 2.5 2.0 
avg. 
#q 

SP 
w  4.1 3.4 2.6 4.1 3.4 

b  6.9 7.3 8.3 5.0 6.3 
PC 

w  5.0 6.3 8.3 5.0 6.3 

b  8.8 6.8 4.7 6.3 6.8 
avg. 
s/q 

SP 
w  1.6 1.4 1.7 1.4 1.4 

 
4.2 Results for the 90 Seconds Time Frame 
Figure 3 shows the CG results when the sessions take 90 seconds. In 
this case, the observations comply with the 60 second case. Differ-
ence between S3’s best and worst CG values is closing in the PC 
scenario; this is because of lacking further scanning options, there is 
now enough time to scan almost all 10 documents for each query. 
S3 strategy has a maximum of 3 queries to execute before the 5 
keywords run out. This in turn confines the possible scanning space. 
It is also conspicuous that the difference between best and worst CG 
values in SP case is much larger than in PC case. 

 
Fig 3. Cumulated Gain under cost constraint of 90 seconds. 
When scanning in the best sessions of the PC and SP cases is com-
pared (Fig. 4), we notice that even though the scans per query val-
ues for SP case are higher than or similar to the PC case, the CG 
values are always poorer (Fig. 3). This is due to the smaller number 
of posed queries in SP case than in PC case.  This follows from the 
trade-off between query vs. scan costs. 

 
Fig 4. Average number of scanned document snippets per query 
under cost constraint of 90 seconds. 

Interestingly, the difference between the best and the worst sessions 
both in terms of gain and average scan length remains great in SP 
case, but fades away in PC case. In the latter, 90 seconds allows the 
searcher to launch almost all queries and scan the best results in all 
cases. When the results are compared between different strategies, 
the strategy S4 with on average 5 scans in PC case and approxi-
mately 6 scans in SP case (Fig. 4) produce similar CG values as the 
other QM strategies (Fig. 3). Again, larger queries yield better 
rankings. On the other hand, S3 in SP case has less than 5 scans per 
query, and still achieves slightly better CG results than S1 strategy. 

Table 5. Averaged CG, number of Queries (#q) and Scans per 
Query (s/q) for scenarios PC and SP, for 5 strategies for the 10 
best (b) and 10 worst (w) sessions, time constraint 120 seconds 

Query Modification Strategies Time 
(120 s) 

Environment 
best/worst S1 S2 S3 S4 S5 

b  6.4 11.1 11.4 11.7 11.5 
PC 

w  3.4 10.5 11.4 10.0 10.9 
b  5.6 9.1 9.2 9.1 8.9 

avg. 
CG 

SP 
w  1.1 5.1 6.7 4.5 5.7 
b  4.8 4.0 3.0 5.0 4.0 

PC 
w  5.0 4.0 3.0 5.0 4.0 
b  3.0 2.9 2.0 3.0 2.9 

avg. 
#q 

SP 
w  5.0 4.0 3.0 5.0 4.0 
b  7.3 8.8 10.0 7.0 8.8 

PC 
w  7.0 8.8 10.0 7.0 8.8 
b  7.6 6.6 8.8 7.6 6.5 

avg. 
s/q 

SP 
w  2.8 3.5 4.7 2.8 3.5 

 

 

4.3 Results for the 120 Seconds Time Frame 
Figure 5 shows the CG values under the cost constraint of 120 
seconds. In the PC case, the gaps between the best and worst CG 
values are diminishing. This can be explained so that every strategy 
except S1and S4 has enough time to pose all the queries and employ 
much scanning. According to the experiment design, worst cases 
must also use up the allocated time, and this results in that there is 
enough time to launch all queries and scan the results.  When the 
best sessions of the PC and SP cases are compared, we notice that 
there are no large differences. Again, in Figure 6 we can see as 
many scans per query (S/Q) for S1 and S4 in the SP case as in the 
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PC case for best sessions. Besides all the strategies for PC case 
show the same S/Q for 10 best and 10 worst sessions. Although in 
SP case S/Q values diverge from each other, Figure 6 exhibits 
similar patterns as Figure 4. From Figure 5 one can conclude that, if 
there is enough time for searching, one should use at least two word 
queries for good results. If the queries are of lower quality like S1, 
then scanning matters. In short, the more you scan, the more you 
get. 

 
Fig 5. Cumulated Gain under cost constraint of 120 seconds. 
 

 
Fig 6. Average number of scanned document snippets per query 
under cost constraint of 120 seconds. 

5. DISCUSSION  
We had three empirical and one methodological research question. 
The three empirical ones were about effectiveness of different QM 
strategies under time constraints, characteristics of the best and the 
worst QM sessions, and  the stability of the observed trends.  The 
methodological one was about proper evaluation of sessions under 
time constraints. We will consider each of the questions below. 

Strategy effectiveness. Given a stringent time frame in the PC 
scenario, the user cannot use the entire vocabulary (all queries) and 
perform exhaustive scanning for all queries. Short queries (strategy 
S1) are clearly inferior regarding session effectiveness. It seems 
reasonable to invest on two to three word queries (S2, S3) because 
the evidence thereby added for ranking significantly improves the 
quality of the results. This can also be seen in strategies S4 and S5, 
when they have enough time to advance beyond the first query. 
When more time is allocated to searching, the weaker strategies 
catch up because there is more time for scanning the results and the 
weaker ranking effectiveness is not that critical.  

