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Abstract

An unplanned hour of downtime can cost large manufacturing companies up to 142 &/s.
The fast availability of spare parts is therefore a key to efficient reactive maintenance. The
goal of this thesis is testing the hypothesis that visual search is faster and more accurate
than text search and navigation in spare part search. To that end, an overview of spare part
management and its stakeholders is gained. The general functionality of search engines is
described and differences between visual and text search are determined. Differences in
task time and search success are to be retrieved through a quantitative usability test and
post-test questionnaires. Unmoderated remote test sessions are designed and conducted

on 54 experts and laypeople.

The obtained findings reveal that visual search is significantly faster than text search for
both sample groups and more successful for the laypeople sample. The differences are
tested for statistical significance. The confidence interval for the mean difference in task
time ranges from 49:23s to 161:21s. A difference that users are likely to perceive. A
statistically significant mean difference in success rate between visual and text search can
only be determined for laypeople. The confidence interval for the mean difference in
success rate ranges from 0:02 to 0:32. This raises the hypothesis that visual search can
enable laypeople to find spare parts as accurately as experts by means of visual search.
The results of the post-test questionnaires demonstrate that despite the uncertainties in
statistical significance, the visual search experience is perceived as better by laypeople and
experts. Therefore, the combination of statistical results and the qualitative user perception

demonstrate the enormous potential of visual search in spare parts search.

This thesis is written in English and is 60 pages long, including 7 chapters, 22 figures,
and 13 tables.

Keywords: visual search engine, text search, spare parts search, quantitative usability

testing, efficiency, effectiveness
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1 Introduction

The proverb “time is money” governs maintenance management in the manufacturing
industry. Recent surveys with large, multinational manufacturing companies reveal that
an unplanned hour of downtime costs on average between 250 000 & and 511 000 & [1][2].
This can translate to up to 8600 & per minute and 142 & costs per second. In the automotive
industry, the costs can exceed 1250 000 & per hour [1]. These costs include among others
the costs of wages and salaries involved for reactive maintenance and the expediting of
emergency spare parts [1]. According to Biedermann, working time studies show that
maintenance staff spend an average of 10 % of their daily working time identifying suitable
spare parts and finding them in the warehouse [3]. Considering that labour cost amounts
to up to 43 % of direct maintenance costs [4], a significant amount of maintenance costs
is being spent on spare part search. Shortcomings in the identification and search process

of spare parts affect stakeholder along the whole supply chain of spare parts [5].

This thesis evaluates the effect of a new dimension to spare part search: visual search.
To this end, the decisive metrics for the usability of search engines are examined and a
quantitative usability test is conducted. For this purpose, the expertise of maintenance
technicians and spare parts managers from the manufacturing industry is needed. The
goal of the thesis is to test the hypothesis that visual search is faster and more accurate
than text-based search and navigation. Thereby, a new benchmark for further research is

targeted. The framework of this thesis is summarised in Figure 1.

. Test Design and Data
Hypothesis: Collection:

Visual search is faster and « Identification of Acceptance or Rejection

more accurate than text- relevant metrics of Hypothesis
based search and

navigation Experiment to

measure metrics

Figure 1. Framework of Thesis.

The thesis is structured along the following chapters:

First, in Chapter 2, a brief introduction of spare parts management systems is given
and a basic understanding of the technical functionality and the use cases of search

engines is created.
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In Chapter 3 the state of the art metrics to evaluate search engines from the user

experience perspective are presented.

Chapter 4 covers the methodology of quantitative usability testing that is applied
in this thesis. First, the selection of the search query data, the test search engines
and the test users is defined. Secondly, the method for the analysis of the resulting

search metrics and the approach to statistical testing is explained.

In Chapter 5 the empirical results of the benchmark test between visual and text-
based search are presented and statistically analysed. In addition, the collected

qualitative feedback data from the user testing is summarised.

In Chapter 6 the applied method and the obtained results are critically reflected.
Subsequently, conclusions are drawn and further need for research is discussed.

Chapter 7 provides a summary of the thesis.

