


Hereby I declare that I prepared this thesis within the Doctoral Council of
Natural Sciences and Engineering, Doctoral School of Informatics,
University of Debrecen in order to obtain a PhD Degree in Engineering at
Debrecen University.
The results published in the thesis are not reported in any other PhD theses.
Debrecen, ... August 2025.

……………………..
signature of the candidate

Hereby I confirm that Beatrix Katalin Szabó candidate conducted her studies with my 
supervision within the Applied Information Technology and its Theoretical Background
Programme of the Doctoral School of Informatics between 2018 and 2025. The 
independent studies and research work of the
candidate significantly contributed to the results published in the thesis.
I also declare that the results published in the thesis are not reported in any other
theses.
I support the acceptance of the thesis.

Debrecen, ... August 2025. ………………………….
signature of the supervisor

II



DEVELOPMENT OF A VIRTUAL REALITY APPLICATION AND 
GENERAL METHODOLOGICAL CONSIDERATIONS FOR 

SEEKING CODE FOR A POSSIBLE CONTINUATION

Dissertation submitted in partial fulfilment of the requirements for the 
doctoral (PhD) degree in Informatics

Written by Beatrix Katalin Szabó
electrical engineer (MSc), ergonomics engineer

Prepared in the framework of the 
Doctoral School of the University of Debrecen

(Applied Information Technology and its Theoretical Background programme)

Dissertation Supervisor: Dr. Attila Gilányi 

The official opponents of the dissertation:

Dr. ...............................................      

Dr. ...............................................      

Dr. ...............................................      

The evaluation committee:

chairperson: Dr. ............................................      

members: Dr. ............................................      

Dr. ............................................      

Dr. ............................................      

Dr. ..................................................

The date of the dissertation defense: ………………
III



Table of Contents

1. Introduction..................................................................................................1
2. Using a virtual reality headset in the simulation of a control room.............4

2.1. Introduction..........................................................................................4
2.2. Hardware, operating system, and game engine...................................5
2.3. Integrating the headset with the application........................................7
2.4. Implementing an autofocus feature......................................................7
2.5. Headsets: problems and perspectives.................................................12
2.5.1. Physical characteristics...................................................................12
2.5.2. Resolution and graphical data communication throughput............12
2.5.3. Vergence-accommodation conflict..................................................13
2.5.4. Drift.................................................................................................14
2.5.5. Combining with sensors and providing stimuli for other senses....15

3. Rigged hand model for the Blender Game Engine....................................16
3.1. Introduction........................................................................................17
3.2. Leap Motion's representation of the hand..........................................19
3.3. A step-by-step guide to the rigging....................................................21
3.4. Interfacing with Leap Motion............................................................28
3.5. Summary............................................................................................31

4. Interaction in an immersive virtual reality application..............................33
4.1. Introduction........................................................................................34
4.2. NUIs...................................................................................................35
4.3. Gestures..............................................................................................38
4.4. Designing gesture-based interaction..................................................43
4.5. Application: interaction in a virtual control room..............................45
4.6. Conclusion and future directions.......................................................48

5. Immersion in virtual reality literature........................................................50
5.1. Introduction........................................................................................51
5.2. Two glimpses into the history of VR and immersion........................52
5.3. Immersion as a transmedial phenomenon..........................................53
5.4. Immersion in VR literature................................................................56
5.5. A tertiary literature review on immersion..........................................66
5.6. Conclusion.........................................................................................68

6. Web search of software developers — Features and tips..........................69
6.1. Introduction........................................................................................69

IV



6.2. Features of developers’ web searches................................................70
6.3. Exploratory searches..........................................................................74
6.4. A few more web search tips for developers.......................................79
6.5. Discussion..........................................................................................81

7. A systematic mapping study on how developers search for source code on 
the web...........................................................................................................82

7.1 Introduction.........................................................................................82
7.2 Background.........................................................................................83

7.2.1 Definition of source code............................................................84
7.2.2 The notion of source code search/seeking...................................84
7.2.3 Study types..................................................................................85
7.2.4 Data collection methods and types of collected data..................89

7.3 The systematic mapping process.........................................................92
7.3.1 Research questions......................................................................96
7.3.2 Planning and executing the study................................................96

7.4 Answers to the research questions......................................................96
     7.5 Conclusions.......................................................................................118
Appendix A: Phases of the systematic mapping study................................121
Appendix B: Inclusion / exclusion criteria..................................................128
Appendix C: The initial set..........................................................................132
Appendix D: Primary studies.......................................................................132
Appendix E: Relevant but redundant studies...............................................133
Appendix F: The used search tools..............................................................133
Appendix G: The search queries..................................................................135

G.1 The Basic Query...............................................................................135
G.2 The queries for Google Scholar and Google....................................136

Appendix H: The exception list for the duplicate eliminator......................153
References.....................................................................................154

V





1. Introduction

Virtual reality (VR) is gaining increasing importance, not only in entertainment and

games, but also in education, training and research. One such field of application is

the simulation of the operation of nuclear power plants. Experimenting on a virtual

model of a nuclear power plant is risk-free: a situation which would be dangerous to

try out in real life (such as serious malfunctions jeopardizing nuclear safety) can be

tried out without real risk. Physical replica simulators (where a computer simulates

the nuclear processes but the control room is physically replicated) have been in use

since decades, but they are costly to make and maintain, especially, if the plant to

model consists of a multitude of physical control organs. Simulating these in virtual

reality is a cost-effective and flexible solution, if the simulator provides a sufficiently

realistic experience for its users. The progress in virtual reality techniques makes that

experience increasingly possible.

In the first chapters of this dissertation a particular software development project is

discussed, a virtual reality model of a nuclear power plant control room, realized in

the open source Blender Game Engine (BGE). I continued the development of an

already existing application (made by colleagues [114]): I applied a VR headset to it

[294]  and  integrated  into  it  a  complex,  realistic-looking  hand  model  for  the

interaction  [37]. The main interaction tasks for the project were resolved [262], but

the BGE was discontinued while our project was still in progress.

Developing  a  large,  animated  virtual  reality  model  for  a  particular  game  engine

usually  requires  considerable  effort  and  time.  As  far  as  realism  is  concerned,

substantial  progress  has  been  made  recently  in  the  field  of  VR.  Low-  or  even

medium-resolution  graphic  models  are  no  longer  competitive.  However,  due  to

organizational  reasons,  no decision has been taken yet on using another solution,

which,  if  we  want  to  stay  up-to-date,  would  probably  require  considerable
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investment at  least  in hardware,  as well as a lot of additional development  work

fulfilling such requirements as the use of high-definition images.

In the course of designing the interaction for the solution with the Blender Game

Engine, a methodological issue has come up: the notion of immersion, which is an

important element in a virtual reality application. I  studied the pertinent literature

and  after  a  while  it  became  clear  that  there  exist  two  incompatible  views  on

immersion in the literature. To clear up this issue, I proposed new terminology to

differentiate between the two notions of immersion [295]. I performed two literature

reviews on the notion of immersion: a non-systematic review [295], and a tertiary

review with systematic methods [297].

Adapting the control room model to a new software and hardware base would have

involved  fundamental  reworking  of  the  data  transfer  mechanism  between  the

simulator and the VR graphics), and it would probably have exceeded the deadline

for the dissertation. In preparation for a possible continuation of the work, I studied

the methodologies for source code seeking in general, to ease the development of a

future  new  solution  for  our  VR  task,  if  a  decision  is  taken  to  continue  the

development work in the realm of open source software. Thus, I advanced from the

particular towards the general.

The rationale behind this decision was that source code is rarely developed from

scratch, using solutions worked out by other developers can considerably speed up a

project, therefore it can be highly advantageous for a developer to adapt solutions

created  by  other  developers,  but,  first  of  all,  he/she  should  be  able  to  find  the

solution.

The rest of my thesis sums up the results of my investigations into code search.

I wanted to get nearer to the problem of how to find code online in general, how

developers  perform  such  code  searches  on  the  web,  and  what  the  practices  of

experienced developers are. Methodological aspects, plus results of a  two literature
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reviews with practical considerations and tips for developers' web search for aiding

their development work are presented.

The  chapters  below  contain  the  essence  of  the  practical,  virtual  reality-oriented

development work that I have performed and published, and my more theoretical

activity  in  the  form  of  literature  reviews  on  immersion  and  code  search.  The

development  work came to a  halt  with  the discontinuation of the Blender Game

Engine  in  which  the  development  had  been  conducted,  but  there  has  been  no

decision on the choice of a new hardware and software platform yet. 

By  reviewing  in  the  literature  the  manifold  and  to  some  extent  incompatible

definitions of a central  concept in virtual reality, namely, immersion, I wanted to

clear up some methodological issues. I also wished to ease a tiny bit the development

work of current and future developers with theoretical considerations and practical

tips,  by assessing through literature reviews how developers  search for  code and

what advice could be given to them. This could be useful in the possible continuation

of  our  virtual  reality  project  as  well,  and  also  for  the  developer  community  in

general, as code search is a widespread and often rewarding activity of developers

who can spare a lot of time and effort by adopting solutions worked out by other

developers, provided that they are able to find those solutions.

The pertinent bibliography is discussed separately in each chapter of the thesis.

This thesis uses first person singular (“I”),  and I am the first author of all  of the

included publications, but my supervisor Dr. Attila Gilányi has contributed to some

papers that I  have written about web search of  developers  and immersion. I  am

immensely  grateful  to  him  for  providing  help,  knowledge,  encouragement  and

inspiration  all  throughout  my PhD work,  not  to  speak  of  submitting  one  of  the

completed papers himself when I fell ill and was incapacitated.
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2. Using a virtual reality headset in the simulation of a 
control room1

2.1. Introduction

Simulators for operator training have long been in use for nuclear power plants.

These are traditionally full-scope simulators with an expensive physical replica

of  the  control  room.  Recent  advances  in  virtual  reality  headsets  provide

affordable means for presenting a stereoscopic view of a virtual model of the

control room. While the commercially available headsets are still not perfect,

they offer more realism than flat screens, showing a stereoscopic view. This

chapter provides some details on how a virtual reality headset has been utilized

for viewing the virtual control room of the Paks Nuclear Power Plant, modeled

with the Blender Game Engine, with an added autofocus feature based on a

pragmatic  method.  Some aspects  of  the  solution are  outlined,  and,  partially

based on the experiences gained in  the project,  current  problems and future

trends of virtual reality headsets are discussed.

The full-scope replica simulator of the Paks Nuclear Power Plant, mainly for

operator training, has been in use since 1988 (with several refurbishments). It

contains  a  physical  replica  of  the  main  control  room which  is  a  traditional

control room containing a lot of pushbuttons and switches. Three operators and

their supervisor work in the huge control room which has panels in multiple

rows providing information and control, as can be seen in Fig. 2.1. A virtual 3D

model of this control room was created a few years ago [114] and connected to

1 This chapter is based on the conference paper [294] by the author. ©2022 IEEE. 
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the software  system of  the simulator.  It  uses  the  stand-alone  version of  the

Blender Game Engine. The first implementation used flat screens. Development

continued with the integration of a virtual reality headset. The user, wearing the

headset,  sits  at  a  table.  The  goal  was  to  create  a  demo  application  using

affordable hardware.

2.2. Hardware, operating system, and game engine

At the start of the project, the two most promising and affordable head-mounted

displays available were the Oculus Rift CV1 and the HTC Vive. The Oculus

Rift CV1 was chosen, which has 1080×1200 resolution per eye, a 90 Hz refresh

rate, and 110° field of view. The separation of the lenses is adjustable by a dial

at  the  bottom  of  the  device,  in  order  to  accommodate  a  wide  range  of

interpupillary distances. The Rift has integrated headphones and rotational and

positional tracking.  In this project  only its  rotational  tracking (gyroscope) is

used.  The  touchless  Leap  Motion  hand  movement  detector  controls  the

navigation in the control room and manipulates the switches and buttons [262].

Our application has been created under 64-bit Windows 10, in a PC with Intel

i7 processor and NVIDIA GeForce GTX 1080 graphics card.
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Fig. 2.1 The real control room (source: [114])

The virtual  control  room has  been realized in  the Blender Game Engine,  a

component  of the  Blender (https://www.blender.org/)  suite,  a  free and open-

source 3D creation suite (cf. [45],  [123]). The version used in the project  is

2.76b. The Blender Game Engine is no longer developed. It would be possible

to switch to another game engine. Right now the most widely used game engine

for similar applications is Unity,  which is  able to import  models made with

Blender, but the numerous scripts would have to be reworked.

Similar applications modeling control rooms of nuclear power plants in virtual

reality, found in the literature (all dated after this project started), are [39] [162]

[163] [179] [275].

The application described in [179] uses the Unity game engine with a HTC

Vive headset with Tobii Pro VR Integration eye tracking, and the HTC Vive

controller. The other publications are all related to the Finnish Loviisa nuclear

power plant and the APROS process simulation software. [39]  reports using
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Unity, the Oculus Rift headset with rotational and positional tracking, Oculus

remote controller,  keyboard,  and  mouse.  [163] and  [162] list  Unity,  a  Varjo

headset and Valve Index controllers. [275] mentions Unity, the Oculus Rift and

Varjo VR-1 headsets.

2.3. Integrating the headset with the application 

For  the  open-source  BGE,  the  open-source  package  OpenHMD

(http://www.openhmd.net/) has been selected for the project. OpenHMD is able

to drive various VR headsets, including the Oculus Rift, the picture appears in

the headset in extended mode (treating the screen of the headset as a monitor)

and the package is able to handle the gyroscope input of the headset as well.

For  OpenHMD,  the  open-source  HIDAPI package

(https://github.com/signal11/hidapi) was used. 

2.4. Implementing an autofocus feature

When the Oculus Rift was integrated into the project and tests were made with

it, it became clear after a while that a fixed-focus camera is inadequate, as the

operator sometimes has to view a faraway panel, and at other times he/she has

to have a close look at e.g. a switch which he/she wants to manipulate. No

matter what focus was fixed before the program run, it was not adequate for all

cases.
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The stereo camera in the BGE has been built on the basis of real cameras rather

than  human  eyes.  It  provides  two  pictures  for  the  two  eyes,  and  certain

parameters can be set in it, but the possibilities for runtime adjustments are few.

The eyeballs  of  the  two human eyes  are  almost  parallel  when looking  at  a

faraway object. In this case the two pictures that the left and the right eye get,

respectively, are almost the same. However, when looking at a near object, the

eye muscles do not only change the focus of the eye lens (this process is called

accommodation) but the eyeballs also turn a bit inwards around their vertical

axes (this automatism is called vergence), so the two pictures that the two eyes

get  can  differ  considerably.  They  can  be  roughly  approximated  as  images

partially shifted left and right (this approximation does not model properly the

inward-turning movement of the eyes when looking near). A good overview of

the subject  of stereoscopic view in head-mounted displays,  with explanatory

drawings and a list of further literature can be found in [65].