In the SP scenario the rules of the game change a bit. In a stringent 
time frame there is no time for tedious query input, and one must 
compromise toward short scanning of weaker quality rankings. The 
more effective strategies cannot be applied at all due to high query 
input cost. Again, when more time is allocated, weaker strategies 
catch up. In the longest sessions of S2-S5, the gap between the best 
vs. worst sessions begins to close. 

Session characteristics.  In the PC scenario, under stringent time 
constraints, the best sessions involved less queries and longer scans 
than the worst sessions (Table 3).  However, as the time allocation 
grows, the differences disappear. Between the best strategies in the 
PC case, both the number of queries and the average scan lengths 
increase as time allocation grows (Tables 3-5). Correspondingly, in 
the worst sessions, the number of queries does not change as time 
grows, but the scan lengths grow. This is because the worst sessions 
consume all possible queries even under the shortest time frame. 
Similarity with best sessions grows. 
In the SP scenario, under stringent time constraints, the best ses-
sions also involved less queries and longer scans than the worst 
sessions (Table 3).  As the time allocation grows, the differences 
remain, probably due to shortage of time even in the longer ses-
sions. Between the best strategies in the SP case, both the number of 
queries and the average scan lengths increase as time allocation 
grows, the latter dramatically between 60 and 90 seconds (Tables 3-
4). Correspondingly, in the worst sessions, the number of queries 
grows along time, but the scan lengths remain low. The worst be-
havior here means investing the effort in query input. Also here 
there were interesting differences in scan lengths between queries in 
sessions.  

All in all, if time allows, two to three first query words that one 
identifies, followed by a longer scan, seem to provide reasonable 
performance, no matter what the strategy among S2-S5 is. 

Effect of time. With limited time allowance, it seems important to 
make a good compromise between providing evidence for ranking 
(longer queries) and scanning the search results. The compromise 
depends on the overall cost levels related to the stringency of the 
time frame and on the relations between cost types. This depends on 
the searching device. Expensive input favors scanning at length, 
cheap input favors better queries. The more time is available the less 
it matters how one searches – there will be time to identify the 
relevant documents. 
Evaluation methodology. Typical IR evaluation metrics are based 
on the quality of ranking alone. In session-based evaluation they 
must be applied with great care because they may be insufficient or 
even misleading. They may be partially insensitive to the user’s 
experience and observed costs and benefits. This is particularly 
critical, when user’s costs (time expenditure) are taken into account 
and the metric employs normalization, i.e. scaling the measurements 
to a predefined range such as [0, 1]. For example, the popular 
NDCG metric [15] and its non-discounted counterpart NCG should 
be avoided in any comparisons between searching environments, 
and between strategies within a given searching environment when 
input costs are taken into account. This is because the ideal gain 
vector used for normalization is read to vastly different lengths 
between strategies or environments. For example, consider Figure 7, 
which plots NCG over time for strategy S2 in the two scenarios. 
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Fig 7. NCG vs. time comparison of PC and SP for S2 (41 Top-
ics). 
Due to normalization (division by the ideal cumulated gain vector) 
the SP scenario seems to have better performance in the time frame 
from 40 to 135 seconds. This is due to (a) ranking being somewhat 
effective, and (b) the number of documents seen in each session: in 
the PC case the user sees 15 to 35 documents, but in the SP case 
only 5 to 20 documents in the indicated time frame. Figure 8 plots 
CG with the corresponding data and makes the difference clear. 

  
Fig 8. CG over time for S2 in scenarios PC and SP (41 Topics). 
 
Similar pitfalls also plague the most classic metric, MAP. Consider 
the following two rankings observed for a given topic in two scenar-
ios and/or strategies under the same time constraint (say, one min-
ute; queries omitted and binary relevance for simplicity): 
 r1: 0 0 0 0 0 0 0 0 1 1  
 r2: 1 0 0 0 0 
Further, assume that there are three relevant documents for the 
topic. The MAP for the ranking r1 is (1/9 + 2/10 + 0)/3 = 0.103 and 
for r2 (1 + 0 + 0)/3 = 0.333. Arguably, r2 is the better ranking, but if 
both require one minute, what is the user’s opinion? The first ses-
sion collected twice as many relevant documents.  

Even within the un-normalized metric, such as CG, incorporating 
time in session-based evaluation has profound effects. Consider 
Figures 9 and 10. The former gives traditional cumulated gain over 
ranks for strategies S1 and S3 for the 41 topics. The latter gives CG 
over time in the two scenarios.  

 
Fig 9. Traditional View, CGs over ranks for 41 topics, scenarios 
PC and SP for strategies S1 (allowing 5 queries) and S3 (allow-
ing only 3 queries). 
In Figure 9, both scenarios PC and SP have the same observed 
effectiveness, because the evaluation focuses on the gain (CG) over 
the result ranks, no matter how long it takes to retrieve the docu-
ments. The two strategies S1 and S3 differ in effectiveness, S3 
providing far better effectiveness than S1. However, when time is 
taken into account (Fig. 10), the scenarios and strategies differ 
greatly from each other. Up to 60 seconds, S3 in the SP case is the 
worst strategy and this is entirely due to the high input cost of the 
long query. With enough time (180 sec.), S3 in SP catches up S3 in 
PC case. Also, PC and SP do not much differ for S1 due to the 
relatively low input cost and weak result quality. Comparing Fig-
ures 9 and 10, it is easy to see that time drives interaction and pro-
foundly affects both user experience and effectiveness in sessions in 
different scenarios. 
 