13



2 Background

This chapter provides an introduction into spare parts management and introduces the
concept of search engines. Thereby, the scope of examination of the present thesis is
defined as illustrated in Figure 2. Furthermore, terms for better understanding of the thesis
are introduced and specified. In the first section, an overview of spare parts management
is given. A summary of spare parts management systems deployed for spare part search
is presented and its stakeholders are defined. Subsequently, an introduction into search
engines is given and their functionality is briefly explained. Thereby, differences between

text and visual search are outlined.

2.2

Search Engines
* Design

* Architecture

* Applications
* Concepts for
Search Success

2.1

Spare Part
* Management
* Identification
» Stakeholders

Spare Part
Search

Figure 2. Structure of chapter 2 ‘Background’.

2.1 Spare Parts Management

According to Teixeira et al., spare parts management is a function of maintenance man-
agement that aims to support maintenance activities, giving real-time information on the
available quantities of each spare part and adopting the inventory policies that ensure their
availability when required, minimizing costs [6]. The components of a spare part system
and their relationships are illustrated in Figure 3 according to Biedermann. The spare part
inventory is primarily shaped by the system and the technology that manufacturing com-
panies deploy. Secondarily, the customer or machinery, determines the demand of spare
parts through maintenance activities. The inventory policies identify which spare parts

are ordered from the supplier.[3]
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Figure 3. Components of spare part system [3].

Reactive maintenance and therefore efficient spare parts management is crucial since
large manufacturing companies have unplanned downtime costs of 250 000 & to 511 000 &
per hour [2][1]. In the automotive industry, the costs are even larger at 1250 000 & per
hour. Although these figures span a large range, they indicate the significant magnitude

of cost due to unplanned downtime.

2.1.1 Spare Parts Management Systems

In most manufacturing and production systems, an enterprise resource planning (ERP)
system is used to manage and monitor spare parts in stock as well as in- and outflows. In
all ERP systems, the stock database contains basic data on each item, including a unique
item number, an item description, the current quantity in stock, the ordered quantity and
the minimum stock level. Today’s ERP systems accommodate text-based search with
different levels of complexity. According to Biedermann, it is important that in the event
of plant malfunctions, maintenance can identify the required spare parts with a high degree
of'accuracy and schedule them from the warehouse. It is known from working time studies
that maintenance staff spend an average of 10 % of their daily working time identifying

suitable spare parts and finding them in the warehouse.[3]
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2.1.2 Spare Part Identification Systems

According to Biedermann, identification systems are becoming increasingly important in
spare parts management. They are deployed in the spare parts management systems con-
cerning the stock, the transfer or retrieval, the transport, and also the repair of spare parts.
Identification systems support both the organisational processes and the allocation of spare
parts to orders.[3] The most common technologies for spare part identification are serial
numbers on the spare part itself, bar codes, 2D data codes and radio frequency identifica-
tion (RFID) labels. Bar codes and 2D data codes such as the quick response (QR) code
are easily applicable as stick-on labels.[7] They can easily be read by laser-based scanners
or any smartphone device with the appropriate application. However, many spare parts
do not possess any identifier at all. Therefore, traditional paper documentation and cat-
alogues need to be searched through in order to identify them. An additional challenge
attached to bar code and QR code labels is their sensitivity to dirt and destruction in an
industrial environment, leaving them unreadable. RFID labels, on the other hand, can be
read without line-of-sight access. However, the decisive disadvantages of the aforemen-
tioned technologies concerning spare part identification are that they cannot be applied to

small spare parts and suffer through wear and tear.[3]

2.1.3 Stakeholder of Spare Part Search

According to Oumaima et al., the supply chain of spare parts is the intersection between
the supply chain, after-sales and maintenance services [8]. Spare parts search is con-
ducted on both sides of the spare part supply chain, i.e. on the supplier side as well as
on the consumer side. On the consumer, or spare part user side, spare part search may
be allocated as a cross-divisional supply chain function. The stakeholders that undertake
spare part search regularly may come from different divisions, i.e. procurement or man-
ufacturing.[3] Typical stakeholders on the spare part consumer side are maintenance and
service technicians, as well as maintenance engineers. On the supplier side, spare part
search is conducted mainly by the customer and technical support. However, stakehold-
ers on both sides may also come from cross-divisional spare part logistic and management
functions.[3] The decentralized management configuration of spare parts causes the lack
of information sharing between technicians, which can generate significant costs and low

quality of service [8].