In the BGE it is possible to adjust the focus of cameras, even programmatically

during the program run, and it is also possible to set a camera parameter called

“eye separation” (which is a somewhat misleading name, as this distance is not

equivalent with human interpupillary distance but it is the distance of the two

“subcameras” in the stereo camera).  However, tests revealed that the product of

the values of focus and eye separation is always 30, if you change one of the

values, the other will automatically change accordingly. This seems to be the

hard-coding of a “rule of thumb” mentioned e.g. by
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http://paulbourke.net/stereographics/stereorender/, even though its origin is not

clear. So, in the BGE, you have only one parameter in your hands when you

want to focus the camera. 

In  principle,  Blender  provides  a  possibility  to  specify  an object  the  camera

should  focus  on  continuously,  but  in  practice  this  does  not  work  in  the

standalone BGE (at least not in the version used for the project).

There existed Blender addons which controlled the focus. However, neither of

them supported the BGE used in this project. 

Nevertheless,  with the use of raycasting [12],  it  is possible to implement an

autofocus feature programmatically.

A solution should use computing resources as sparingly as possible, as this is a

real-time application which fulfills several functions periodically: rendering a

stereoscopic picture for the headset, handling rotational input from the headset

and  hand  movement  input  from  the  Leap  Motion,  updating  the  3D  model

accordingly,  handling  data  input  from the  simulator  database  and  animating

display objects accordingly, sending data about user actions (such as pressing a

button) to the simulator database. Python scripts can be run in the model, but

this is interpreted code which runs more slowly than compiled code, so, when

possible, complicated calculations should rather be performed by the inherent,

compiled code of the BGE and not by an interpreted script. 

As this version of the application does not include eye tracking, it is assumed

that the object of interest is at the middle of the screen (the user should position

himself/herself  so  that  whatever  he/she  wants  to  focus  on  should  be  in  the

middle of the screen).
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In order to adapt the stereo picture so that the image of the object of interest

gets in focus, we have to determine how far that object is. The BGE function

getScreenRay can cast an invisible ray from the camera towards a point on the

screen (specified with x and y coordinates within the [0,1] range). The maximal

length of the ray may be specified. The return value is the first object hit or

None. On the basis of the object’s identity, the distance between (the base of)

the  object  and  the  camera  can  be  calculated.  (A  more  correct  distance

calculation could use the exact hit point where the ray hits the object, but this

simpler method proved adequate.)

To keep calculations to the minimum in the runtime application, it was decided

that the optimal eye separation value as the function of object distance should

be determined experimentally. For this, an experimental build was made from

the application. In this version the user can change the position of the camera

and aim it at any object in the control room by orienting the view (with head

rotation) in the headset so that the object of interest gets to the middle of the

screen. Then, by using raycasting (described above), the identity of the object

and its distance from the camera can be determined. After the object has been

targeted,  the  user  can  manually  increase  or  decrease  the  value  of  the  eye

separation in small increments/decrements. When he/she judges that the stereo

picture in the headset is satisfactory, he/she presses a key which records the eye

separation value set, together with the distance of the object. From these data,

an algorithm can be derived, determining an eye separation value as a function

of distance. As computing resources should be used sparingly, the algorithm had

to be simple. A few keyboard keys were used for the various operations. The

user had to handle these keys blindly (note: the real runtime application does
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not require the use of the keyboard during the simulation run while the user

wears the headset). 

Separate keys were used for moving the camera nearer to or away from the

control room panels. Another pair of keys were used to increase/decrease eye

separation value for the renderer, by a small amount. Yet another key had to be

pressed  when the  object   to  focus  on was in  the  middle of  the screen  and

pressed  again when the stereo  experience  was adequate (after  adjusting eye

separation).  Then it made a “snapshot”: it logged camera position, the name of

the object which was in “focus” in the middle of the screen and its distance

from the camera, and it also recorded the eye separation value. A further key

suspended  raycasting  (to  prevent  accidentally  hitting  other  objects  with

accidental  head  movements  during  the  eye  separation  adjustment  attempts).

Raycasting was automatically resumed when the key to make the snapshot was

pressed.

The  functions  bge.render.getEyeSeparation and  bge.render.setEyeSeparation

were used for getting and setting eye separation, respectively.

Based on the measured results, a primitive algorithm has been constructed. It

uses  only  a  few  comparisons  and  no  mathematical  calculations  (not  even

interpolations):  Depending  on  the  range  the  distance  value  falls  into,  a

corresponding eye separation value is selected from 10 distinct eye separation

values.

According  to  tests  made  with  the  above  algorithm  in  effect,  focusing  has

become adequate, some numerical displays and texts on control panels are more

clearly discernible when the autofocus works. (More formal tests are planned,
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in which users’ opinion about the implementation of the autofocus feature will

be asked in a questionnaire.) For the user it  takes a little time to get used to

setting the view so that the object of interest gets to the middle of the screen.

(This would become unnecessary with the implementation of eye tracking.) It

must  be noted that  with changing the eye separation value,  the focus value

automatically changes, which in turn automatically changes the field of view, so

some zooming occurs. However, according to the first tests, this is tolerable.

2.5. Headsets: problems and perspectives

Current headsets do not really have the potential for becoming daily wear yet.

They  suffer  from  a  number  of  problems.  These  may  deteriorate  the  user

experience  and  might  even  cause  discomfort  and  sickness.  There  are  areas

where improvement is possible.

2.5.1. Physical characteristics

Physical  characteristics such as size,  weight,  shape,  the feel  of the material,

adjustability  to  heads  of  different  shapes  and  sizes  all  influence  whether  a

headset can be worn comfortably at length. It also matters how much it heats

during use and how much ventilation it provides. Field of view can also be an

issue.

Read more in [159] and https://www.jabil.com/blog/top-augmented-and-virtual-

reality-challenges.html.

2.5.2. Resolution and graphical data communication throughput

The resolution of the Oculus Rift used in our project is not really adequate, the

control  room  looks  a  bit  “pixelated”.  There  are  already  better,  affordable

headsets available with a  “somewhat”  better  resolution,  the question is  how

12



much is  enough.  This  also  depends  on  the  field  of  application:  a  technical

application  like  ours  does  not  demand  as  high  a  resolution  as  an  artistic

application using refined shapes and colors would.

Having higher resolution also means that considerably more graphical data has

to be sent from the graphics card to the headset. The Oculus Rift CV1 is able to

use the HDMI port of a PC,  but  headsets of higher resolution must use the

Display  port,  because  of  the  higher  throughput  demands  (which  are  also

affected by the refresh rate). 

However,  throughput  demands  can  be  reduced  with  a  trick  called  foveated

rendering: using eye tracking, you are able to tell where the user looks, and it is

sufficient to display only that area in high resolution. while the surrounding area

may  be  displayed  in  lower  resolution.  More  info  on  foveated  rendering:

https://www.cnet.com/tech/mobile/vr-games-can-look-amazing-with-this-game-

changing-imaging-tech/  Varjo’s  solution  optically  combines  two  displays

together:  https://varjo.com/blog/introducing-bionic-display-how-varjo-delivers-

human-eye-resolution/

It must be mentioned that throughput demands and the advances in wireless

communication technologies (5G etc.) influence whether quality headsets must

be tethered (connected to the computer with a cable) or could be wireless.

2.5.3. Vergence-accommodation conflict

Two characteristics  of  the  workings of  the  human eye,  accommodation and

vergence,  have  already  been  mentioned  in  the  previous  section.  The

development of these two biological mechanisms has taken millions of years.

They  operate  in  tune,  and,  unfortunately,  current  headsets  cause  a  conflict

13



between them. The essence of the problem is that the screens presenting the two

images for the two eyes are at a fixed distance from the eyes, causing them to

focus at this distance. However,  a 3D object  can be anywhere in the virtual

space.  In the case of near objects,  the vergence mechanism, making the two

eyeballs rotate around their vertical axes towards the object, comes into effect,

while  the  focus  still  remains  fixed.  This  mismatch  may  cause  discomfort,

nausea, “simulator sickness”. There are attempts to resolve this problem (see

[154], [151]), but a really good solution has failed to emerge so far.

2.5.4. Drift

Sensors measuring rotation are not infinitely precise. Small errors accumulate

and influence the measured values. Such error is called drift. E.g. in our project

the OpenHMD package used does not perform any drift correction. When you

put down the headset on a table but you leave the rotation detection on and

rotate the view in accordance with the “measured” rotation, you will notice that

the view will slowly rotate, even though the headset is completely motionless.

Such drift has to be compensated, especially if the headset is used for more than

a few minutes at a time. The SDK-s provided by the vendors usually – more or

less –  perform this compensation, but a good compensation is usually possible

only when you are able to compare the measured values with values obtained

from other tracking systems parallelly active. (For drift compensation for the

Oculus Rift, see 

https://freecontent.manning.com/wp-content/uploads/2015/05/oculus-sdk-drift-

correction-and-prediction.pdf 

https://www.roadtovr.com/oculus-rift-sdk-updated-to-v0-2-1-initial-

magnetometer-drift-correction-and-more/ .)
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2.5.5. Combining with sensors and providing stimuli for other senses

Most available headsets are already combined with at least rotational tracking

sensors to track head rotation, but often also with positional tracking. Hand-

held  controllers  and  audio  output  (headphones)  are  also  common.  The

commercial success of a headset may highly depend on how much its vendor

can provide a solution as complete as required. In the future this may include

haptic feedback as well. Eye tracking has already been mentioned above, it can

be used not only for foveated rendering but also as a means of interaction with

the virtual world.
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3. Rigged hand model for the Blender Game Engine2

In a lot of virtual reality applications, it is  necessary to  displayrepresent and

animate the user's hand in the virtual world. Such is the case for our virtual

model of the control room. It increases realism of the virtual reality application,

if realistic-looking models of control organs such as pushbuttons and switches

are operated with a realistic model of the user's two hands. In our solution, only

the hands are displayed, and not the arm and the further parts of the user's body,

as those play no role in the interaction.

In game engines, armatures are often used for modeling parts or the whole of

the human body. The process of creating the armature and assigning parts of the

mesh  representing  flesh  and  skin  to  the  “bones”  of  the  armature  is  called

rigging.  After  performing  rigging,  moving  the  armature  will  result  in  the

movement of the mesh, thus the virtual hand (or other object) is animated. The

Blender  Game Engine  has  been  one  of  the  few open-source  game  engines

available.  This  chapter  gives  a  detailed  description  of  the  process  of

successfully  building a complex  rigged hand model  for  the  BGE and gives

guidance for driving this hand model with input data from the Leap Motion

hand movement detector. The rigged hand model has been implemented, using

the hand mesh from the LibHand library and an armature specifically built to

match the hand representation of the Leap Motion. The model was intended for

navigation and interaction in the virtual model of a power plant control room.

2 This chapter is an abridged and re-worded version of the article [37] of the same title, 
without the Python code samples and the references to them. 
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3.1. Introduction

In the world of virtual reality, the term “rigging” is used for the preparations to

move (animate) virtual  objects.  Often these virtual  objects  are the whole or

parts  of  the  human  body,  especially  the  human  hand.  Depending  on  the

requirements of use and the technical possibilities of the actual application (a

game,  a  virtual  tour  of  an  existing  or  imaginary  place,  an  instructional

application etc.), the complexity of hand models varies greatly. A rudimentary

3D  hand  model  may  consist  of  five  cuboids  or  cylinders  representing  the

fingers. A complex hand model is more realistic in shape, with sophisticated

coloring, it may even display small freckles on the skin of the hand.

These virtual reality applications are often realized in game engines, where the

more complex animated hand models are usually constructed from armatures,

which can be regarded as “skeletons” consisting of bones. These virtual bones

and the bone structure they belong to may quite closely resemble the real bones

of a real hand, or they may bear only a passing resemblance to them. During

animation, the bones themselves are usually not displayed. Instead, “flesh” and

“skin” (which are – usually complex – meshes in the game engine), which have

been “glued” to them, are displayed. In this context, rigging is the process of

creating the armature and the “gluing” (assigning parts of the mesh to particular

“bones” of the armature).  After the rigging has been performed, moving the

armature will  result in the movement of the mesh, thus  the virtual  hand (or

other object) is animated. 

The Blender Game Engine is a component of Blender (www.blender.org), a free

and open-source 3D creation suite (cf.[45],  [123]) used for making real-time
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interactive content. The version used in the project is 2.76b, under the Windows

10 operating system.

The  Leap  Motion  hand  tracking  device  (www.leapmotion.com)  has  been

commercially  available   since  2013.  Its  new,  much  improved  Orion  API

(application programming interface) was introduced in 2016, so earlier criticism

of the accuracy of the device are no longer valid. Among other applications,

there have been attempts to integrate the device into the Blender Game Engine

as  well.  The  simple  hand  model  published  by  Magnus  Benjes  at

www.magben.de/?h1=3d (now  available  at  https://web.archive.org/web/

20200809221629/http://www.magben.de/?h1=3d)  works  fine,  but  it  does  not

use  armature  and  rigging,  the  cylinders  representing  the  fingers  are  driven

directly by position and orientation data from Leap Motion. It  is not easy to

build for the BGE a more sophisticated, armature-based rigged hand model with

which it is possible to simulate (and animate with Leap Motion data) a hand

using a complex mesh instead of objects of simple geometry like cuboids or

cylinders. Those who tried that path have usually reported failure and switching

to another game engine, mostly to Unity. The probable reason for the failures is

the peculiarity and complexity of the way armatures are handled in the BGE.

However,  as  Blender is  a  game engine  which  is  completely  free  and open-

source, and most alternative tools are not, a solution in the BGE could come in

handy for those wishing to use an open-source, free game engine. This paper

gives a detailed description of the process of successfully building such a hand

model and gives guidance for driving this hand model in the BGE with input data

from the Leap Motion. It must be noted that there is a similar project mentioned at

http://blog.leapmotion.com/manipulating-rigged-hand-with-leap-motion-in-three-js/
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but it uses the  Three.js API, not the BGE, and the poster admits to having “tweaked

almost all data to make the model behave nicely on the screen”. 

3.2. Leap Motion's representation of the hand

The relatively inexpensive but reasonably accurate, optical-based hand detector

device is connected with a cable to the USB port of a computer. It uses infrared

LEDs and cameras and gives quite detailed position,  orientation, length and

width  information  about  the  individual  bones  of  the  hand,  and  also  some

gesture  detection  (fist  etc.).  It  provides  APIs  for  various  programming

languages. A feature list can be found at  blog.leapmotion.com/getting-started-

leap-motion-sdk/.