 
Fig 10. Time based View, CGs over time for 41 topics, scenarios 
PC and SP for strategies S1 and S3. 
Limitations. In our study we did not take into account the time, 
which users spend for pondering about possible query words. One 
might argue that the more words one needs to identify, the harder 
(and slower) per word it comes. However, the thinking time is the 
same between sessions using the same number of words. In addi-
tion, this could be taken into account by revising subsequent query 
costs (Table 1). We have chosen to short-cut here in order to avoid 
too much complexity at this stage. Furthermore, we do not consider 
the time users spend in examining documents. This may depend on 
the device used. This can be seen as an artificial limitation. Tackling 
it would, however, complicate analysis, and this is therefore left for 
later study. We did not simulate user’s learning during a session. 
Admittedly, learning from snippets and seen documents take place. 
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This is not impossible to simulate but some challenges remain to be 
solved. 

We employed in the evaluation relatively limited query vocabular-
ies, simple bag-of-word queries, and relatively short time frames. 
The query vocabularies and structure are justified by query length 
statistics in many search environments [14], [29], and the time 
frames by our simulation capabilities. However, the time frames are 
for effective search time in sessions, excluding thinking and docu-
ment examination time. While the query vocabularies are short, they 
are human-generated for this collection, and therefore more realistic 
than words mined, e.g., from known relevant documents (in qrels). 

We did not cover all the imaginable complex sessions. However we 
employed idealized and literature-based sessions, which shed the 
light on the peculiar evaluation problems beyond the traditional 
rank-based evaluation. This is a step forward while we are not 
suggesting that anyone follows a single strategy consistently in real 
life. 

Our initial results are promising. First, the scenario, and to a large 
extent the device itself, dictate what kind of interactive behavior can 
be successful. Because real users do have limited resources and they 
use various devices having different properties, our methodology 
has unquestionable user relevance and potential pragmatic value for 
the industry. Measuring the effectiveness of systems from the 
pragmatic point of view may increase the validity of the results 
achieved. This may lead to greater user satisfaction. Secondly, our 
experimental results suggest that strict time constraints determine 
some session strategies as the best strategies as they maximize CG. 
The strengths of our approach are: 
• The QM strategies S1-S5 have an empirical real life grounding 

• The query vocabularies were generated by real test persons, 
and only thereafter used in automatic simulation 

• We were able to evaluate over 20M sessions in each scenario; 
this is clearly intractable both physically, intellectually and 
economically with human test persons. 

We have only taken the first steps. In future, we will study the 
dimensions of variation related to users, systems, information 
sources and sessions to construct more fine-grained scenarios expli-
cating hypotheses about user goals, learning, and behaviors to 
validate evaluation measures used. [19] 

6. CONCLUSIONS 
In this study, we have shown the necessity of a pragmatic evalua-
tion approach based on scenarios with explicit subtask costs under 
an overall time constraint. Effectiveness of various query modifica-
tion and scanning strategies for two scenarios, namely, PC and SP is 
analyzed. Furthermore, the characteristics of the best and the worst 
interactive search sessions are examined. Expensive input favors 
scanning at length, cheap input favors better queries. The more time 
is available the less it matters how one searches – there will be time 
to identify the relevant documents. We have shown that the effort 
required by searching devices and the overall search time allocation 
drive interaction and profoundly affect both user experience and 
effectiveness in sessions in different scenarios. Moreover, we have 
also pointed out the inapt use of all normalized rank-based meas-
ures. Thus, we hope we could instigate new evaluation metrics for 
time-based comparisons. 
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ABSTRACT  
In real-life, information retrieval consists of sessions of one or more 
query iterations. Each iteration has several subtasks like query 
formulation, result scanning, document link clicking, document 
reading and judgment, and stopping. Each of the subtasks has be-
havioral factors associated with them. These factors include search 
goals and cost constraints, query formulation strategies, scanning 
and stopping strategies, and relevance assessment behavior. Tradi-
tional IR evaluation focuses on retrieval and result presentation 
methods, and interaction within a single-query session. In the pre-
sent study we aim at assessing the effects of the behavioral factors 
on retrieval effectiveness. Our research questions include how 
effective is human behavior employing search strategies compared 
to various baselines under various search goals and time constraints. 
We examine both ideal as well as fallible human behavior and wish 
to identify robust behaviors, if any. Methodologically, we use ex-
tensive simulation of human behavior in a test collection. Our find-
ings include that (a) human behavior using multi-query sessions 
may exceed in effectiveness comparable single-query sessions, (b) 
the same empirically observed behavioral patterns are reasonably 
effective under various search goals and constraints, but (c) remain 
on average clearly below the best possible ones. Moreover, there is 
no behavioral pattern for sessions that would be even close to win-
ning in most cases; the information need (or topic) in relation to the 
test collection is a determining factor. 