Besides the direct stakeholders, spare parts search affects multiple indirect stakeholders,
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since downtime of machinery can cause a chain of delays. These include customers of
spare part consumers who are waiting for their products or original equipment manufac-

turer (OEM) sales since machinery sales might depend on the quality of spare parts service.

2.2 Search Engines and Information Retrieval

Information retrieval includes structuring, analyzing, organizing, storing, searching and
retrieving information [9]. The focus of this thesis lies on the search and retrieval of spare
part information. Thus, in the following, the background information for a general under-
standing of search engines is given. The first section outlines the fundamental concepts of
search engine design. In the second section, the generic architecture of search engines and
the differences between text and visual search are presented. The third section addresses
types of applications of search engines that are relevant to the understanding of this thesis.
The forth section provides a brief overview of the role of navigation and the importance

of search engine results pages (SERPs) in search success.

2.2.1 Search Engine Design

Search engine design is based on the fundamental themes of information retrieval. Ac-

cording to Croft et al., these themes are distributed among the following core topics:

Relevance
Evaluation

Information need

The concept of relevance defines whether a search result contains the information a user
is looking for when submitting a search query to a search engine. Relevance can be cate-
gorised into two types: topical relevance and user relevance. Topical relevance signifies
that the search result file is on the same topic as the query. User relevance, however, takes
the subjective perception into account, i.e. whether a user perceives the result as relevant
or not. Within the scope of this thesis, the focus lies on user relevance. The second key
theme in information retrieval is evaluation. Evaluation concerns the development and
deployment of metrics to measure the quality of the retrieved information. The evaluation

of search engines is the key theme of the present thesis and is focused on in Chapter 3.
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The third core topic of information retrieval is the information need. An information
need is the underlying cause of the query that a person submits to a search engine. The
information need is presented to the search engine in the form of a query. Especially text
queries are often poor descriptions of what the user is actually searching for. According to
Croft et al., numerous studies are concentrating on the development of techniques to help
people express their information needs. This emphasises the poor usability of text search

in terms of expressing the information need.[9]

2.2.2 Search Engine Architecture

According to Croft et al., a search engine is a software system that applies information
retrieval techniques to large-scale databases, i.e. a collection of either structured or un-
structured data [9]. In other words, a search engine is a computer program to find answers
to queries in a collection of information, which might be a library catalog or a database

[10]. The two primary objectives of a search engine are:

effectiveness (retrieve the most relevant set of results for a search query)

and efficiency (retrieve the results for a search query as quickly as possible).

These determine the architecture of a search engine and will be presented in further detail
in chapter 3. The architecture of search engines consists of software components, their
interfaces and the relationships between the components. An outline of the main compo-

nents and their tasks is presented in the following section.

2.2.3 Indexing and Query Process

The software components fulfill two main tasks, the indexing process and the query pro-
cess, i.e. getting data into the search engine and out again during search. The indexing
process creates the data structure that the query process accesses during the search process.
Thereby, the query process matches a user’s query to the results of the indexing process

to produce a ranked list of files.[9]

The indexing process consists of three main parts, i.e. data acquisition, data transforma-
tion, and index creation as depicted in Figure 4. The data acquisition component identifies

data files that will be searched and stores it in a data store, i.e. the data collection. This
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Figure 4. Indexing Process according to Croft et al.[9].

data store contains the data files and also metadata for all data. Metadata is information
about data files that is not part of the data file content. Metadata can contain a multitude
of information, such as the type (e.g. text, image or web page), the structure, or the size of
a file. Data files stored through the data acquisition process are then transformed by the
data transformation component into features, which are called index terms for text files.
Index terms, or features, are the representatives of the data file content. The index creation
component takes the index terms and creates data structures to enable fast searching. The
main objective in index creation is efficiency since indexes need to be updated as fast as
possible when new data is added to the data store.[9][11]