  

Fig. 3.1. The Leap Motion device  [74]

The bones of the (right) human hand can be seen in Fig. 3.2 (with the palm

facing the viewer). 
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Fig. 3.2. The bones of the human hand

(https://commons.wikimedia.org/wiki/File:Scheme_human_hand_bones-en.svg)

Fig. 3.3. Leap Motion's hand representation (adapted from

http://blog.leapmotion.com/getting-started-leap-motion-sdk/)
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Leap Motion's representation of the hand (including a part of the armbone) can be seen 

on Fig. 3.3.

3.3. A step-by-step guide to the rigging

This section describes the main steps of creating a usable rig for a relatively

complex hand mesh in the Blender editor, to be used later in the BGE with the

Leap Motion hand detector. Some familiarity with Blender's editor and the BGE

is necessary for understanding the details. There are code samples (in Python

which is used by Blender) in the Appendix of the original paper. The method

can be adapted for hand meshes other than the one used here, and also for other

hand movement detectors.

The hand mesh chosen is the mesh in the Blender file published at the LibHand

website  (www.libhand.org, updates  may  be  found  at

github.com/libhand/libhand).  For  the  mesh,  a  new  armature  had  to  be

constructed, to match the hand representation of Leap Motion.

The rig is for the right hand. You will later be able to derive the left hand from

the right hand by mirroring the armature.

The  basic  idea  behind  this  particular  rigging  solution  is  controlling  the

individual bones in the armature through Copy Rotation constraints which can

be set in the Blender editor and will work in the BGE. For each bone, a cuboid

of similar size is created. When the BGE application runs, each cuboid will get

the orientation information for its corresponding bone from the Leap Motion

device  (through  Leap  Motion's  Python  API).  Through  Copy  Rotation

constraints,  the  orientation  of  each  bone  will  be  exactly  the  same  as  the
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orientation of the corresponding cuboid. However, as the author's experiments

have revealed, due to the peculiarities of the BGE (some constraints are not

completely or correctly implemented), these constraints will work properly only

if the orientation of the armature never changes. It should always remain in an

upright position (in a Z-up coordinate system), and only the orientation of its

bones may change. (It should be noted that neither the armature itself, nor the

bones can be seen when the virtual reality application runs, only the hand mesh

“glued”  to  the  bones  of  the  armature  is  visible.  Thus,  regardless  of  the

theoretical orientation of the armature, the bones will get the correct orientation.

Consequently, the mesh will be correctly deformed and moved.) The position of

the armature will change according to the position of the hand (as detected by

Leap Motion). 

The difficult part is to make a usable rig for the hand mesh so that the rest

position of all of the armature's bones is the default upright position (otherwise

the  Copy Rotation constraints  will  not  work correctly).  For  this project,  the

following rigging method has been worked out: The armature bones should first

be posed normally, so that they match the hand mesh that you use, then the

parenting  of  the  mesh to  the  armature  should be  performed.  After  that,  the

armature  bones  should  be  posed  to  an  upright  position  (with  a  script).  By

performing  a  trick  with  the  modifier  of  the  mesh,  you  can  set  this  default

upright  pose  as  the new rest  pose,  without corrupting the rig.  The resulting

armature and the mesh rigged to it will look strange, but the mesh, controlled by

the bones, which in turn are controlled by the orientation of the cuboids, will be

animated correctly during the BGE run.
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The cuboids used for  the  Copy Rotation constraints  may have an additional

function  (provided  that  not  only  their  orientation  but  also  their  position  is

updated according to the data taken from Leap Motion): if you need to handle

collisions in your application, these simple  cuboids,  made invisible,  may be

used as a “shadow hand” which can collide with other objects, while the more

complex hand mesh is left out of collision detection, thus conserving computer

resources (this trick is often used in 3D games).

After this introduction, let us see the actual steps of the rigging.

A. Make an armature which fits your mesh

The way of creating armatures is described in Blender tutorials. First create the

correct bone structure. During this first phase the exact bone lengths are not a

priority, you should care about the correct topology only. It is not necessary to

restrict the degrees of freedom for the bones, this will be taken care of by Leap

Motion  (blog.leapmotion.com/skeletal-tracking-101-getting-started-with-the-

bone-api-and-rigged-hands/).

The next phase is setting the correct bone lengths. To facilitate this, you can

make a run with the Leap Motion and print out the measured bone lengths, and

you can set the bone lengths accordingly (manually or with a script).

For  the  mesh  taken  from  LibHand,  the  armature  in  Fig.  3.4.  has  been

constructed by the author. (This armature fits Leap Motion's hand model more

closely than the original armature of LibHand and has a continuous topology.)
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Fig.3.4. Hand mesh (from www.libhand.org) and armature (developed for this project)

In this armature, apart from the very first bone (the armbone), each bone has a

“parent” bone to which it  is  connected.  To ensure this continuous topology,

certain  “fictitious”  bones  had  to  be  introduced,  even  though  they  have  no

corresponding bone in the hand model of Leap Motion. They connect the wrist

position (see Fig. 3.3) with the origins of the fingers. These fictitious  bones

differ in one thing from the "real" bones: they are set as non-deforming bones,

so that the mesh will not be “glued” to them. (All other bones should be set as

deforming bones.) The Inherit Rotation setting should be on for all bones. The

lengths  of  the fictitious  bones can be calculated from the end points of  the

connecting bones (which you can obtain from a Leap Motion run).

The third phase is to pose the bones so that they match the hand mesh as closely

as possible. The posing can be aided by posing your real hand and taking note

of the orientation of the bones as provided by the Leap Motion. You may use
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scripts for this but you will probably have to adjust some bones manually as

well. This is usually an iterative process.  Then perform “Apply Rotation” (for

mesh and armature) in the Blender editor. 

B. Zero all bone rolls

You may do this manually or with a script, in Edit mode (see sample script in

the Appendix of the original paper).

C. Make the origin points the same for both armature and the hand mesh

1) For each of these objects, set the origin to the object's lowest point center:

In Edit mode, move the 3D cursor to the desired origin point (to the point where

the armature begins,  the  lowest  round point  in  Fig.  3.5).  Press  Shift+S and

choose the option Cursor to Selected.

          

       Fig.3.5. Setting the origin point

In Object mode, select one of these objects and

press ctrl/alt/shift c, then choose Set origin to 3D cursor.

Do the same for the other object. 

2) In Object mode, position the hand mesh and the armature so that their

origin points occupy the same place:

Make  the  XYZ  coordinates  of  the  two  objects  the  same,  by  copying  the

coordinates of one into the other.
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D. Temporarily upscale mesh and armature

This step is recommended by the author because, in her experience, upscaled

objects seem to rig better (at least when parenting is performed with automatic

weights).  Make sure that no other object  shares  the space with the upscaled

objects. Do the scaling (e.g. by a factor of 100) in Object mode, then apply

scale.

E. Perform automatic assignment of mesh points to the bones 

Parent the mesh to the armature: set Object Mode, select the mesh, shift-select

the armature, press ctrl/p and select the “Armature Deform”, “With Automatic

Weights” option.

F. Downscale the rigged armature

In Object mode, scale the armature (not the mesh) back to its original size and

apply scale.

G. Align all bones to vertical

This can be done with a script. First create an auxiliary armature with one bone

being in a vertical position (that is the default). Then align each bone in the

armature of the hand to this new bone (you can find a sample script in  the

Appendix of the original paper).

H. Make this pose the new rest pose

This  subsection  is  based  on  nixart.wordpress.com/2013/03/28/modifying-the-

rest-pose-in-blender/.

   In Object Mode, select your deformed hand mesh object.
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    In the object’s Object Modifiers stack (denoted by the spanner symbol), copy

the Armature Modifier by pressing the Copy button.

    Apply the first Armature Modifier (the top one), but keep the bottom one.

The latter will replace the old Armature Modifier and will allow to pose your

object with respect to your new rest pose. At this point, the object will still be

deformed twice. That is because we need to apply the current pose as the new

rest pose.

    Select your armature and set Pose Mode.

    Select “Apply Pose as Rest Pose” in the Pose menu (which you can invoke

by ctrl/a). This will clear the double deformation and put your object in your

new rest pose.

I. Create cuboids

Create a cuboid object for each bone in the armature. All cuboids should have a

vertical orientation. If you want to use these cuboids later for a “shadow hand”,

then make the lengths of the cuboids match the lengths of the armature bones. 

J. Create Copy Rotation constraints

Set Pose mode. For each bone, create a Copy Rotation constraint to drive the

bone  in  the  armature  with  the  rotation  of  the  corresponding  cuboid.  The

constraint subtype should be World → Local with Parent.

You can set these constraints manually, but it is easier to do it with a script (see

the Appendix of the original paper).
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3.4. Interfacing with Leap Motion

Our rigged hand model is  ready, now we want to drive it  runtime in the

BGE, with input from the Leap Motion device. Our task is to set the position of

the  armature  and  the  rotation  of  the  cuboids  controlling the  rotation  of  the

bones.

A. Interfacing the BGE with the Python API of Leap Motion

The Python API of Leap Motion (Orion 3.2.1) uses Python 2.7, while Blender

2.76b uses Python 3.4.  (Please note that different  Blender versions may use

different  Python  sub-versions.)  Therefore,  a  Python  wrapper  has  to  be

generated,  this  can  be  done  with  the  SWIG  interface  generator,  using  the

method  described  in  https://web.archive.org/web/20230528073139/https://

support.leapmotion.com/hc/en-us/articles/360004362237 (the  referenced  page

uses Python 3.3 but the method also works for Python 3.4). 

B. Driving the cuboids with Leap Motion data

As already mentioned, an example with a simple hand model can be found at

https://web.archive.org/web/20200809221629/http://www.magben.de/?h1=3d).

Its hand model consists of simple geometric shapes.

For  a  complex,  armature-based  hand  model  to  work,  we  need  detailed

information  from  the  hand  movement  detector.  Fortunately,  Leap  Motion

provides information about how much the bones are rotated around their own

longitudinal axis (this rotation is called the “roll” of the bones in armatures). To

illustrate the importance of this, let us consider Fig. 3.6. 
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If the finger is modeled as a simple cylinder, then the above mentioned rotation

will not matter. However, if we make a fingernail on the cylinder (or “glue” a

mesh,  which  includes  a  fingernail,  to  the  cylinder),  then  this  rotation  will

matter, as the fingernail will be visible. 

       Fig. 3.6. Finger models without and with fingernail

The y basis vector is one of the three orthonormal basis vectors provided by the

Leap Motion API. This vector is perpendicular to the longitudinal axis of the

bone,  it  can be visualized  as  originating in  the  center  of  the fingernail  and

pointing outwards (in Fig. 3.6 the y basis vector would point from the fingernail

directly towards the viewer). With the aid of this vector it is possible to set the

bone  roll  for  each  finger  correctly.  This  holds  for  all  bones  which  have  a

representation in the Leap Motion hand model. 

However, in our armature there are also fictitious bones, for which we get no

basis vectors from Leap Motion.

C. Calculating the orientation of the fictitious bones

The orientation of such a bone (as a vector) can be calculated from its origin

point and end point: the end of the armbone and the start of the metacarpal bone

(these data are provided by Leap Motion). Thus we can set the orientation of the
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bone. The roll of the bone does not matter because the bone has been defined as

a non-deforming bone, so no mesh (“fingernail”) is “glued” to it.

The  update  of  the  hand  mesh  with  the  data  obtained  from Leap  Motion  is

performed in the BGE in a loop consisting of the steps which can be seen in

Fig. 3.7. Steps 1,2,3,4 are executed in the Python script written for the project,

step 5 is performed automatically by the BGE.

The  above  mentioned  code  has  been  integrated  into  the  BGE  application,

together  with  gesture  detection  and  navigation  –  these  latter  are  still  under

development and are not discussed in this paper. The total number of Python

source lines written for the BGE application so far exceeds 1500. A few dozen

of these source lines have been adapted from www.magben.de/?h1=3d, the rest

is original code specifically developed for the project.

   Fig. 3.7. Steps of updating the hand mesh
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3.5. Summary

The hand model described above has been tested in the BGE and it reasonably

accurately follows the user's hand movements, for the right and the left hand as

well.

The use of such a hand model is especially advantageous in immersive virtual

environments, with the user wearing a head-mounted display and not seeing

his/her  real  environment.  In  such  a  situation,  he/she  cannot  see  the  input

devices, either, and if these input devices require touching (like a keyboard, a

mouse, a game controller), this touch should be performed either “blindly”, or a

virtual  representation  of  the  input  device  should be displayed  in  the  virtual

environment, and this would usually require displaying a virtual model of the

user's hand as well. Other possible applications would use only the user's hand

as the “input device”: by controlling the virtual hand with his/her real hand, the

user could interact with objects in the virtual space directly, and hand gestures

could be used for navigation and other actions as well (example: clenching the

hand into a fist could mean that the user wants to quit the program). In these

applications, it is also advisable to display the virtual hand, to provide feedback

for the user.

We planned to use the virtual hand for navigation and interaction in the virtual

model of a conventionally equipped nuclear power plant control room [114].

The  navigation  was  planned  to  be  performed  by  hand  gestures.  The  visual

representation of the user's hand in the virtual space provides feedback for the

user in the navigation, and shows the hand's position and orientation, relative to
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the physical devices in the control room, for the interaction with these devices.

The  interaction  with  the  virtual  models  of  physical  devices  (switches  and

pushbuttons) of the control room can be realized by colliding the virtual hand

with these devices and sensing pushing (of buttons) and turning (of switches)

from  the  dynamics  of  the  hand  movement.  As  affordable  haptic  (tactile)

feedback  devices  are  still  in  experimental  phase,  the  feedback  about  the

collision could be visually provided or indicated by audio effects. Thus staff

could exercise and even experiment in the virtual control room, without having

to use the real control room or a physical replica of it.
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4. Interaction in an immersive virtual reality 
application3

Immersive VR (virtual reality) applications usually require styles and devices of

human-computer interaction other than the conventional ones like mouse and

keyboard, as the user typically wears a head-mounted display and does not see

his/her  real  environment.  Moreover,  such  interaction  is  usually  three-

dimensional. This is where relatively new (or at least previously not dominant)

paradigms come into the picture: natural user interface (NUI) and gestures. The

paper overviews some definitions for these and discusses the communicative

aspects  of  gestures.  The  above  mentioned  paradigms  affect  the  process  of

interaction design, which has to be even more thorough, more conscious than

before. If we use gestures for input, the actual requirements of the application

have to be analyzed in detail and decision about gesture “vocabulary” has to be

taken. In the paper, an actual implementation under development is discussed:

the  interaction  –  consisting  of  navigation  in  3D space  and  manipulation  of

virtual objects – in an immersive VR application simulating the conventional

control room of a nuclear power plant. The implementation is touchless, using a

hand movement detector.