Categories and Subject Descriptors 
H.3.3 [Information Search and Retrieval]: Search process 

Keywords 
Session-based evaluation, IR interaction, behavioral factors, frustra-
tion, simulation, multi-query scanning models  

1. INTRODUCTION 
In real life, information retrieval (IR) takes place in sessions. When 
users interact with a search system, they formulate queries iterative-
ly. User interaction in search sessions can be divided into subtasks 
like query formulation, result scanning, document link clicking, 

document reading and judgment, and stopping. Moreover, each 
subtask is affected by associated behavioral factors. Such behavioral 
factors include search goals and cost constraints, query formulation 
strategies, scanning and stopping strategies, and relevance assess-
ment behavior, which are the focus of the present paper. They are 
discussed in the literature of user-oriented IR (e.g. [10] [11]). User-
oriented experiments indicate that such factors affect IR interaction, 
but their effects and interactions are both challenging and expensive 
to study (e.g., [14]).  Still, many other factors, which are not the 
focus of the present study, affect real life IR: varying situation and 
task perception, searcher’s knowledge on work and search tasks, 
and searcher’s search vocabularies. 

One approach to study user interaction is based on simulation. 
Session-based simulation, which extends single query simulations, 
is not a new approach in IR. The ACM SIGIR 2010 hosted a work-
shop on the simulation of interaction in IR [2]. Harman [9] simulat-
ed the effectiveness of relevance feedback in a test collection al-
ready in 1992 using a wide range of parameters including the meth-
od of term selection; the number of expansion terms; and the effec-
tiveness of multiple iterations of relevance feedback. Others have 
more recently compared the effectiveness of short sessions with 
single long queries [12], and analyzed the trade-offs between query-
ing and scanning in sessions [1], the effects of human fallibility in 
relevance feedback [3], and simulated the variance in user behavior 
related to scanning profiles [6]. In general, the strengths of model-
ing behavioral factors in IR interaction include: control over exper-
imental parameters, unlimited supply of “test subjects” with no 
fatigue, low cost, no (non-programmed) learning effects, and re-
peatability of experiments. The limitations include the lack of full-
fledged human subjects, which may lead to unrealistic and biased 
designs and findings. [2]  

A specific aspect that has received attention in recent interactive IR 
(IIR) studies has been searcher’s effort (or cost / time). Searcher’s 
effort affects retrieval effectiveness and satisfaction. Azzopardi [1] 
addressed the cost aspect by treating interactive IR as an economic 
problem and studied the trade-off between querying and browsing. 
Smucker and Clarke [16] focused on single query sessions but 
studied searcher’s effort in examining and assessing documents of 
various lengths. Baskaya and colleagues [4] focused on the effects 
of searching interfaces on searcher’s effort and optimal behavior. 
Their study was limited to ideal behavior and confined to querying 
and scanning actions. In the present paper we also examine fallible 
behavior, which is modeled as a stochastic process, and more fine-
grained interactions between the searcher and an IR system. 

Section 2 describes our research design. In Section 3 we describe 
our approach to modeling behavioral factors. Section 4 presents the 

Permission to make digital or hard copies of all or part of this work for personal or 
classroom use is granted without fee provided that copies are not made or distributed for 
profit or commercial advantage and that copies bear this notice and the full citation on the 
first page. Copyrights for components of this work owned by others than the author(s) 
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish, to 
post on servers or to redistribute to lists, requires prior specific permission and/or a fee. 
Request permissions from Permissions@acm.org. 
CIKM'13, October 27 - November 01 2013, San Francisco, CA, USA 
Copyright is held by the owner/author(s). Publication rights licensed to ACM. 
ACM 978-1-4503-2263-8/13/10…$15.00. 
http://dx.doi.org/10.1145/2505515.2505660  

2297



e
d

2
2
R
p
s

F
tr
io
f
s
c
d
ly
in

Q
a
b
ti
s
s
s
(
b
s
[4
a
s
ti
b
d
n
s
to
te
m
s
a
h
m
m
m

 

 

experimental sett
discussed in Secti

2. Research
2.1 The Fram
Real life searchin
present study we 
set of subtask

Figure 1. Session
ransition probab
oral factors relat

following factors
snippet scanning 
cost constraints 
document relevan
y below. Their o
n Section 3. 

Query formulatio
and queries in a 
behavior is chara
ic scanning. Pers

specified range f
scanning snippet
some probability
cf. [7][8]). Sear

before stopping t
set for the session
4][16]. Context 

assessors of snip
same documents 
imes [10]. Docum

biased snippets v
document relevan
nize snippet or d
snippet and docu
o the underlying
est collection. F

ment relevance a
some pre-defined
assessing behavio
human behavior 
ments. This is ho
man behavior co
ments. This repre

ting. In Section 
ion 6, followed b

h Design 
mework 
ng usually manif
abstract search s
s performed d

n automaton expr
bilities between 
ed to each of the
s: (1) the use of
behavior, (3) set
(time), (5) snipp
nce assessment. W
operationalizatio

on strategy deter
session of one o

acterized either by
sistent scanning 
from top to dow
ts in the specifie
 at each step to 

rch goals are se
the session. Cos
n, to complete a p
affects human b

ppet and docum
differently for ap
ments have vary

vary in their abili
nce. Also search

document relevan
ument relevance 
g document relev
Fallible assessme
are correctly or 
d probability. Co
or together, we 
consists of pers

owever, unlikely
nsists of probabi

esents real life be

5 we report the 
by conclusions in

fests as interactiv
sessions based on
during IR int

ressing the subta
subtasks.There a
e subtasks. We ar
f query formulat
tting search goals
pet relevance as
We introduce the
n for our IIR sim

rmines the patter
or more queries.
y persistent scann
means scanning

wn. Probabilistic
ed range from t
stop and skip a

et as the cumula
t constraints def
particular search 
behavior. Human
ent relevance an
pparently similar
ing levels of rele
ity to communic
hers vary in thei
nce.  Ideal asses
are correctly ass
vance given as g
ent means that s
incorrectly asse

onsequently, put
can contrast two
sistent scanning 

y to occur in rea
ilistic scanning a

ehavior more real

results, which a
n Section 7. 