The query process also consists of three main components, i.e. user interaction, ranking
and evaluation and is illustrated in Figure 5. The user interaction components provides
the interface to the user. Upon query entry, the user interaction component transforms it
into features. The user interaction component also deploys multiple techniques to refine
the query so that it better represents the information need of the user. This component also
accepts the ranked list of returned data files from the search engine and organises the list
into a search engine result page. To this end, it resorts to the data base to get information
from the respective data file. The heart of a search engine is represented by the ranking
component. The ranking component or retrieval model compares or matches the feature
vectors to those in the database using a previously defined similarity (also distance) mea-
sure. There is a match if the distance between the query vector and a vector representing
an indexed image is less than or equal to a threshold. The efficiency of the ranking cor-

relates to the indexes and the effectiveness to the retrieval model. Finally, the evaluation
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Figure 5. Query Process according to Croft et al.[9].

component provides measurements and monitoring of efficiency and effectiveness.[9]

Despite the obvious differences between text and visual search that are outlined in the
following, the basic algorithms and functions are very similar and their architectures are
based on the indexing and query processes depicted in Figure 4 and Figure 5. For illustra-
tion purposes, the complete visual search process is depicted in Figure 6. Text and visual
search differ primarily by the type of query data and thus also the data transformation
process. In text search the query data consists of text files, while visual search or reverse
image search takes images as input and returns results related to the query image [12].
Visual search is a type of content-based image retrieval (CBIR)[13], which means that it
has to solve the intrinsic problem of describing an image mathematically in order to create
a searchable index [14]. According to Datta et al., the abstract mathematical description
of an image, for retrieval purposes, is referred to as its signature. The construction of im-
age signatures corresponds to the extraction of features, or the extraction of index terms
for text files. Features in terms of visual search are defined to be visual properties of an
image, either globally for the entire image or locally for a small group of pixels. The most
commonly used features are color, texture, shape, and salient points in an image.[14] Sim-
ilar to the text-based search, the result of the feature vector matching process is a ranked
list of images.[13]

20
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2.2.4 Applications of Search Engines

Search engines are deployed over a range of tasks and applications. The most common ap-
plication of information retrieval is the search on the internet, also known as Web Search.
Another well-known search engine is desktop search, where the information corpus are the
files stored on an individual computer [9]. There are several other applications of search
engines. Within the scope of this thesis, the focus lies on enterprise and site search, which
are deployed for spare part search. Enterprise Searchis defined as the information retrieval
among a large variety of both structured and unstructured computer files across a dis-
tributed corporate intranet. The corporate intranet may consist of various different sources
such as web pages, reports, spreadsheets and structured data in corporate databases.[9][15]
Enterprise search differs a lot from searching the web since when searching an intranet,
commonly a “right” result exists as a specific file. In contrast, when searching the web,
it is the best matching set of web pages that are relevant. According to Mukherjee et al.,
enterprise search may be more difficult, since finding the right answer is often more
difficult than finding the best answer.[16] Ste Search, often also e-commerce search,
is similar to Web Search but is restricted to the web pages at a given website. Site search
enables companies to implement search engines on their websites. The providers of site
search only index the respective website through an application programming interface

(API) and implement a search box on the website [17].

2.2.5 Concepts Contributing to Search Success

Many enterprise and site search engines combine their text search interface with a faceted
navigation structure since it allows a user to elaborate the search query progressively,
learning from the available options [18]. Most of the data collections are semi-structured.