3 This chapter is based on the conference paper [262] of the same title by the author. ©2019 
IEEE. 
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4.1. Introduction

The definitive book about cognitive infocommunications (CogInfoCom), which

describes its theoretical foundations, states that “one can find in it the influence

of  well-established  research  fields  (e.g.  augmented  cognition,  human-

computer)”  [29],  p.  ix].  Chapters 4.7 and  4.11 of the book are dedicated to

human-computer  interaction  (HCI)  and  virtual  and  augmented  reality,

respectively, and it is noted that “HCI is strongly relevant to CogInfoCom when

it  comes  to  the  analysis  and  design  of  functionally  motivated  user-device

interactions” [29], p. 49. 

Immersive VR (virtual reality) systems can be described as VR systems where

“Users wear displays that fully immerse a number of the senses in computer

generated  stimuli.  The  stereoscopic  head-mounted  displays  (HMD)  are  a

distinctive  feature  of  such  systems [44,  p.  59].”  Such  applications  usually

require styles and devices of HCI other than the conventional ones like mouse

and keyboard, as the user does not see his/her real environment (which includes

input devices). Moreover, the spatial part of the interaction usually occurs in

three  dimensions.  This  is  where  relatively  new  (or  at  least  previously  not

dominant) paradigms come into the picture: the so-called natural user interface

(NUI) and gestures on which the interaction may be based. Some CogInfoCom-

related papers mention or discuss gestures and/or NUI from a practical point of

view [265] [43] [238] [204] [215] [216] [252] [264] [209] [168] [64]  [266]

[267] [214] [152] [206], but the definition of these concepts has not been in the

focus of the papers ([205] excepted).
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4.2. NUIs

Baranyi  and  Csapó  note,  “The  inspiration  to  create  engineering  systems

capable of communicating with users in natural ways is not new [28], p. 141.”

Nevertheless, technological advancement has recently created new possibilities

for this paradigm.

Natural user interfaces are regarded as the third generation of human-computer

interfaces,  after  command line interfaces (CLI)  and graphical  user interfaces

(GUI). CLIs are based on text input typed by the user (and usually text output is

provided  by  the  computer),  while  GUIs  are  mostly  based  on  the  desktop

metaphor and the WIMP (windows, icons, menus, pointers) style of interaction.

The  definitions  for  the  term  NUI  are  numerous  and  somewhat  diverse.

According  to  Glonek  and  Pietruszka,  “Term  NUI  stands  for  the  ways  of

interaction with a device based on methods other than a mouse and a keyboard

that would at the same time be as natural and intuitive for a human being as

possible [105], p. 28.”

A book entirely dedicated to NUIs, written by two touchscreen specialists, gives

a  somewhat  vague  definition,  linking  NUI  to  the  emergence  of  new  input

devices:  “Decades  of  cumulative  experience  in  creating  interfaces  for  new

technology led us to two important realizations. First, that new input devices do

not, in and of themselves, facilitate a better user experience—we argue that the

iPhone and Microsoft Surface UIs are highly successful in spite of, rather than

because of, the use of a touchscreen. The second realization is that these input

devices,  while  not  themselves  creating  a  better  user  experience,  could  be
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enablers  for  the  creation  of  a  UI  that  is  more  natural  to  use,  and  could

fundamentally change the way we interact  with technology.  We dub this the

natural user interface [283, p. ix].”

As far as this definition is concerned, it must be noted that touchscreens have

been  around  for  several  decades.  However,  with  the  ever-increasing  use  of

smartphones they have become popular, also affordable, they have gained new,

more sophisticated features  and the use of some already extant  features  has

become widespread (e.g. multitouch – the ability to detect input from multiple

points  of  contact  simultaneously  –  ,  better  sensitivity  etc.).  Increased

affordability and sophistication actually characterize most of the input devices

NUI is based on, even though the devices are hardly completely new.

Another expert in the field, Joshua Blake, has defined NUI as “A natural user

interface is  a  user interface designed to  reuse existing skills  for  interacting

directly with content.” [46], p. 2.

The three important features of the above definition are:

• NUIs are designed, i.e. they must be carefully planned, with the future use and

users in mind.

• NUIs reuse existing skills, where 'skills' mean mostly non-computing skills:

human-human  communication  –  verbal  and  non-verbal  –,  and  human-

environmental interaction. An interface will feel “natural” when it builds upon

these  existing  skills.  According  to  Blake,  “Computing  power  and  input

technology has progressed to a point where we can take advantage of these

existing  non-computing  skills.  NUIs  do  this  by  letting  users  interact  with

computers using intuitive actions such as touching, gesturing, and talking, and
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presenting interfaces that users can understand primarily through metaphors

that draw from real-world experiences [46], p. 2.”

• NUIs have direct interaction with content. Blake explains it as “(...) the focus

of the interactions is on the content and directly interacting with it. This doesn't

mean that  the interface cannot have controls such as  buttons or checkboxes

when necessary.  It  only means that  the controls  should be secondary  to the

content,  and  direct  manipulation  of  the  content  should  be  the  primary

interaction method [46], p. 2.”

Wang et al. state that “NUIs build on traditional human-tohuman interaction

models, intend not to be instrumented through artificial control devices (that is

why they are named as 'natural')  and aim at being or  becoming “invisible”

after a learning process (the system is naturally giving the user the feeling that

he is  continuously  and instantly  successful).  Voice control,  gaze tracking or

gesture identification are taken as a basis to implement NUIs [278], p. 535.”

Harpstead et al. view the matter this way: “(...) we reviewed the HCI literature

on natural interactions and identified four common characteristics of systems

that support naturalness: they (1) support the goals of the user, (2) do what the

user expects, (3) allow the user to work the way they want, and (4) leverage

users' experience to minimize training [83], p. 2.”

Wigdor and Wixon note that  “we see natural  as  referring to  the way users

interact with and feel about the product, or more precisely, what they do and

how they feel while they are using it.” “Users focus on content and so should

the interface. Provide the absolute minimal number of interface elements that

are  required  for  the  interaction.  For  some  interactions  that  is  no  interface
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beyond the content.” They also warn that “The greatest challenge in building a

NUI  system is  making  it  learnable.”  Also,  “Never  rely  on  an  action  being

ՙnatural’ (a.k.a. ՙguessable’). It’s not.  [283], p. 9.”

Based on the  above listed  definitions  and  features and her  own developer's

experience  and  reasoning,  the  author  of  this  paper  proposes  the  following,

somewhat colloquial definition:

A NUI is  a human-computer interface which serves  and is  based on human

nature more closely than the currently widespread traditional interfaces. (Here

“human nature” means common human characteristics and skills we are born

with or develop in our early or more advanced years.  It  must  be noted that

cultural  differences  apply.)  Obviously,  this  definition  may become  outdated

after a while if and when NUIs start dominating the field. However, GUIs based

on the desktop metaphor will surely stay with us for a while.

It  should also be emphasized that the learning of the NUI should always be

facilitated.

4.3. Gestures

Media philosopher Vilém Flusser has defined gesture in this manner:

“(...) one way of defining 'gesture' is as a movement of the body or of a tool

attached with the body, for which there is no satisfactory causal explanation. To

understand a gesture defined in this way, its 'meaning' must be discovered. That

is exactly what we do all the time, and it constitutes an important aspect of our
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daily  lives.  But  we have no theory of  the interpretation of  gestures and are

restricted  to  an  empirical,  'intuitive'  reading  of  the  world  of  gestures,  the

codified world that surrounds us. ... If someone punches me in the arm, I will

move,  and an observer is justified in saying that  this reaction 'expresses'  or

'articulates' the pain I have felt. There would be a causal link between the pain

and the  movement,  and a physiological  theory  to  explain  this  link,  and  the

observer would be right to see this movement as a symptom of the pain I have

suffered. Such a movement would not be a 'gesture' according to the suggested

definition, for the observer would have explained it in a satisfactory manner

[88], pp. 3–4.”

By emphasizing the lack of the causal explanation, Flusser actually says that

gestures are intentional, deliberate.

Later in his book Flusser  notes that “the communicative aspect  of  a gesture

overshadows all else”  [88], p. 161.4

Several similar definitions can be found in the literature: 

“A gesture is a motion of the body that contains information [165], p. 310.”

“Gestures  are  the  motion  of  the  body  which  is  used  with  an  intention  to

communicate  with  others.  And  to  make  this  communication  effective  and

successful both sender and receiver must have the same set of information for a

particular gesture  [137], p. 633.”

“As a gesture,  in  the context  of  HCI, we define a coordinated and intended

movement of body parts to achieve communication [63], p. 1.” 

4 For those wanting to see this field from the viewpoint of communication and sensory 
perception, Part III of [21] is recommended.
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“Gestures are not just movements and can never be fully explained in purely

kinesic terms. They are not just arms waving in the air, but symbols that exhibit

meanings in their own right [63], p. 105.”

Thus, based on the above definitions of Flusser and the others, we can say that a

gesture is a movement of the body (or of a tool which can be regarded as the

body's extension, but it is also operated by the body, and this includes the brain

in  a  brain-computer  interface),  and  a  gesture  always  has  a  “meaning”,  a

message,  i.e. it is somehow coded. It must be noted that not only humans but

also animals can make gestures.

The “coded” quality means that gestures should be interpreted according to a

common “code book” shared by the gesturer (the one who gestures, the sender)

and the receiver/interpreter(s) of the gesture. A well-known example illustrating

the importance of this is the shaking (moving from side to side) of one's head:

this gesture means “no” (denial or disagreement or rejection) in most countries

and cultures.

However, there are a few countries such as Bulgaria and Greece,  where this

particular gesture indicates affirmation, i. e. “yes” [100].

Some authors narrow down gestures to hand gestures, which may be true for a

lot of HCI applications, but this approach is too restricted overall, as people can

also communicate with their legs, head movements, facial expressions etc.

The question may arise whether a simple keystroke is a gesture or not. The

author  of  this  paper  is  of  the  opinion that  this  depends  on the context,  the

coding. Let us take the pressing of the space bar on a keyboard as an example.

If  a  text  interface  (CLI)  writes,  “Press  the  space  bar  to  continue”,  then by

40



pressing that key you convey the message that you want to continue, so this can

be regarded as a gesture (even if the interface is not a NUI). If a bored child

randomly hits the space bar on a keyboard (and perhaps the computer connected

to the keyboard is not even switched on), we can say that this is not a gesture in

itself.  However,  if  the  child  wants  to  attract  mom's  attention  by  randomly

pressing a key or keys, then the action already has a message, and thus may be

regarded as a gesture (it is another thing whether mom notices the gesture and

decodes it correctly).

It must be noted that gesture control of machines existed long before electronic

computers came into existence. An example is a music instrument called the

Theremin,  invented  in  1920  [102].  It  is  an  early  type  of  electronic  music

synthesizer, controlled by touchless gestures, the frequency and the volume of

the generated sound can be modulated by hand. As far as the use of gestures in

HCI within NUIs is concerned, there are several potential pitfalls to be aware

of.

A critical expert in the field of design and human-computer interaction, Donald

A.  Norman,  has  listed  several  problems  with  NUIs  and  especially  gesture

control  in  his  article  provocatively  titled  “Natural  User  Interfaces  Are  Not

Natural” [210], pp. 6, 9, 10:

He  states  that  “Most  gestures  are  neither  natural  nor  easy  to  learn  or

remember.” He cites cultural differences (the same gesture may mean different

things in different cultures).

He remarks that physical gestures may have side effects. In extreme cases they

can even do damage. He illustrates this with a case of the Nintendo Wii game
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controller used in a virtual bowling game. “(...) the 'natural' interface was to

swing the arm as if holding a bowling ball, and then, when the player's arm

reached the point where the ball was to be released, to release the pressure on

the hand-held  controller's  switch.  Releasing the  pressure on the  switch  was

analogous to releasing the ball from the hand and it was readily learned and

employed. Alas, in the heat of the game, players would also release their hand

pressure on the controller which would fly thorough the air,  sometimes with

enough force to hit and break the television screen on which the bowling lane

was being displayed. (...) Here, the gestural convention was too natural.” He is

of the view that it is “unlikely that complex systems could be controlled solely

by body gestures because the subtleties of action are too complex to be handled

by actions – it is as if our spoken language consisted solely of verbs.” 

According  to  him,  “Because  gestures  are unconstrained,  they are  apt  to  be

performed  in  an  ambiguous  or  uninterruptable  manner,  in  which  case

constructive feedback is required to allow the person to learn the appropriate

manner of performance and to understand what was wrong with their action. As

with all  systems, some undo mechanism will  be required in situations where

unintended actions or interpretations of gestures create undesirable states. And

because gesturing is a natural, automatic behavior, the system has to be tuned

to avoid false  responses  to  movements  that  were  not  intended  to  be  system

inputs.” 

He states, “Gestural systems are indeed one of the important future paths for a

more holistic, human interaction of people with technology. In many cases, they

will  enhance  our  control,  our  feeling  of  control  and  empowerment,  our

convenience,  and  even  our  delight.  But  like  all  technologies,  gesture-based
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systems will come at a cost. Different systems will devise different conventions.

There  will  be  a  learning  curve.  People  with  handicaps  will  have  to  be

accommodated.  And  there  will  be  an  entirely  new  source  of  material  for

comedians. Imagine the problems when a system has a repertoire of dozens of

gestures, all of which mean something, but not all of which may be known by

person near the device. I am reminded of those old movie comedies of people in

formal  clothing  at  auctions  doing  silent  bidding.  One  person  sneezes  and

thereby purchases an unwanted painting. A couple argues, and as they wave

their hands at one another, the hand waving gets interpreted as ever-escalating

bids.”

4.4. Designing gesture-based interaction

Wigdor and Wixon provided this guideline, based on their long practice in the

field:

“Understand that there is no such thing as a ‘natural gesture’ — you need to

design the set of gestures in your system  [283], p. 209.”

What  does  this  mean  in  practice?  The  “set  of  gestures”  means  a  gesture

“vocabulary”: these particular gestures will  be recognized and interpreted by

the system. As discussed above, gestures are always coded, each has a meaning.

One of the first question the designer has to ask is whether all interaction in the

system  can  be  handled  by  gestures.  If  there  are  too  many  functions  to  be

fulfilled,  it  would be impractical  to  go beyond a certain  number of  distinct
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gestures – some gestures would be too similar to each other and thus could be

misinterpreted.

Also, the user would have to keep a too large “vocabulary” in his mind. In such

a situation you should either not design a gesture interface, or create a hybrid

system  integrating  NUI  gestures  with  more  conventional  methods  of

interaction, like a soft keyboard occasionally displayed in the application with

keys to be pressed (as discussed above, these key presses may be considered

gestures but they cannot really be considered part of a NUI).

The set of possible gestures is highly dependent on the hardware which has to

detect these gestures. You should not choose a hardware which is not accurate

and reliable enough for  the purpose.  Do not  rely  on descriptions  and  hype,

thoroughly  test  gesture  recognition  with  the  hardware  before  designing  the

interaction  in  detail.  For  the  recognition  of  gestures,  some  hardware

manufacturers provide a gesture recognition library, in other cases you have to

develop your gesture recognition code yourself.