ve sessions. In th
n a comprehensiv
teraction (Fig. 1

asks. P denotes th
are several beha
re interested in th
tion strategies, (
s (gain), (4) settin
ssessment, and (
ese concepts brie
mulations is giv

rn of query wor
. Snippet scannin
ning or probabili

g all snippets in th
c scanning mea
top to down wi
all remaining on
ated gain require
fine the time lim
or quit unsatisfie

ns are independe
nd may judge th
r needs at differe
evance [10]. Que
cate the underlyin
ir ability to reco
ssment means th
sessed with respe
ground truth in th
snippet and doc

essed according 
tting scanning an
o behaviors: Ide
and ideal asses

al life. Fallible h
and fallible asses
listically. 

are 

he 
ve 
1). 

 
he 

av-
he 
(2) 
ng 
(6) 
ef-
en 

rds 
ng 
is-
he 

ans 
ith 

nes 
ed 

mit 
ed 

ent 
he 

ent 
ery 
ng 

og-
hat 
ect 
he 

cu-
to 
nd 
eal 
ss-
hu-
ss-

2.2 R
In gene
varying
defined

 Ba
top
ide
sn

 Ba
on
by
or 
as
for
ter

 Ba
am
sis
pr
me

In the p
by dete
behavio

We set 

 RQ
fin
ba

 RQ
pr
ba

 RQ
eff

 RQ
for
str

 RQ
ba
ha

3. M
Modelin
variable
models 
may be
sions of

3.1 S
Search 
constra
In our 
behavio

We rep
reached
or a few

The do
ments o
employ
/ margi
tively. I
words, 

Research Qu
eral we wish to
g human perform
d following basel

aseline 1: single 
pic, followed by
eal assessments,

nippets and fallib
aseline 2: the be
n the five query w
y (a) persistent sc
r (b) probabilistic
sessments (aver
rmulation strateg
rnatives for each
aseline 3: a thre
mong the five qu
stent scanning o
robabilistic scann
ents. We report t

present study, we
erministic baselin
or is simulated by

the following re

Q1: How effectiv
ned query formu
aselines under va
Q2: How effect
redefined query f
aselines under va
Q3: How much 
ffectiveness comp
Q4: Examining t
rmulation strateg
rategies are withi
Q5: Methodolog
ased on compreh
avior and observe

Modeling Beh
ing behavioral 
es. However, sim

s also risk realis
e insufficient and
f our session mo

Search Goal
goals determin

aints how much e
experiments we

or under gain goa

port session level
d during the sess
w relevant docum

cuments in our t
on a four-point 

yed a gain scorin
inally / fairly / h
In this study, we 
the sessions we

uestions 

o find out how e
mance and behavi
lines for compari

long query (5 q
y (a) persistent s
, or (b) probabi
le assessments (a

est possible query
words and three q
canning of 10 sni
c scanning of up

rages of 1K trial
gy is identified b

h topic separately
ee query session
uery words, each
of 10 snippets an
ning of up to 10 
the average of 10

e will simulate id
nes: 1(a), 2(a), 3
y stochastic base

search questions

ve is ideal human
ulation strategies
arious CG goal an
tive is fallible h
formulation strat
arious CG goal an
does fallible hum
pared to ideal hu
the Baseline 2 a
gy across topics
in 90% of the be

gically, how to s
hensive session s
ed query formula

havioral Fac
factors allows 

mulations conduc
sm – the represe
d distorted. We s
del. 

ls and Cost 
ne when the sea
effort (s)he is w
e analyzed both
als and cost cons

l effectiveness in
sions. In real life 
ments (see [13]). 

test collection ha
scale with resp

ng scheme of 0/1/
highly relevant r
used open-ende

ere terminated a

effective session
ioral factors. For
ison.  

query word) sess
scanning of 30 s
ilistic scanning 
averages of 1K tr
y formulation str
queries, each que
ippets and ideal a
p to 10 snippets 
ls). The best po
by exhaustively t
y. 
n based on rand
h query followed
nd ideal assessm
snippets and fal

00 random trials

deal human basel
3(a). Fallible hum
elines: 1(b), 2(b),

s (RQ): 

n behavior emplo
s compared to d
nd time constrain
human behavior
egies compared 
nd time constrain
man behavior los
uman behavior? 
a-b, is there a wi
s? Which query 
est strategy effect
simulate a behav
subtasks, fallible
ation strategies. 

ctors 
control over e

cted according to
entation of sessi
shall next discuss

Constraints
archer is satisfie

willing to invest i
h ideal and fallib
straints via simul

n terms of the cum
the goal is often
 

ave graded relev
pect to the topic
/5/10 points for n
retrieved docume
d session gain go
as soon as the s

ns are under 
r this end we 

sion for each 
snippets and 
of up to 30 
rials). 
rategy based 
ery followed 
assessments, 
 and fallible 

ossible query 
trying all al-

dom choices 
d by (a) per-
ments, or (b) 
llible assess-
per topic. 