Faceted search is the combination of faceted navigation of structured content and text
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search applied to unstructured text content. User studies demonstrate that faceted search
provides more effective information-seeking support to users than conventional search.
Faceted search has become increasingly prevalent in online information access systems,

particularly for e-commerce and site search.[18]

As outlined in Section 2.2.1, the query process ends on the ranked list of results, also
called SERP. According to a study by Oulasvirta et al., the presentation of search results in
general affects the choice and satisfaction of users significantly. The study proved that an
increasing recall, i.e. the proportion of relevant documents that are retrieved, can actually
work counter to user satisfaction if it implies choice from a more extensive set of result
items.[19][9] Regarding reverse image search, according to Datta et al., the presentation
of search results is one of the most important factors in the acceptance and popularity of

an image retrieval system [14].
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3 State of the Art

This chapter sets out the concept of search engine usability evaluation. Hereby, the scope
of parameters to be examined in the quantitative usability testing of visual against text
search is defined. Terms for better understanding of the thesis are introduced and specified.
In the first section search usability evaluation metrics are examined and a selection is made
for further deployment. In the second section a brief overview of existing evaluations for

text-based search and visual search is presented and benchmark deficits are elaborated.

3.1 Search Engine Usability Evaluation

According to Croft et al., evaluation is essential to understanding whether a search en-
gine is being used effectively in a specific application. Therefore, evaluation is key in
enhancing the performance of search engines.[9] In the present thesis the focus lies on the
usability dimensions of search engine performance. The International Organization for
Standardization (ISO) 9241:11 standard defines usability as “the extent to which a prod-
uct can be used by specified users to achieve specified goals with effectiveness, efficiency
and satisfaction in a specified context of use”.[20] These concepts are introduced in the
following sections. The respective usability metrics are defined in the ISO/International
Electrotechnical Commission (IEC) 25 022:2016 standard Systems and software engineer-
ing - Systems and software quality requirements and evaluation (SQuaRE) - Measurement
of quality in use and will be elaborated on below [21].

3.1.1 Usability Metrics for Effectiveness

According to ISO/IEC 25022:2016, effectiveness is the accuracy and completeness with
which users achieve specified goals [21]. According to Sauro et al., the key effective-
ness metrics are usability problems, errors and completion rates. Usability problems have
names, a description, and often a severity rating that takes into account the observed prob-
lem frequency, i.e. the number of errors, and its impact on the user. Errors are any un-
intended action, slip, mistake, or omission a user makes while attempting a task. Error
counts can go from 0 (no errors) to technically infinity. Completion rates, also called suc-
cess rates, are the most fundamental of usability metrics. They are typically collected as
a binary measure of task success (coded as a 1) or task failure (coded as 0). Within the

scope of the present thesis, the focus lies on the success rate of a search task as a metric
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for effectiveness of search engines.[22]

3.1.2 Usability Metrics for Efficiency

According to ISO/IEC 25022:2016, efficiency encompasses the resources expended in
relation to the accuracy and completeness with which users achieve goals [21]. According
to Sauro et al., efficiency is measured in terms of task time, i.e. the amount of time that
a user spends on an activity. Most often the task time is the amount of time that it takes
a user to successfully complete a predefined task scenario but it can also be total time on
a web page or call length. Task time, or duration, is typically reported as an average.[22]
According to Sauro et al., the task duration can be measured and analyzed in the following

ways [22]:

Task completion time: Time of users who completed the task successfully.
Time till failure: Time on task until users give up or complete the task incorrectly.

Total time on task: The total duration of time users are spending on a task.

Within the scope of this thesis, task time refers to the total time on a search task. Ef-
ficiency is a way of combining task success and task times into a single measure that
represents task success per unit of time [23]. However, within the scope of this thesis, the

metrics are analysed separately from one another.

3.1.3 Usability Metrics for Satisfaction

According to ISO/IEC 25022:2016, satisfaction signifies the comfort and acceptability
of use of a software, e.g. search engine [21]. Satisfaction can be measured by means of
questionnaires. According to Sauro et al., questionnaires that measure the perception of
the ease of use of a system can be completed immediately after a task (post-task question-
naires), at the end of a usability session (post-test questionnaires), or outside of a usability

test [22]. Within the scope of the present thesis, post-task questionnaires are deployed.
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3.2 Benchmarking Deficits

Numerous studies have focused on search engine (i.e. both text-based and RIS) evaluation
based on the ISO/IEC 25 010:2011 standard Systems and software engineering & Systems
and software Quality Requirements and Evaluation (SQuaRE) & System and software
quality models, for example: [24], [25] and [9]. This standard encompasses usability
among the main software quality attributes (i.e. functionality, reliability, performance,
maintainability, potability and reusability). According to this standard, the evaluation
of usability metrics concentrates on search engine architecture metrics such as accuracy,
precision or response time and are typically done in tightly defined experimental settings
[9].[26]