Another decision to be taken early on is the question of modality. A gesture may

have different meanings in different contexts. Example: a sweeping gesture may

mean  the  intention  to  move  away  in  a  navigational  situation,  to  scroll  a

document when reading, to dismiss some object etc. If there are different modes

in the interaction, then it should always be made clear to the user which mode is

actually in effect, and how to go into another mode when desired. The number

of  modes should  be heavily  restricted,  too many modes are impractical  and

confusing.
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A lot of thought should also be given to how the user will learn the use of the

system, the gesture vocabulary, the various modes. It is practically inevitable to

educate the user in advance about the use of the application. This education

should be short, effective, entertaining and quickly refreshable. It should also be

decided what kind of help (visual or other, if any) should be given to the user

during the use of the application.

Then there is the problem of  user fatigue (bodily and mental fatigue as well)

which  can  occur  especially  when the  user  has  to  repeat  the  same  physical

gestures  over  and  over,  perhaps  in  a  body  position  which  is  not  entirely

comfortable.

All this points to the necessity of careful  design and extensive and rigorous

testing.

4.5. Application: interaction in a virtual control room

The full-scope simulator of the Paks Nuclear Power Plant has been in service

since the 80's. Even after several refurbishments to the simulator itself [140]

[141] [134] [135],  the replica control  room, which is a conventional control

room containing a lot of conventional displays, pushbuttons and switches, is

still relatively unchanged. The personnel of the four units of the power plants

all receive their training on this simulator, which exists only in one copy, and is

much in use. It is also used for testing new control room equipment. With the

advancement of technology, it has become possible to create a virtual reality

application, the 3D model of the control room [114], which has been integrated

with the software simulating the plant, thus it has become possible to use copies
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of the simulator with the virtual control room. This version of the virtual control

room  uses  large  monitors  for  output,  keyboard  and  mouse,  optionally  a

Nintendo Wii Nunchuk controller as input. The realism could be increased by

using  immersive  virtual  reality  technology.  For  the  immersive  version,  the

virtual  control  room  model,  which  uses  the  Blender  Game  Engine

(www.blender.org),  has  been  integrated  with  the  OpenHMD  package

(www.openhmd.org) which makes it possible to use HMDs like the Oculus Rift.

The Blender version used  is  2.76b,  under the  64-bit  Windows 10 operation

system. The interaction has had to be completely rethought.

After  careful  consideration  of  the  technical  possibilities  and  the  costs,  the

relatively  accurate  and  inexpensive,  touchless  Leap Motion hand  movement

detector  (www.leapmotion.com)  has  been  chosen  as  the  input  device,  for

gesture-based  control  and  for  interaction  with  the  –  virtually  represented  –

physical input devices in the control room. (A good survey of the Leap Motion's

use for 3D interaction and gesture control can be found in [22]. The device has

been used in several CogInfoCom-related projects [64] [266] [267] [271] [113]

[272].)  For displaying the user's hand in the virtual space,  a complex rigged

hand  model  [37]  has  been  developed  for  the  BGE.  (The  virtual  hand  is

necessary for giving feedback to the user about his/her hand movements and for

handling the pushing of buttons  and  the turning of switches on the panels.)

When using the application, the user is seated at a desk and has a HMD on

his/her head. His/her hand is above the Leap Motion device. He/she can freely

navigate in the control room by using hand gestures and will be able to handle

all pushbuttons and switches. Only the user's virtual hands – and not his/her

other  body  parts  –  are  displayed  in  the  VR  application.  The  navigation  is
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realized by gesture-based control. The currently implemented version uses the

following operation modes:

• Translational mode (implemented, in beta phase): the user is  able to move

along the 3 axes of  the Cartesian coordinate system. This  mode is  in  effect

when only the left hand is within the detection range of the Leap Motion, the

right  hand  is  out  of  sight.  The  user  moves  his/her  hand  along  1,  2  or  3

coordinate axis/axes simultaneously, and the view – and the user's virtual body

– moves with it. The most important direction is along the horizontal axis. As

the  user  sometimes  has  to  travel  large  distances  in  the  huge  control  room,

acceleration has been implemented. This mode ends when the user puts his/her

right  hand into  and/or  pulls  his/her  left  hand  out  of  Leap  Motion's  “sight”.

When the user's left hand is clenched into a fist, the movement of the hand does

not result in the movement of the view – this sub-mode is necessary to make it

possible for the user to return his/her hand into the field of detection (“sight”) of

the sensor and perform further movements. This solution is a bit analogous to a

feature of 2D interaction with a mouse: when the mouse reaches the edge of the

mouse pad (or of the area provided for the mouse), the user can lift it, return it

to the center and continue the movement as if it continued from the edge of the

mouse pad.

• Rotational mode (implemented, in beta phase): the user is able to rotate his/her

body around the vertical axis, by rotating his/her right hand. This mode is in

effect only when the right hand is within the detection range of the Leap Motion

and the left hand is out of sight.
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• Object  manipulation mode –  under  development  –  is  in  effect  when both

hands are visible. They can interact with buttons and switches in the control

room.

In the case of pushbuttons, the collision-handling features of the BGE are used

(collision sensors can be deployed among the so-called logic bricks, and when

the hand object collides into a pushbutton object, the sensor activates a Python

code). The turning of the switches requires self-developed gesture recognition

code which has already been written and tested. It determines whether, after the

hand-switch collision, there is a rotational movement of the hand and, if so,

whether it is clockwise or counterclockwise. It is based on analyzing the change

of rotational data (pitch, yaw, roll) obtained from the hand detector.

Additionally, head rotation input – provided by the gyroscope of the HMD – is

possible  all  the  time.  Unlike the rotational  mode described above,  this  may

occur around all 3 axes, and it affects only the user's view (not the position or

orientation of the rest of the user's body) within the control room.

4.6. Conclusion and future directions

Definitions and features of natural user interfaces and gesture control have been

discussed. Guidelines for designing gesture-based control for applications have

been provided. An actual immersive virtual reality application, which is under

development  and  uses  a  set  of  gestures  detected  by  the  Leap Motion  hand

movement detector, has been outlined.
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Several questions remained open, e.g. how to signal when the user, represented

by  the  hands,  collides  into  a  panel  during  navigation.  The  use  of  tactile

feedback devices was not really an option, as the representation of the human

body is only partial in the model, and tactile feedback devices – even for the

hand – still  do not  give satisfactory services.  Therefore,  the use of different

modalities (like an auditory display), as suggested by [29],  p. 48 could be a

solution,  but  these  ideas  should  be  experimentally  validated  for  the  actual

application.
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5. Immersion in virtual reality literature5

This chapter gives an overview of how virtual reality (VR) literature and related

sources describe the notion of immersion, its sub-types and similar terms. Two

literature reviews have been conducted: one was a non-systematic review, the

other a tertiary review (i.e. a review of reviews) using systematic methods. We

first discuss the  non-systematic review [295].

There are two main schools giving definitions for immersion in VR, and their

definitions are quite different. One school, associated with B. Witmer and M.

Singer, regards immersion as a psychological state of the user. The other school,

based on the works of M. Slater, sees immersion as an objective characteristic

of a VR system. Some authors call the first type of immersion “psychological

immersion” and the second type “technological immersion”. The authors of the

present  paper  bring  up  the  possibility  of  using  alternative  terms:

“immersedness” for the immersion concept of the first school, and, for that of

the second school, “immersingness” (denoting the actively immersing quality of

the system) and “immersing” when referring to the act of immersing the user.

The term “immersedness” is unambiguous, contrary to the term “psychological

immersion” which could also mean a system characteristic when the system is

created with the ability to try to manipulate the user with psychological means.

5 This chapter is based on a conference paper [295], ©2020 IEEE, and a tertiary literature 
review [297]. 
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5.1. Introduction

Virtual  reality  (VR) researchers,  designers,  developers,  educators,  evaluators

and consumers often talk about “immersion” and “immersive” VR applications.

E.g.  in  the  10th  IEEE  International  Conference  on  Cognitive

Infocommunications in 2019, there were 16 papers in which such terms occured

[13] [38] [42] [48] [57] [58] [67] [68] [79] [80] [90] [143] [157] [186] [255]

[262].  (Papers  which  contained  “immersion”,  “immerse”,  “immersed”,

“immersive”, “immersiveness” or “immersivity” were counted in.) But do they

always mean the same thing by the term “immersion”? It is worthwhile to look

into the concept more closely.

The current Merriam-Webster dictionary6 defines the verb immerse as 

“1: to plunge into something that surrounds or covers 

especially: to plunge or dip into a fluid

 2: engross, absorb

// completely immersed in his work

 3: to baptize by immersion”

and notes that the first known use of the verb is from the 15th century.

(The Cambridge Dictionary7 lists two definitions similar to the first two given

above.)

6 https://www.merriam-webster.com/dictionary/immersing
7 https://dictionary.cambridge.org/dictionary/english/immerse
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The first  meaning  listed  above  relates  to  a  physical  experience,  the  second

meaning is a metaphorical use of the first, the third one is derived from the first

one and refers to a physical experience (albeit with a spiritual aspect).

In  the context  of  VR, the second,  metaphorical  meaning listed above is  the

relevant one.

J. Murray writes in her book [199], p. 99: “Immersion is a metaphorical term

derived from the physical experience of being submerged in water. We seek the

same feeling from a psychologically immersive experience that we do from a

plunge in the ocean or swimming pool: the sensation of being surrounded by a

completely other reality, as different as water is from air, that takes over all of

our attention, our whole perceptual apparatus. We enjoy the movement out of

our familiar world, the feeling of alertness that comes from being in this new

place, and the delight that comes from learning to move within it. Immersion

can entail a mere flooding of the mind with sensation (...) But in a participatory

medium, immersion implies  learning to  swim,  to  do the things that  the new

environment makes possible.”

She  also  states  that  in  the  fictional  world  we  do  not  simply  suspend  our

disbelief  but  we also create belief  actively,  and  “we use our intelligence to

reinforce rather than to question the reality of the experience.” [199], p. 107]

5.2. Two glimpses into the history of VR and immersion

The ability to create a virtual world and getting immersed in it is deeply rooted

in human nature and it has preceded computers by at least tens of thousands of
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years.  Prehistoric  cave  paintings  are  proofs  of  this.  These  paintings  can  be

regarded as media with the purpose of storytelling, realized with pigment on

stone   [241],  p.  5.  D.  Mioduser  writes  about  these  paintings:  “The

representations are a human creation, but their presentation on the walls of the

cave evoked a complex relationship between the creator and his creation with

regard to the represented reality.” [196], p. 174.

Dated considerably closer to our age, but still long before computers existed,

ancient Greek literature can be regarded as another case: The authors of [19]

bring up Homer as an example, and claim that Homer intends to immerse his

audience mentally, with various means [19], p. 35. They name three narrative

strategies  in  his  works:  spatio-temporal  immersion,  identification,  and  the

covert  narrator [19], p. 38.  Among the means of spatio-temporal immersion,

they list epithets, similes etc.  “The texts should feed the reader with enough

spatial  and  perceptual  clues  in  order  to  create  a  detailed  («vivid»)  mental

«picture»  of  the  storyworld.” [19],  p.  39.  Of  identification,  they  write  that

Homer  provides  the  readers/listeners  “with  a  viewpoint  within  the  narrated

scene,  encouraging  them to  identify  with  that  viewpoint.” [19],  p.  41.  The

narrator should be as invisible as possible,  Homer's  works contain only two

brief Muse invocations and a few narratorial comments [19], pp. 44–45. 

5.3. Immersion as a transmedial phenomenon

Immersion is  transmedial,  i.e.  not  connected to  a  specific  medium. The two

historical  examples mentioned in the previous section concern paintings and

literature – two different forms of media.
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In  his  book [104],  O. Grau concentrates  on visual  art  and mentions several

examples of old and new media of illusion such as wall paintings of Pompeii,

entire  spaces  of  illusion  like  the  Chambre  du  Cerf  in  the  Papal  Palace  at

Avignon (France), baroque ceiling panoramas, battle scene panoramas and their

present-day successors: 360º images, and also films and VR. Each era strove to

create maximum illusion with the technical means available at the time [104], p.

5.

F. Rose writes in his book that all good fiction is immersive.  “Books, movies,

television,  virtual  worlds  —century  after  century,  we  port  our  willing

suspension of disbelief to whatever new and more immersive medium appears.”

[232], p. 162.

According to the already quoted Murray: “Once the illusory space is created, it

has such psychological presence that it can almost divorce itself from the means

of representation.” [199], p. 103.

M-L. Ryan has written extensively about the theories of immersion (mainly in

the context of literature). She discusses emotional immersion, spatial immersion

(“a sense of place and a model of space”), spatio-temporal immersion (“how to

transport the reader onto the scene”) and temporal immersion, which is  “the

reader’s desire for the knowledge that awaits her at the end of narrative time.”

[4], pp. 121, 130, 140.

Narrative can greatly contribute to immersion in a story. K. Brooks discusses

three attributes of narrative: time, context and participation. He notes that these

“map well from oral storytelling to new media and VR applications”  [144], p.

4. 
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As  far  as  time  is  concerned,  Brooks  distinguishes  two  types  of  it  in  the

narrative: presentation time and narrative time. Presentation time is “a real-time

experience encompassing the narrative experience”, describing “the period of

the narrative; that is, the time during which one is in the movie theatre or the

time during which one is participating in a VR experience. There is a direct and

linear relationship to the clock in this aspect of time. It is the version of time

that we experience in our lives on a day-by-day and minute-by-minute basis.”

On the  other  hand,  narrative  time  exists  inside  the  narrative,  it  is  “a  very

flexible and fluid treatment of time (...). Its treatment and scale are completely

dependent on the level of detail the storyteller needs to convey at any particular

part of the story. (...) When we are drawn into narrative time so completely that

we lose track of presentation time, we are immersed.” [144], pp. 4–5. (Cf. in

music theatre, especially in opera, it can happen on the stage that a character

receives  a  fatal  wound  or  drinks  lethal  poison  but  still  has  time  to  sing  a

complete aria before he/she dies. Actually, the aria, which is usually about the

character's  feelings  and  thoughts  of  farewell,  is  in  narrative  time,  not

presentation time.) 

Of  context,  Brooks  says:  “Context  is  the  space  in  which  a  story  happens:

setting of time and place, political and social conditions, individuals present,

their goals and agendas, etc.”  [144], p. 7. Similarly to the case of time, we can

talk about presentation context and narrative context as well. The former relates

to the physical environment where the narrative is experienced, the latter is the

environment presented by the story [144], p. 7.

The third attribute is participation, it is desirable to enable people to participate

physically and mentally as well  [144], p. 10.
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Brooks also emphasizes the importance of bringing all three attributes together

[144], p. 13.