line behavior 
man baseline 
, 3(b).  

oying prede-
deterministic 
nts? 
r employing 
to stochastic 
nts? 
se in session 

inning query 
formulation 

tiveness? 
vioral model 
e human be-

experimental 
o behavioral 
ion behavior 
s the dimen-

s  
ed and cost 
in searching. 
ble searcher 
ations.  

mulated gain 
n to find one 

vance assess-
cs [17]. We 
non-relevant 
ents, respec-
oals, in other 
session time 

2298



constraint  was reached or alternatives in query modification ran 
out.  

There is a cost involved with the subtasks of formulating the query, 
scanning, reading snippets and (full) documents, and judging their 
relevance. Table 1 gives the subtask costs derived from earlier 
studies [1], [15] and employed in the present study. Even though 
reading and evaluating a document depend on the document length, 
we assumed the given average cost of 30 seconds, for reading and 
evaluating a document for its relevance. 

Table 1. Average subtask costs (in seconds)  

Session subtask Cost 

Entering a query word 3.0  
Scanning one document snippet  4.5 

Reading to assess one document 30.0 

Entering the relevance judgment 1.0 
 
We operationalized time constraints by setting the maximum ses-
sion duration to 3 and 6 minutes.  The simulated sessions were not 
allowed to continue by new subtasks (e.g., typing a query or brows-
ing snippets) once the time limit was reached. We also experiment-
ed with the open case (no time limit). 

3.2 Query Formulation Strategies 
We explored the limits of session-based searching by experimenting 
with a limited set of five search words for each particular topic. By 
using five words it is possible to construct 31 different word combi-
nations (i.e., unstructured queries) for a topic.  We had test persons 
to generate in a systematic way the five words for 41 topics of the 
TREC 7-8 test collection.  

We limited the length of the sessions to at most three queries.  The 
query formulation strategies entail all one to three query permuta-
tions of the 31 possible queries, producing nearly 28K distinct 
strategies. 

We paid attention in particular to the following four prototypical  
query formulation (QF for short) strategies (S1-S4) selected from 
among the almost 28K QF strategies (see [1] [4] [12]):  

S1: One-word variations: w1 -> w2 -> w3  

S2: Second word variations: w1 w2 -> w1 w3 -> w1 w4  

S3: Third word variations: w1 w2 w3 -> w1 w2 w4 -> w1 w2 w5  

S4: Two words extended: w1 w2 -> w1 w2 w3 -> w1 w2 w3 w4 

We studied exhaustively the effectiveness of all possible, nearly 
28K, QF strategies and the two other baselines (single long query 
and random sessions) as explained in Section 2.2.   

3.3 Snippet Scanning Strategies and Stopping 
A searcher may in principle scan one or more documents after each 
query before formulating the next query candidate or ending the 
session. In more detail, consider the handling of a single query Qi 
result up to 10 document snippets: 

Q1->s11->c11->r11->j11->s12->s13->c13->r13->j13->… 

Here sij stands for scanning a snippet, cij clicking on the snippet, rij 
reading the linked document, and jij judging its relevance. In the 
deterministic case, the simulated searcher clicks on every snippet 
representing a relevant document, and reads and judges every rele-
vant document. The cost of this session is composed of the costs of 
its component subtasks. 

In the literature (e.g. [7]), one can find several models for scanning 
behavior, such as the Cascade model or Expected Search Length 

and measures based on these models such as Expected Reciprocal 
Rank and Expected Browsing Utility to describe browsing behavior. 
However, these models do not cover varying session gain goals nor 
gains cumulated through earlier query results of the current session. 
Yet these factors affect the searcher’s decision whether to continue 
scanning or to stop the scan in favor of query formulation or to end 
the session. We propose such a formula P(skip) below. It gives the 
probability for the searcher to skip scanning of the current query 
result at the current rank. To our knowledge, there is no empirical 
model for multi-query browsing patterns under various search goals. 
Therefore the parameters of the formula need to be estimated in 
future studies. P(skip) =max(minቆ1, ∑ ܿ݋ܦ.ݎݑܥ1=݆ܿ݋ܦ.ݎݑܥ݆ߚ − α ∑ ܿ݋ܦ.ݎݑܥ1=݆ܿ݋ܦ.ݎݑܥ(݆)݃ +(1 − α) Gain݈ܽݐ݋ܶݕݎ݁ݑݍ.ݒ݁ݎ݌	݈ܽ݋ܩ ቇ , 0)  
In the P(skip) formula, Cur.Doc is the current rank, "ߚ" is a parame-
ter for current query effort factor, "α" is a weighting factor between 
the current query gain and the gain of previous queries in the ses-

sion (
ୋୟ୧୬೛ೝ೐ೡ.೜ೠ೐ೝ೤்௢௧௔௟	ீ௢௔௟ ), and g(j) is the gain of the jth document in the 

ranking. Total Goal is the gain at which user information need is 
satisfied. The first major component in the formula accumulates 
searcher effort by each snippet/document scanned for the current 
query, thereby increasing skipping probability. The second compo-
nent decreases the skipping probability for each relevant document 
found, representing growing searcher interest. The third component 
takes the effect of previous queries into account; the more the pre-
vious queries accumulate gain, the more the skipping probability 
increases. Skipping probability increases especially when current 
query does not retrieve relevant documents. The parameter "ߚ"  (β ≥ 
1.0) is set to 1.1 in the present experiments and the parameter "α" (0 
≤ α ≤1) to 0.5 in order to give equal importance between both types 
of gains.  