However, according to Croft et al., search is an interactive process involving different
types of users with different information problems. In this environment, the performance
of search engines will be affected by many factors, such as the interface used to display
search results and query refinement techniques, such as query suggestion and relevance
feedback.[9] At present, there is a research deficit for quantitative comparative evaluations
of the usability of search engine performance regarding different types of search engines.
The present thesis presents an attempt at this holistic evaluation of the performance of

visual search against text-based search and navigation.
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4 Methodology

In this chapter, the methodology to compare the performance of visual search to text search
and faceted navigation is set. The aim is to reject statistically the null hypothesis that there
is no difference in performance between visual and text search. Hereby, a comparative
empirical approach to usability analysis is chosen. A summary of the applied method is

given below and illustrated in Figure 7.

Within-subjects design
4.1 * 51 Participants

Quantitative Usability « 16 Search Tasks

Test * 2 Metrics: Success Rate and Task Time

* Treatment of Missing Values

42
i . * Treatment of Outliers
Analysis of Emplrlcal * Evaluation of Differences
Metrics

* Descriptive Statistics

43 Difference between Text and
Validation of Metrics: Visual Search Significant?
Statistical Significance * Paired t-Test on Difference in

Testing Task Time and Success Rate

Figure 7. Applied method for evaluating the performance difference between visual and text-based search.

In the first section, a method for data collection, quantitative usability testing, is chosen
and introduced. Hereby, the within-subjects test design is defined and its application on
search engine comparison is elaborated on. The subsequent definition of the evaluation
corpus and the selection of participants for the sample sets out the scope of examination.
Two search query test sets, 16 spare parts each, are defined. Two sample groups are se-
lected: 1) maintenance technicians and spare parts managers and 2) laypeople. Concluding

the first section the deployed visual and text-based search engines are examined.

The second section addresses the approach to pre-processing and applying descriptive
statistics to the metrics obtained in the quantitative usability test. The calculation of dif-
ference metrics and their examination regarding central tendencies and measures of vari-

ability is outlined. This examination is conducted for both sample groups.

The third section covers the method to test whether the difference in metrics between the

search engines is greater than what would be expected from chance. By determining the
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statistical significance, the difference that may likely exist in the untested population may

be determined.

4.1 Quantitative Usability Testing

The goal of the quantitative or summative approach to usability testing is to describe the
usability of an application using metrics [22]. Within the scope of the present thesis, the
metrics introduced in chapter 3.1 are examined: success rate, task time and satisfaction.
According to Sauro et al., collecting multiple metrics in a usability test is advantageous be-
cause this provides a better picture of the overall user experience than any single measure
can [22].

4.1.1 Evaluation Corpus

The evaluation corpus, i.e. the data set deployed for the test, is based on the products and
services catalogue from a standard spare part manufacturer. The data set consists of 34 534
standard spare parts with a total number of 34 817 images. The spare parts are distributed
across the following main product categories: Operating Parts, Clamping Parts, Machine
Parts. The evaluation corpus comprises the following data to each spare part: full name
of spare part, product identification (ID) (also stockkeeping unit (SKU)), attributes of
the part, a dimensions image, the article group title, group ID, a photo of the part, the

assignment to five level categories and a three-dimensional (3D) model of the part.

According to Croft et al., the evaluation corpus in information retrieval is unique in that the
queries and relevance judgments for a particular search task are gathered in addition to the
documents.[9] In the case of the present experimental setup the relevance judgements for
each query are conducted by the same three people. The scope of relevance judgements

is very small since there are only one or two files, i.e. spare parts, relevant to each query.

Query Test Set

16 spare parts are randomly selected from the product catalogue across different categories
and ordered. The complete set of spare parts that represent the test set is depicted in

Figure 8a. Two query images are shown in Figure 8c and 8b for illustration purposes.
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