J. Loomis et al. state that throughout human history, artifacts, intended for the

representation  and  recreation  of  external  reality,  have  progressed  from  the

literature, graphic arts and sculpture of earlier times to photos, films and audio

recordings of the modern age. In recent times, computer technologies such as

3D graphics  have  been  creating  increasingly  realistic  artifacts,  blurring  the

distinction between reality and representation [181], p. 557.

Ryan makes this bold statement: “VR is not so much a medium in itself, as a

technology for the synthesis of all media toward a total experience.” [235], p.

112.

5.4. Immersion in VR literature

In VR literature, there are two main schools defining the notion of immersion,

and their definitions are quite different. 

The first school is most often associated with the names of B. Witmer and M.

Singer and regards immersion as a psychological state of the user. The second

school is based on the works of M. Slater who sees immersion as an objective

characteristic of a VR system.

The first school is in tune with the sources quoted in the previous sections and

bases the definition of immersion on the well-known paper [286]. In this paper,
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the  authors  define  three  interrelated  terms:  presence,  involvement  and

immersion. 

They define  presence as “the subjective experience of being in one place or

environment, even when one is physically situated in another”. They emphasize

that individuals can experience aspects of the virtual environment and events in

their real environment at the same time [286], p. 225.

They  give  the  following  definition  for  involvement:  “Involvement  is  a

psychological state experienced as a consequence of focusing one’s energy and

attention on a coherent  set  of  stimuli  or  meaningfully  related activities  and

events.” Becoming more involved increases the users' sense of presence [286],

p. 227. 

Finally, the authors define immersion as “a psychological state characterized

by perceiving oneself to be enveloped by, included in, and interacting with an

environment that provides a continuous stream of stimuli and experiences. A

VE8 that produces a greater sense of immersion will produce higher levels of

presence.  Factors  that  affect  immersion  include  isolation  from the  physical

environment,  perception  of  self-inclusion  in  the  VE,  natural  modes  of

interaction  and  control,  and  perception  of  self-movement.”  They  name  the

helmet-mounted  display  (HMD)  –  nowadays  rather  called  head-mounted

display – as a typical device providing the above mentioned isolation. They also

underline the importance of interaction: “When users interact naturally with a

VE, able to both affect and be affected by the VE stimuli, they become more

immersed in that environment. Perceiving oneself as moving inside a simulated

8 Virtual Environment
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environment or directly interacting with other entities in that environment will

also increase one’s sense of being immersed. Immersing people in a simulated

environment is  what VEs are designed to do, and that is  why VEs have the

potential to produce presence. (...) In our view, immersion, like involvement and

presence, is something the individual experiences.” [286], p. 227.

S. Agrawal et al. essentially adopt the views of the first school. They propose

the  following  definition:  “Immersion  is  a  phenomenon  experienced  by  an

individual when they are in a state of deep mental involvement in which their

cognitive processes (with or without sensory stimulation) cause a shift in their

attentional  state  such  that  one  may  experience  disassociation  from  the

awareness of the physical world.” [11], p. 5. They add: “The three recognized

reasons  which  can  lead  (independently  or  along  with  other  reasons)  to

psychological  immersion  are  the  subjective  sense  of  being  surrounded  or

experiencing  multisensory  stimulation,  absorption  in  the  narrative  or  the

depiction of  the  narrative,  and  absorption  when facing strategic  or  tactical

challenges.”  [11], p. 5.

The authors also mention the term  transportation,  which, according to them,

“can be viewed as immersion which is fundamentally focused on the narrative”

[11], p. 6. Another term they bring up is envelopment, which is often used in the

context  of  spatial  audio.  According  to  them,  the  difference  between

envelopment and immersion is that envelopment is perceptual while immersion

is cognitive [11], p. 7. 

Also  in  the  vein  of  Witmer  and  Singer,  E.  Adams  and  A.  Rollings  state:

“Immersion is the feeling of being submerged in a form of entertainment,  or
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rather, being unaware that you are experiencing an artificial world.” [8], p. 25.

They identify  three sub-types  of immersion in the context  of game playing:

tactical, strategic and narrative immersion. Tactical immersion is also known as

the “Tetris trance”. The game goes at such a speed that the player cannot think

of anything else, he/she just wants to survive. The game typically offers small

challenges to the player, one after the other. These challenges are quite alike.

When the player is in strategic immersion, then he/she plans ahead in order to

win the game, focusing on optimization (but not on the story or the characters).

The rules of the game should be clear to him/her, in order to facilitate planning.

There should not be too many unpredictable elements in the game. When in

narrative immersion, the player feels being inside the story of the game. Good

books or films can evoke the same feeling, but in VR games the player can also

participate actively in the plot [8], p. 26.

E.  Brown  and  P.  Cairns  have  interviewed  gamers  about  their  gaming

experiences and identified three levels of immersion: engagement, engrossment

and total immersion [55].

L. Ermi and F. Mäyrä [84] also follow Witmer's and Singer's line. They have set

up the SCI Gameplay Experience Model, based on their experimental research

of game playing. They distinguish three dimensions of a gameplay experience:

sensory  immersion  (S)  related  to  the  audiovisual  execution  of  the  game;

challenge-based immersion (C) where challenges in the game can be related to

motor skills and/or mental skills; and imaginative immersion (I) which is is the

area in which the game offers the player a chance to use his/her imagination,

empathize with the characters etc.
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D. Arsenault [73] has suggested calling the imaginative immersion term of Ermi

and Mäyrä fictional immersion instead, saying that we can be immersed in a

story  without  exercising  our  imagination.  He  also  suggests  to  use  the  term

systemic immersion instead of challenge-based immersion, because the game

player  adopts the game’s system i.e.  the game's rules,  and forgets about the

rules  of  the  real  world,  and also  because we can be  immersed in  a  system

without necessarily being challenged by it. 

Some literature mentioning immersion discuss the notions of user experience

(UX) and flow as well:

According  to  D.  Janssen  et  al.:  “The  users’ mental  experiences  in  a  VR

environment  are  generally  summarized  by  the  term ‘user  experience’ (UX),

which  can  further  be  subdivided  into  certain  theoretical  constructs  like

immersion, presence and flow (...) Flow is defined as a reflection-free merging

in smooth ongoing activities that have been under control despite high strain

(...).” They  also  say  that  in  a  state  of  flow  the  person's  requirements  and

competences are balanced [136], p. 21.

The  authors  of  [81]  regard  flow as  a  sort  of  psychological  absorption  and

underline that flow is always enjoyable [81], p. 19. 

C. Jennett et al. opine that immersion is a precursor for flow [138], p. 6.

D.  Weibel  and  B.  Wissmath  have  empirically  examined  the  relationship

between (spatial) presence and flow in the context of various computer games.

They  regard  both  flow  and  presence  as  immersive  experiences.  They  have

found that  “presence and flow are distinct constructs, which do hardly share

common variance” and come to the conclusion that while presence refers to the
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feeling of being there in the mediated world, flow refers to being involved in

the  gaming  action.  Their  analyses  have  shown  that  flow  and  presence  are

influenced by motivation and immersive tendency [281], p. 1.

Flow is also discussed by Agrawal et al., who remark that the literature on the

experience of flow is inconsistent [11], p. 6].

Another  related concept,  cognitive absorption is  also worthy of mention.  R.

Agarwal and E. Karahana [10] have defined it as a state of deep involvement

with software.  According to  them, it  is  exhibited through the following five

dimensions: temporal dissociation (the inability to register the passage of time

while  engaged  in  interaction),  focused  immersion  (the  experience  of  total

engagement  where  other  attentional  demands  are,  in  essence,  ignored),

heightened  enjoyment  (capturing  the  pleasurable  aspects  of  the  interaction),

control (representing the user's perception of being in charge of the interaction)

and  curiosity.  (A review  of  cognitive  absorption  literature  can  be  found  in

[236].)

According to the definition variations of the first school quoted and discussed

above, immersion is a psychological state of the user. The second school, M.

Slater and his co-authors and followers (e.g. [2], [71]) define immersion quite

differently. They are of the view that immersion is an objective characteristic of

a VR system (but they define presence similarly to the first school). They call

immersion “a quantifiable description of a technology. It includes the extent to

which the computer displays are extensive, surrounding, inclusive,  vivid and

matching.” They  state  that  the  more senses  it  serves,  the  more  extensive  a

display  is.  The  surrounding  quality  means  realistic  spatial  distribution  of
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sensory signals  (including visual  stereopsis  and  spatial  audio).  Inclusiveness

means  shutting  out  sensory  data  coming  from  physical  reality.  Vividness

depends on the characteristics of the displays, including richness, information

content, resolution. They also describe what they mean by the term “matching”:

“(...)  immersion  requires  that  there  is  match between  the  participant’s

proprioceptive feedback about body movements, and the information generated

on the displays.” Turning one's head should cause a congruous change in the

visual display and – where applicable – in the auditory display as well. Body

tracking (at least head tracking) is mandatory for matching [251], pp. 164–165].

They  state  that  immersion  also  requires  a  virtual  representation  of  the

participant in the VE. This representation is called the virtual body. Interaction,

which is the ability to modify the virtual world, is a dimension of immersion

[251],  p. 165]. 

They  outline  the  difference  between  (their  definition  of)  immersion  and

presence. According to them, immersion is  “an objective description of what

any particular system does provide. Presence is a state of consciousness, the

(psychological) sense of being in the virtual environment, and corresponding

modes  of  behaviour.  (...)  Behaviours  in  the  VE  should  be  consistent  with

behaviours  that  would  have  occurred  in  everyday  reality  in  similar

circumstances.” [251],  p.  165.  In  another  paper,  Slater  says:“Presence  is  a

human reaction to immersion.” [193], p. 2.

Slater states in a third paper that he defined the term immersion “to mean the

extent  to  which  the  actual  system  delivers  a  surrounding  environment,  one

which shuts out sensations from the ‘real world’, which accommodates many
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sensory modalities, has rich representational capability, and so on (...).” He

distinguishes his meaning of the word from the other definition by calling it

“system immersion” vs. “immersive response” [250], pp. 1–2.

The definition by Biocca and Delaney is also in Slater's vein: “Immersive is a

term that  refers to the degree to which a virtual  environment submerges the

perceptual system of the user in computer-generated stimuli.” [2], p. 57. M.

Lombard  and  T.  Ditton  call  the  immersion  defined  by  Biocca  and  Delaney

“perceptual immersion” [180]. 

To distinguish the definitions by the two schools from each other, some authors

use the terms “psychological immersion” and “technological immersion” (e.g.

[20], [81]). Other authors adopt the term “psychological immersion”, but prefer

the  expressions  “perceptual  immersion” or  “sensory  immersion” to

“technological immersion” [11].

Sherman and Craig call the two types of immersion “mental immersion” and

“physical immersion” [241], p. 10.

Agrawal  et  al.  criticize  Slater’s  definition  by  saying  that  it  “implies  that

increasing the number of channels and loudspeakers augments immersiveness,

irrespective  of  the  content,  context,  and  individual  preferences.” [11],  p.  4.

They state that immersion as defined by Slater is a facilitator for “psychological

immersion”. They accept the views of Witmer and Singer on immersion, but

they also introduce the concept of “immersive potential” which is the system's

or content's  potential  to elicit  immersion [11],  p.  5. This is  close to  Slater's

concept of immersion.
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R.  Skarbez  et  al.  try  to  bridge  the  gap  between  the  two schools:  “Slater’s

immersion  is  what  makes  it  possible  to  experience  Witmer  and  Singer’s

immersion” [248], p. 96:3.

Actually,  the  two  schools  see  the  term  immersion  from  two  different

perspectives (see Figure 5.1). The first school takes the user's view: the user

immerses himself/herself in the VE and/or lets the VE immerse him/her.

The  second  school  takes  the creator's view:  the  system,  created  by  the

designers and developers, immerses the user. 

The following two simple drawings illustrate the difference between the two

concepts of immersion:

Fig. 5.1 The two concepts of immersion

It would be advantageous to distinguish these two concepts of immersion with

distinct,  self-explanatory  terms.  We  propose  to  use  the  term  pair

“immersedness”  –  “immersingness”.  “Immersedness”  can  be  used  for  the

immersion  concept  of  the  first  school,  denoting  a  psychological  state.  The

second type of immersion could be called “immersing” for the act of immersing

the user, and “immersingness” referring to the actively immersing quality of the
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VE. As an alternative to the latter, “immersiveness” could also be used. The

term “immersingness” underlines the directionality of this type of immersion a

bit more than “immersiveness” does: it is the system which immerses the user,

it is the system that has the actively immersing quality.

The term immersedness, for the immersion concept of the first school, is totally

unambiguous,  while  “psychological  immersion”  or  “mental  immersion”  can

sometimes be taken as a characteristic of the system, i.e. immersingness, when

the system tries to influence the user in a psychological way. An example of

such manipulation could be to shape the virtual world in a way which matches

the previously obtained characteristics, preferences of the user.

The word “immersedness” actually sporadically appears in scholarly writings. It

is used in mathematics, e.g. [9] but the mathematical term has nothing to do

with psychology or VR. One publication in the field of visual arts  has been

found:   [155]  gives  an  overview  of  the  development  of  technologically

mediated experiences  of nature,  and in the context  of  panoramas (large 360

degree paintings ideally covering the viewer's entire field of view, cf.  [104])

mentions the various visual effects applied “to heighten the feeling of realism

and immersedness” [155], p. 5. There is also one paper which uses the word in

the context of bodily movements as gestures,  and it states:  “How strong the

bond towards this natural medium – the bodily self – is can be the degree of

natural  immersedness  inside  our  bodies.” [100],  p.  101.  In  all  non-

mathematical uses, the term clearly refers to a psychological state.

The word “immersingness” occurs only in a posting by an online graphics artist

(https://www.deviantart.com/itswalky/art/Some-SP-background-sets-

65



199472245). The word is used rather colloquially but it seems to refer to the

immersive ability of a virtual space.

5.5. A tertiary literature review on immersion

We have also performed a tertiary literature review (a review of reviews) on the

definition  of  immersion.  From this  review  it  has  became  even  clearer  that

immersion is a multifaceted phenomenon, and it is unlikely that a single and

compact definition will ever be globally accepted. We have only chosen literary

sources  which  give  at  least  8  definitions  or  definition-like  descriptions  of

immersion.  These  sources  hardly  quote  each  other,  they  do  not  form  any

clusters. We are not trying trying to decide which definition is “the real one”.