3.4 Relevance Related Behavior 
Snippets are not always informative and/or the searcher does not 
understand (or overlooks) their relevance [18]. Moreover, the 
searcher does not always understand (or notice) the relevance of the 
documents (s)he has read. Therefore their relevance judgments may 
be incorrect.  According to [8] [19], this depends on document 
relevance level. These can be modeled as probabilities. Table 2 
shows correct clicking and assessment probabilities by the rele-
vance degree of the underlying document. For example, the simu-
lated searcher will click the snippet of a non-relevant document (of 
relevance degree 0) with the probability of 27%. The probabilities 
increase toward highly relevant documents (cf. [19]) which are 
judged as relevant with the probability of 97%. 

Table 2. Action probabilities and relevance scores by document 
relevance degree  

Feature of Behavior Relevance degree 
0 1 2 3 

Clicking Probability 0.27 0.27 0.34 0.61 
Judgment-as-Relevant Prob. 0.20 0.88 0.95 0.97 
Flat Gain Scores  0 1 1 1 
Skewed Gain Scores 0 1 5 10 

 
We employ two relevance scoring schemes (Table 2): a binary one 
(named flat), and a non-binary one, giving more weight to more 
relevant documents (named skewed). Relevance scoring is difficult 
to relate to searcher preferences which may vary between searchers 
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and their situations. As a variable, relevance scoring allows experi-
mentation with possible effects. 

4. EXPERIMENTAL SETTING 
4.1 Session Generation 
Typically, users continue search sessions until either their infor-
mation need is at least partly satisfied or they run out of time or 
ideas for a new query. Thereby they can formulate a varying num-
ber of queries in different ways. The scanning length of the search 
results may fluctuate for many reasons as well. We examined all 
possible sessions under the constraints explained above. We formed 
all possible 3 query permutations as sessions using a sequence of all 
possible queries available per topic, and simulated scanning the 
results under fallible behavior through one thousand trials. Keskus-
talo and colleagues [12] indicated that the available query words 
were likely created in descending order of effectiveness. Therefore, 
when generating sessions for predefined strategies, the query words 
were used in that particular order, and not permuted. 

There are two types of session generation: deterministic and sto-
chastic. Altogether, we ran 41 topics * 27931 permutations = 
1,145,171 sessions for each experiment in the deterministic case. 

Stochastic session generation can be described best with a state 
automaton, which is depicted in Fig. 1. Searcher’s actions depend 
on probabilities (see Table 2 and Section 3.3).  

Because the execution of experiments entails probabilistic deci-
sions, the outcome of every experiment varies accordingly. As we 
sought statistical stability in our findings, we applied the Monte 
Carlo method where the experiment is repeated several times. In 
order to find the optimal number of repetitions (or cycles), we 
conducted  several experiments with varying numbers of cycles. 
The average of maximum CG values quickly reach an asymptote. 
For robust results on interactive behaviors we utilized 1000 cycles 
for each session. Therefore we ran 27931*41*1000 = 1,145,171,000 
sessions for each experiment in the stochastic case. 

4.2 Test Collection and Search Engine 
We used a subset of the TREC 7-8 document collection with 41 
topics for the experiment. The documents have graded relevance 
assessments on a four-point scale with respect to the topics. [17]  

The IR system Indri (http://www.lemurproject.org/indri/) with 
language modeling and two-stage smoothing was used.  

4.3 Data Analysis 
With by-topic trained best strategy we mean the strategy that is 
distinctly optimized for each topic and then CG values are averaged 
across topics. One should notice that these maximally performing 
strategies are not the same across the topics. With across-topics 
trained best strategy we mean the strategy that is on average the 
most robust one across topics but not always the best one for an 
individual topic. 

We conduct robustness analysis of the QF strategies by collecting 
the top performing strategies which achieve 90% of the maximum 
gain in each experiment and by comparing them across topics. The 
ten percent slack enables us to compare the predefined strategies 
with not only the outliers but the best performers in this range. 
Therefore practical conclusions can be inferred. 

5. EXPERIMENTS 
5.1 Baseline Sessions 
We shall first look at how effective our baseline sessions are: single 
long query sessions, best possible three-query sessions, and what is 
the expected effectiveness of fully random strategy selection. Table 

3 reports for three session types the CG and cost under two scoring 
schemes and two behaviors: deterministic and stochastic.  

Table 3. The effectiveness and cost (s) of baseline sessions  

Session Type 
Deterministic Stochastic 
CG Cost CG Cost 

 Flat Scoring 0-1-1-1 
One Long Query 8.6 406.7 2.4 272.0 
Best Session** 9.0 404.9 3.0 292.9 
Random Session* 4.7 300.5 1.4 267.1 
 Skewed Scoring 0-1-5-10 
One Long Query 47.3 406.7 16.0 258.4 
Best Session** 48.7 404.9 21.3 292.9 
Random Session* 26.8 300.5 10.2 265.4 

* One hundred cycles ** Best by CG (1K cycles) 

We can see in Table 3 that deterministic scanning (without frustra-
tion) yields roughly three times more gain than the stochastic one 
but also costs 0.5 to 2.5 minutes more in time. Random sessions 
yield roughly 55% to 60% of the gain of “one long query” sessions 
but also require less time, from 75% to 100% of the time of the “one 
long query” sessions. 

Further, Table 3 shows that skewed weighting with fallible scanning 
yields about 35% of the gain of deterministic sessions whereas flat 
weighting only yields about 30%.  

The best sessions are comparable in gain and cost to the “one long 
query” session except in the case of stochastic sessions with skewed 
scoring, where the best sessions gain about 30% more than the long 
query sessions with a penalty of 30 seconds. 

5.2 Ideal Sessions 
Table 4 presents the results on ideal sessions. We find how effective 
various QF strategies under time constraints and two weighting 
schemes are. The column “Actual Time” indicates the actual time 
spent for the goal. It is often a bit over the constraint, because any 
action that was initiated before meeting the constraint was carried to 
its end (e.g., relevance judgments were not interrupted). However, 
with higher constraints, it is often less than the constrain indicating 
that the three queries have been used and all results scanned. 

Table 4. The average effectiveness of ideal sessions under cost 
constraints (s). N= 41 topics, (Selected results) 

Time  
Constraint 

Strategy 
Actual 
Time 

CG 
Flat Skewed 

180 S1 174.1 2.2 14.0 
 S2 188.8 3.5 19.9 
 S3 187.8 3.4 20.1 
 S4 187.3 3.4 19.7 
 Best 175.6 4.3 29.6 
360 S1 230.6 3.0 19.0 
 S2 301.5 5.3 29.4 
 S3 312.7 5.4 31.3 
 S4 304.6 5.0 28.5 
 Best 312.1 7.2 43.2 
Open time S1 238.5 3.1 19.1 
 S2 336.0 5.9 31.8 
 S3 351.0 6.1 34.7 
 S4 326.1 5.3 29.8 
 Best 404.9 9.0 48.7 

 
We can see in Table 4 that the predefined strategies S2 and S3 with 
ideal behavior are the most effective (shaded cells in Table 4). They 
are clearly more effective than the expected effectiveness of random 
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each other in effectiveness with fallible behavior. The strategy S1 is 
again ineffective as in deterministic case.  

The third RQ was about the difference in effectiveness between 
ideal and fallible human behavior. In the baselines, the effectiveness 
of the fallible behavior is 28% to 44% of the ideal behavior. 
Comparing results, fallible behavior reaches 27% to 58% of ideal 
behavior effectiveness, with averages of 39% (flat scoring) and 46% 
(skewed scoring). Probabilistic scanning and fallible relevance 
assessment clearly decrease effectiveness but less regarding highly 
relevant documents – reflected in the higher figure for skewed 
scoring – due to fewer errors in their assessment (cf. Table 2).This 
is an encouraging finding about human effectiveness. 

The fourth RQ was about identifying a winning QF strategy across 
topics. Table 3 shows the effectiveness of the by-topic optimized 
best sessions. For these figures, different topics may have had 
different formulation strategies. Indeed, there was no QF strategy 
among the almost 28K examined ones that was optimal for more 
than one topic. Table 6 shows that the best across-topic QF 
strategies achieve good performance in 29% to 42% of the topics in 
the ideal case, and in 22% to 24% of the topics in the fallible case. 
For the best predefined QF strategies the percentages are 5% to 7% 
units smaller. The findings suggest that topic-focused interaction is 
necessary for good session effectiveness. Alternatively, if one has 
the words available, a long query combined with persistent scanning 
is effective. 

The fifth RQ was about the simulation methodology. We employed 
a comprehensive multiple query session model including several 
subtasks, and several behavioral factors, goals and constraints. This 
combination is unique. Prior simulations of interactive IR have 
focused on single query sessions (e.g., [15]), have only had one goal 
of maximizing gain (e.g., [3]), have a snippet scanning model not 
taking the sessions goal (or frustration) explicitly into account (e.g., 
[7]),  have not employed time constraints  (e.g., [3][12]), have not 
considered QF strategies (e.g., [15]), or have not considered 
fallibility in snippet or document relevance assessments (e.g. [4]). 

Despite of the great number of sessions simulated, much more could 
have been done. The possibilities and the limitations at the present 
study include: the parameters of the experiments, the search 
engine(s), the search interface(s), and the test collection.  

7. CONCLUSIONS 
We have proposed a novel approach to study the effects of searcher-
related behavioral factors in interactive IR on retrieval effectiveness. 
This approach allows extending the use of traditional test 
collections to incorporate behavioral factors in a 
controlled experimental design.  

We found among others that (a) there is no single best strategy for 
all topics but the strategy must be adapted to the topic, (b) the best 
predefined strategies are top-scoring in no more than one in six 
topics; however some strategies people use in real life are clearly 
inferior even compared to randomly structured queries; the best 
strategies utilized two or three words per query, (c) fallible behavior 
is clearly inferior to the ideal one while the latter is not realistic, and 
(d) the models for scanning behavior proposed earlier in the 
literature for individual queries should be extended for multi-query 
sessions and varying search goals.  
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