Some articles only quote other sources, and the definitions obtained by them are

quite diverse, but there are also articles which, on the basis of the definitions

they found (and were not satisfied with), try to synthesize new definitions. The

following new (synthesized) definitions cam be found in these sources: 

Noirin Curran, who has probably provided the most detailed, in-depth analysis

of game immersion, proposes the following definition  [299]: 

“Immersion is a subjective state of intense involvement in an imaginary setting,

where an individual may either identify with or adopt a character or a setting

(or both). If the individual identifies with a character they may adopt some, or

all, of the character’s attributes. If an individual identifies with a setting some

or all of the demands of the setting become the attentional focus. An immersive

response can vary in strength and duration, at its most extreme, causing loss of
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a sense of self or reality and feeling as if  one is the character or is ‘in’ the

setting.”

Zhang Chenyan [300] has constructed the following definition of immersion “in

the virtual  reality  that  fits  into the  QoE assessment  paradigm” [where  QoE

means  quality  of  experience]:  “Immersion  in  a  virtual  environment  is  a

technology-mediated  illusion  that,  through  mimetic  system  offering  priming

stimuli  and  cues,  engulfs  one’s  senses  and  leads  to  the  alignment  of  one’s

attentional focus to a synthetic yet perceptually authentic reality, by taking the

visuo-spatial and emotional perspectives of the virtual agent(s), depending on

one’s  imaginative  facilities  and  mental  dispositions  and  tendencies.”  Zhang

[300] also defines immersion (in a similar vein) as “the sensory and perceptual

experience of being surrounded by an environment perceived by the user as the

real  and  prominent  one:  this  artificial  world  is  able  to  engage  the  user

cognitively, emotionally, and physically, suspending attention from the concrete

world”,

Agrawal et al [11] propose the following definition for immersion: “Immersion

is a phenomenon experienced by an individual when they are in a state of deep

mental involvement in which their cognitive processes (with or without sensory

stimulation) cause a shift in their attentional state such that one may experience

disassociation from the awareness of the physical world.”

Jan-Noël Thon [298] mentions subtypes of immersion but does not define the

overall concept.

A common feature in all these definitions is that immersion is regarded as a

subjective experience,
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5.6. Conclusion

In this chapter, the two widespread and quite different definitions of immersion

have been reviewed, and various related definitions have been discussed, on the

basis of two literature reviews. A proposal has been made for using a pair of

unambiguous terms to distinguish between the two immersion concepts.  From

modern reviews it seems that nowadays immersion is regarded as a subjective

experience and not as an objective property of a system.
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6. Web search of software developers —  Features and 
tips9

6.1. Introduction

Software  developers (people developing software)   frequently  search on the

web to support their software development activity. This chapter is based on the

literature  and  also  on  the  author’s  long  practice  as  a  software  developer,

discussing  characteristics  of  developers’  web  searches  and  giving  a  few

recommendations and tips, especially for complex, exploratory searches. As far

as the author knows, no such summary combined with tips, directed at software

developers, has been published before. 

The efficiency and the outcome of these developers’ searches — such as finding

an appropriate software library or suitable documentation or usable example

code — may fundamentally affect the success of their work.

There exist several  useful  resources on how to search on the web in general:

books ([77] [234] [233]), articles ([47]), and online resources.10

However,  according to the literature,  the web search of  software developers

have some specificities. Knowing how their peers search, and being acquainted

with some tips  can make developers  perform their  own web searches  more

consciously and efficiently.

9 This chapter is loosely based on the journal article [263]. 
10 http://www.rba.co.uk/search  , http://searchresearch1.blogspot.com/, 

https://docs.google.com/document/d/1ydVaJJeL1EYbWtlfj9TPfBTE5IBADkQfZrQaBZxq
XGs, https://sites.google.com/site/resourcesandsearchstrategies/, 
https://www.google.com/insidesearch/searcheducation/index.html 
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(By searches of software developers  I  mean their  searches performed in  the

capacity of software developers.)

6.2. Features of developers’ web searches

This section summarizes the most important findings in the literature.

[290]  studied  professional  developers’ web searches,  with  multiple  methods

(search logs analysis, interviews with developers, surveys). The most common

search  tasks  were  identified  as  searching  for  explanations  for  unknown

terminologies,  explanations  for  exceptions/error  messages,  reusable  code

snippets,  solutions  to  common  programming  bugs,  and  suitable  third-party

libraries/services. The most difficult search tasks were searching for solutions to

performance  bugs,  solutions  to  multi-threading  bugs,  public  datasets  to  test

newly developed algorithms or systems, reusable code snippets, best industrial

practices,  database  optimization  solutions,  solutions  to  security  bugs,  and

solutions to software configuration bugs.

[227] analyzed the search log of a major general  purpose search engine and

identified  software  engineering  related  queries  with  the  aid  of  a  machine

learning based classifier. 2.61% of all the web search sessions were software

engineering  related.  (While  the  term  “software  engineering  related  queries”

perhaps  does  not  absolutely  correspond  to  “developer  queries,”  we  can

disregard the difference for our purposes.) Software engineering search sessions

were shorter than other sessions, had a higher word count, and had a higher rate

of term additions and removals in query reformulations. Software engineering
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search queries had a lower click rate (i.e., the rate of clicking to a web page

after the query) than other search queries. (The authors opine that this can be

attributed to software engineering related search tasks being more difficult than

other search tasks. I must remark, however, that we do not know the proportion

of cases when the result preview already gave the answer and there was no need

for clicking.)  Dwell  time, the amount of time spent by users on the clicked

documents (calculated as the time between the click and the next seen click or

query on the search engine) was lower than with other queries. [The authors, on

the basis of search literature, state that longer dwell time correlates with success

in  finding  the  required  information  and  they  come  to  the  conclusion  that

therefore software engineering queries are less effective than other queries. I

think  that  this  may  be  a  hasty  conclusion,  as  people  issuing  software

engineering queries may be more effective and thus faster in evaluating search

results than the average population, and software engineering related web pages

may be more to the point, more easily understandable than other web pages.

Also, the methodological issue arises that the calculation of dwell time may be

questionable  if  software  engineering  people  tend  more  to  click  multiple

candidate results in browser tabs in rapid succession and evaluate them one-by-

one, such behavior has been described (e.g., in [52], p. 3).]

The most researched search type among developers’ web searches is search for

code,  i.e.,  software.  They  Developers  look  for  ready-to-use  software,

linkable/includable code libraries, code examples,  code samples,  coding tips,

bug fixing tips, also algorithms from which code can be written.

The most important findings on code search:
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Developers prefer general-purpose search engines over any other information

gathering means, specialized code search engines are not used too often ([142]

[247] [129]), [245] found that subjects using Google (vs. other search engines)

in a code search experiment employed a higher average number of terms per

query, a higher average clickthrough rate, and more time overall, and received

more  hits  which  were  perceived  relevant.  The  researchers  opined  that  the

success of Google was probably due to the high number and variety of pages

that  it  indexed,  and  also  because  participants  in  the  experiment  were more

familiar with Google than with the other engines.

A study analyzing the log of a code search engine has come to the conclusion

that “users who find code search engines usable are those who already know to

a high level of specificity what to look for” ([24], p. 1).

Sometimes code searches are also performed in code repositories ([142], [245],

[247]).

As far as source code search is concerned, [247] states  that,  in terms of  by

motivation, there are two major search archetypes. At one end of the spectrum

is the search for source code for reuse as-is, when the developer does not want

to modify the code at all. The other archetype is search for code as a reference

example, when the developer only wants to use the knowledge behind the code.

Between these archetypes are the searches which are some mixes of the two. A

search process may even start at one end of the spectrum and may move toward

the  other  end.  A  minor  archetype  has  also  been  identified:  search  for

information about bugs or defects, which is characterized by long queries ([226]

p. 8), as full error messages are often submitted as queries.
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[23] is about a lab study which graduate students searched for code to resolve

programming tasks  in  an  unfamiliar  programming language.  Search  success

was investigated. Taking only clicking to a search result into account as proof of

search success is inadequate, as inspecting a result is not a guarantee for success

yet, and also the correct answer to a search query may appear in the preview in

the hit  list,  not  necessitating clicking.  Therefore,  participants  were surveyed

during their search activity (when a search tab was closed and when there were

signs that a query was reformulated) about their success. A few findings:

Participants  most  frequently  searched for  example code and ways to resolve

bugs  or  errors.  Learners  formulated  much  more  verbose  queries  than

professionals  did.  Most  participants  borrowed  terms  from  programming

languages with which they were familiar, these queries were more successful

than the average query. Successful searches used natural language phrases. [As

to the possible reason: Gallardo-Valencia and Sim [94] opined earlier that web

pages with code snippets, examples,  usually contain a lot of explanations in

natural language, and the general purpose search engines pick up these.] The

majority of “How to” queries were successful, and “(…) the most successful

searches are those that consult resources with examples, such as documentation

and official/third-party tutorials.” ([23], pp. 2,5,7,10).

Li et al. [169] conducted an experiment with subjects having to correct buggy

Python  codes  with  the  aid  of  searching  Stack  Overflow  through  Google.

Subjects  were  categorized  as  Novices,  Non-Python-familiar-experts  and

Python-familiar-experts.  Experts  tended  to  click  more  search  results  than

novices and had higher success rate. Python experts (the most successful of the

three categories) clicked on more links that were further down the result list.
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Rahman et al. [226] compared code search and other search activities of the

same  developers.  In  comparison  to  other  searches,  code  searches  contained

more words, the number of queries per search session was much higher, query

modifications occurred more often,  more websites were visited in a session,

more time was spent  on the search.  This  implies  that  searching  for  code  is

harder, and also that developers do not give it up easily.

6.3. Exploratory searches

Martie  [188],  writing  about  code  search,  emphasizes  the  iterative  nature  of

search, especially when the search is not for one specific piece of code, the

developer is not entirely sure at the beginning what he/she is searching for.

“In such cases, search is more of an exploratory process where multiple queries

are issued by the programmer so that they can discover results to learn and gain

ideas from or to learn more about what code they might want in the search

engine.” ([188], p. 61).

Exploratory searches may take a long time, even months ([282], p. 6) and they

are hard to study. 

Let me cite two search examples from my own practice as a developer. Both

involved (or at least started with) exploratory searches,  but while one was a

relative routine task, the second one was, in my own practice as a developer, the

longest and toughest search for code, taking months. 
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In the first case,  in the project described in [296], despite the availability of

vendor support for the LabVIEW graphical programming environment used in

the project, web searches for concepts and for code were also performed. One

of my tasks was to use a specific device, a multichannel analyzer (MCA), in the

project.  As  my  search  diary  (which  I  saved)  shows,  I  performed  multiple

searches,  first  to  understand  how to  handle  a  multichannel  analyzer  (which

instrument  I  never  used  before)  in  a  LabVIEW  project  (the  LabVIEW

environment was also new to me).  One of my search queries was “LabVIEW

Canberra MCA” (the firm Canberra was the manufacturer of the MCA). My

queries were exploratory at first but grew more and more specific as I gained

more and more knowledge, which then enabled me to handle the multichannel

analyzer in the project.

The task in the second project was much more complex. I wanted a detailed,

realistic virtual hand model in a particular game engine, driven with input data

from a hand movement detector, for a virtual reality project. After a while it

became  clear  that  no ready-made solution existed,  I  had to  create  the hand

model myself. Luckily, I found a hand mesh (geometric model of a hand) which

looked suitable,  so I “only” had to integrate it  with an armature (a skeleton

representation  of  the  bones  of  the  hand  in  the  game engine)  and  drive  the

armature’s  bones with  bone position and  orientation data  from the detector.

Apparently, no one had done this before for that particular game engine, so I

had to learn a lot about the extremely complicated armature mechanism of the

game  engine.  Certain  features  worked  correctly  only  under  special  and

undocumented circumstances. My search process was heavily intertwined with

development efforts. After each failure I searched further and tried out the new
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findings. I maintained a search and development diary. The subsequent mining

of this diary has revealed that I recorded 853 distinct URLs worthy of noting

and  these  belonged  to  174  different  websites.  26%  of  the  recorded  hits

contained code (mostly code snippets) which I thought worthy of copying or

downloading. At the time of writing the diary I had no intention to make any

kind of statistics from it, so the data presented here contain no such bias. Table

6.1  shows  how  the  top  4  websites  were  represented  among  the  URLs.

blenderartists.org is  an independent user site (with forums) dedicated to the

Blender (https://scicrunch.org/resolver/RRID:SCR_008606)  suite  which

included  the  game  engine,  blender.org  is  the  official  site  of  Blender,

stackexchange.com is a network of Q&A (question-and-answer) sites on diverse

topics,  leapmotion.com is the official site of the hand movement detector. The

two official sites both contain forums as well. 8 further websites held 1–2% of

the URLs each. All other sites were below 1%. 119 sites were represented with

only one URL. These results show how important the forums have become, and

how diverse the URLs can be.

One day, after I applied a trick found in the blog of a small company, the hand

model started working correctly. It was published in [37].11

I  mostly  used Google for  search (Bing and Yandex did not  yield additional

results), set the number of hits to be displayed on one page to the maximum (to

speed up evaluation). When I thought necessary, I scanned several hundred hits

in the hit list. When there were several promising hits, I opened them in new

tabs one-by-one, then evaluated them one-by-one, relatively quickly.

11 See demo at https://youtu.be/uEhEZ1MIul4
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Website Among all URLs

(847 total)

Among important

URLS (134 total)

Among

code-containing

URLs (218 otal)

Blenderartists.org 30% 33% 33%

Blender.org 16% 12%  5%

Stackexchange.com  9% 15% 14%

Leapmotion.com  4%  6%  6%

All 4 sites together 59% 66% 58%

Table 6.1. How the top 4 websites were represented among the recorded URLs.

I  often  found  useful  tips  in  forums  and  blogs,  and  it  sometimes  paid  off

searching for other posts of authors whose posts I found informative.

My  search  diary  was  in  Word  format,  I  copied  into  it  relevant  URLs,

explanatory  texts,  interesting  pieces  of  code  which  I  sometimes  annotated,

figures, and even screenshots of my program runs as well. I put exclamation

marks before the recorded address of web pages I thought important, I also used

font properties (size, color, style) to mark different types of information. When

a part  of  the text  (and the idea behind it)  proved to be a dead-end street,  I

changed its font to a smaller one and crossed it out, thus invalidated it but still

left it in the diary.

I  believe  that  documenting  the  searches  in  the  way described  above highly

contributed to the successful outcome of the search. Also, that I was persistent,
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did not necessarily stop at 10, 20 or even 100 hits, and assessed the promising

hits fast.

Why  could  the  examination  of  many  hits  prove  useful,  especially  with

exploratory searches? According to [282], p. 15:

“Exploratory  searches  may  be  more  concerned  with  recall  (maximizing  the

number  of  possibly  relevant  objects  that  are  retrieved)  than  precision

(minimizing the number of possibly irrelevant objects that are retrieved). Thus,

they are not well supported by today’s Web search engines that are highly tuned

toward precision in the first page of results.”

Pariser ([217], p. 59) has put this in a simpler way:

“Google is great at helping us find what we know we want, but not at finding

what we don’t know we want.”

However, it  can happen that the lack of relevant results among the first hits

simply means that the query is misguided, it  is better to abandon or at least

modify the query. This is always up to the searcher’s judgment (which usually

develops with practice).

Also, we should keep in mind that Google does not display more than 1,000

results for any query ([212], p. 75; [234], p.151).

To help users in their searches (and to profit from offering products to users),

search engines often create  profiles  of  users.  For  this,  they use their  search

history, geographical location and other data such as what commercial products

they bought in the past, what information they have given about themselves.

Thus  search  engines  are  able  to  provide  search  results  more  specific  and
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relevant to the user, but, with this, they put the user into a sort of “bubble.” This

feature (and also that the hits frequently clicked by other users will probably be

ranked  higher,  with  which  they  will  get  even  more  clicks)  can  be

counterproductive in exploratory search, when the solution often does not lie

along the well-trodden paths.

One, time-consuming, strategy to counteract this effect is the above mentioned

examination of a high number of search hits. We can also try countermeasures

to depersonalize, to “debubble” the search.12

6.4. A few more web search tips for developers

If you want to use search engines efficiently, you should know their advanced

search options and characteristics.  Not only Boolean operators can be put to

use.  For  software  component  search,  the  filetype operator  (Google,  Bing,

Yandex) can be of help (it  recognizes the file types of several  programming

languages) and also Google’s and Bing’s wildcard (*) (e.g., when looking for

functions/methods  with  known  parameter  types,  wildcards  can  serve  as

substitutes for the unknown parameter names) ([212], p. 76). With the verbatim

option Google will not look for synonyms and variations of the search terms,

this  can be useful  e.g.,  when looking for specific function/method names in

source code search.

You can learn a lot about the capabilities and characteristics of search engines

from search experts.13

12 Depersonalization tips for Google: https://nostop.net/depersonalize-google-search.html
13 See the Introduction for such resources.
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It can pay off to use search engines other than Google, you may get different

results.14

A potentially useful type of information source is scholarly literature, both in

the  application  domain  for  which  you  develop  your  software,  and  in  the

software engineering field. Scholarly articles, books, studies, research reports,

dissertations may contain code snippets, algorithms, coding tips, references to

ready-to-use programs and to components. Sometimes authors make their own

software available to the public. Many scholarly sources can be found through

general  purpose  search engines,  but  search  engines  specializing in  scholarly

literature can also be of great help. Of these scholarly search engines, Google

Scholar  can  be  recommended  in  the  first  place,  because  it  has  the  widest

coverage of sources. There are also topical search sites for various domains, and

the  sites  of  publishers  of  scholarly  journals  and  books  are  also  valuable

resources. Publications usually contain references, some of these may be worth

exploring. A publication of interest may be cited in other sources which could in

turn  contain  further  useful  information  for  the  developer.  Such  citation

searching is supported e.g. by Google Scholar.

Social  media,  such as  Q&A sites  (notably,  Stack Overflow),  forums,  blogs,

microblogs (Twitter) collaboratory code repositories (SourceForge, GitHub etc.)

can also be great sources of information. In code search, these can also help

with the evaluation of code candidates,  as they often show the community’s

opinion of the code.

14 For alternative search engines, see e.g., https://www.searchenginejournal.com/alternative-
search-engines/271409/
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6.5. Discussion

On  the  basis  of  the  available  literature,  I  have  listed  some  features  of

developers’ web searches, and a few tips for making searches more efficient,

derived from the literature and my own experiences.

Where are we headed? This greatly depends on the evolution of search engines.

The current practice is to use mostly general-purpose search engines even for

code search. The formerly popular Google Code Search was shut down years

ago15 and  several  other  code  search  engines  have  become  obsolete,  too.16

Perhaps the ever-increasing quantity of available code has become too much for

them. It is in principle possible that a search tool specializing in code search

emerges and becomes dominant, but it has not happened so far.

Possibly, general-purpose search engines might evolve into more efficient tools

through  addition  of  software-developer-friendly  features.  However,  as

mentioned  above,  only  less  than  3%  of  web  search  sessions  are  software

engineering related, so this is probably not high on the priority list of search

engine  companies.  Until  then  (and  even  after,  in  the  case  of  exploratory

searches), we must resort to search tricks to make our search efficient.

15 http://googleblog.blogspot.com/2011/10/fall-sweep.html
16 In 2018, Code Sample Answer 

(https://blogs.bing.com/searchquality-insights/2018-07/Intelligent-search-Coding-answers-
at-yourfingertips/) was introduced in Bing, but now the code samples
are no longer available in the search results.
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7. A systematic mapping study on how developers search 

for source code on the web

7.1 Introduction

As a continuation of my investigations into how developers search for code, I

and  my  co-author  have  conducted  a  systematic  mapping  study  on  how

developers search for source code on the web. On the basis of the 105 relevant

retrieved papers, the study identifies the search tools most frequently utilized,

the types and domain names of websites most often found, the factors and cues

influencing selection of  search hits,  the ranks of  selected search results,  the

search strategies and developer characteristics correlating with success, and the

differences in the search processes of various developer groups. Additionally,

two study types not mentioned in other systematic reviews have been identified:

virtual lab study and search and development diary study.

With our systematic mapping study we wished to find papers related to web

search for source code, this seems a broad enough area to have quite a number

of published papers. Unlike most systematic reviews on code search, we do not

focus on code search tools. Instead, we concentrate on the developer, the human

who searches for source code online. Our approach is somewhat related to the

discipline that is called behavioral software engineering17.

17
[167] deϐines behavioral software engineering as the study of cognitive, behavioral and social aspects of software engineering 

performed by individuals, groups or organizations
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Our mapping study is evidence-oriented, we present all the relevant evidence

found  in  the  publications,  regardless  of  whether  the  particular  evidence  is

contained in one or multiple publications pertaining to the same investigation.

Relevance  has  been decided on the basis  of  the inclusion/exclusion criteria.

However,  redundant  publications,  solely  containing  evidence  (answering

research questions) which can also be found in other publications already in the

corpus  are  listed  separately  as  redundant.  In  case  a  paper  had  multiple

redundant  versions,  only one  version was kept,  and the other  versions were

eliminated.

The present chapter is organized as follows. Section 7.2 defines and clarifies

terms  and  concepts  pertaining  to  the  topic.  Section  7.3  describes  how  the

mapping study was planned and executed.  Section 7.4 presents  the research

questions and the answers to them. Section 7.5 concludes the chapter.

The  Appendices  to  the  dissertation  contain  supplementary  material  for  the

documentation  of  the  systematic  mapping  study:  the  study  protocol,  the

inclusion/exclusion criteria,  the  initial  set  of  papers,  the list  of  primary and

redundant studies, the list of the used search tools, the search queries and the

exception list for the duplicate eliminator.

7.2 Background

This section reviews the terminology and main concepts used throughout the 

paper.

By ՙdeveloper’ we mean anyone who develops software.
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7.2.1 Definition of source code

We slightly enhance the definition of source code originating from the standard

[1] with emphasizing that source code is human-readable (which the standard

does not explicitly state, but it can be found in other definitions, such as on the

website of SUSE Linux18). Thus, throughout our systematic mapping study, we

regard  source  code  as  human-readable  computer  instructions  and  data

definitions expressed in a form suitable for input to an assembler, compiler, or

other translator.

We also remark that the ՙother translator’ can be an interpreter as well.

A sub-type of source code that often appears in the literature is the code snippet

(sometimes also called a block of code). A code snippet is a few lines of source

code, often embedded in web pages such as the Q&A (question and answer) site

Stack Overflow. Typically surrounded by textual explanations, a code snippet is

a sort of code quotation, usually not a complete program or even a full function,

cf. [269].

7.2.2 The notion of source code search/seeking

In her publication [93], Gallardo-Valencia has proposed “a five-stage model to

differentiate the stages that could take place when developers look for source

code on the  Web.”  These stages  include:  (1)  identify  source code  need,  (2)

select web resource, (3) translate need to Web resource, (4) evaluate results, and

(5) use suitable results [93]. In other words: “Source code seeking on the Web

involves the search, evaluation, and retrieval of source code from the Web, as

18
https://www.suse.com/suse-deϐines/deϐinition/source-code/
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well  as  the  application  of  the  retrieved  source  code  to  solve  a  software

development problem” [93]. Gallardo-Valencia states:

“Developers are looking for source code on the Web as a technique to write

source code” [93]. This means that source code search/seeking can be regarded

as a software development  technique. Gallardo-Valencia emphasizes that  the

process is not strictly sequential, the developer may return to a previous stage or

omit stages.

We adopt the above model for our literature review. We concentrate more on the

second, third and fourth stages (and look for articles dealing with these), and

less on the first stage, and even less on the fifth stage of the above model.

We do not include articles which investigate only the fourth and/or the fifth

stage (evaluating search results / using the results) without dealing with any of

the preceding stages.

We do not include articles which only indirectly investigate how developers use

the  retrieved  code.  By  “indirect”  investigation  we  mean  mining  software

repositories  and  social  sites  for  traces  of  copied  software,  etc.,  instead  of

directly investigating developers’ practices. (However,  we include articles on

the mining of search logs, as these directly investigate the search behavior of

developers, i.e. they analyze actual developer queries.)

As far as terminology is concerned, we do not differentiate so strictly between

search and seeking as Sim and Gallardo-Valencia do.

7.2.3 Study types

Starting  from  the  classification  of  study  types  found  in  [187]  which

distinguishes survey, search log analysis, field  study, and lab study, we have
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further  refined and  enhanced the  classification,  as outlined  below,  based  on

additional sources in the literature and our own findings and experiences.

In this mapping study, we distinguish the following study types:

• Survey. According to [82], surveys are used “to identify the characteristics of a

broad population of individuals”. We categorize surveys as questionnaire-based

surveys and  interview-based surveys by their  (main)  data collection method

(see data collection methods later).  Some investigations mix the two survey

types, we call them combined surveys.

• Field study. For this type of study, we use the definition in [221]: “(...) we

define field studies as observational studies of software developers, conducted

during their  daily  work,  with  minimal  or  no interference  to  the  developers’

usual activity”.

• Lab study  and  virtual  lab study.  A lab study,  sometimes also called a  lab

experiment,  is  performed  in  vitro,  i.e.  in  a  laboratory  under  controlled

conditions (as opposed to the in vivo method of field studies) [117].  In our

systematic literature review, in addition to the ՙclassical’ lab studies, a new type

of lab study has emerged: the virtual lab study (it could also be called a remote

lab study), in which the location of the participants is not restricted to the same

place  (the  laboratory),  they  can  be  located  at  remote  and  geographically

distributed places.  This makes the  location condition less controlled,  but the

other conditions usually resemble those of a classical lab study. This type of

research bridges the distance gap: study participants may be located in their
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home, workplace, in an internet café, etc., thousands of miles away from each

other, they do not have to travel to the same lab for the study, thus, a more

diverse  population  can  be  involved.  This  type  of  study  has  strongly  come

forward in the last 5 years, with the pandemic. So, we call classical lab studies

lab  study,  and  the  remote  ones  virtual  lab  study.  There  are  also  mixed  lab

studies, in those cases we can classify them on the basis of

whether they are more classical or more virtual.

• Focus  group  study.  ՙ(...)  focus  groups  occur  when  groups  of  people  are

brought together to focus on a particular issue (not just generate ideas). They

also  involve  moderators  to  focus  the  group  discussion  and  make  sure  that

everyone has an opportunity to participate’. A focus group can also be virtual,

i.e. members do not necessarily meet physically, see e.g. [30].

• Log study. By our definition, a log study (called search log analysis by [187])

is  a  study in which search logs are collected but  users (participants)  do not

participate specifically in a lab study or field study, and an external search tool

(such as a code search engine or a general purpose search engine or the search

function of a Q&A site or repository) itself logs the search data. The search tool

is  accessible  via  a  website  (cf.  this  mapping study deals  with web searches

only). The purpose for which the users perform the searches is not predefined or

controlled by the researchers. There are usually a high number of participants

and they are at diverse locations. The participants typically cannot be identified

individually (though it may be possible by IP address, or when they provide

personal data themselves at registration, etc.).
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We do not call it a log study when, within lab studies and field studies, another

type of  search  log  is  collected,  with  different  means:  the participants’ work

environment (typically a browser) is instrumented with data logging capabilities

(usually performed by a plugin),  and collects the search data.  (We note that

screen recording may perform the same function, since search log info can be

extracted from it, this occurs rarely [229].)

• Search and development diary study. Usually, diary analysis is just a part of

field studies (sometimes also lab studies), but there ՙdiary’ means ՙwork diary’

(see  in  detail  in  Section  7.2.4)  and  not  ՙsearch  and  development  diary’

documenting the development process which includes web searches and usually

spans a long time period. Unlike the work diary, the search and development

diary is created by the developer for his/her own purposes and not because the

researchers  requested  it.  The  content  of  this  diary  is  not  always  arranged

chronologically  and  does  not  necessarily  record all  (or  perhaps  any)  search

queries,  only the usable results,  and perhaps also some failures.  It  does not

necessarily reveal minute details of the search process, but it may record URLs,

code snippets, etc. Its format is not prescribed by the researchers, the developer

does not necessarily know at the time of creation that the diary will later be

used  for  research  purposes.  The  format  and  content  highly  depend  on  the

cognitive style of the developer, and also on the task context.

Such development diaries must be abundant in the developer community, but

our mapping study has found only one study [263] where such a diary was

actually analyzed. Also, in our research corpus, there are publications (related to

each other) about opportunistic programming [52], [54] which mention keeping
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development  diaries:  they  state  that  successful  opportunistic  programmers

document their process, instead of documenting their code, but no details are

shared about these diaries.

Diary studies usually do not put any additional burden on the developer during

the development process. The processing of such diaries may be enhanced with

subsequent questioning of their creators.

7.2.4 Data collection methods and types of collected data

This categorization is partially based on [82]. We distinguish the following data 

collection methods:

• Interview (for surveys, lab and field studies) and discussions (in groups). In

interviews, at least  one researcher talks to at  least  one respondent [82]. The

parties may meet in person or can talk with each other through an audio/video

connection.  An  interview  can  be  the  main  data  collection  method  in  an

investigation,  but  it  can  also  be  a  small  part  of  a  lab  or  field  study

(post-task/debriefing interviews are typical in such studies). The discussions in

focus group studies are documented similarly. The collected data may be audio

or video recordings or their transcription (there are automated tools for creating

transcriptions  from recordings,  Otter.ai  is  mentioned in  multiple  studies),  or

researcher notes made during or after the interview.

• Questionnaire. Questionnaires are sets of questions administered in a written

format. When part of a lab or field study, they are typically filled out before or

after the development activity, but occasional use also occurs even during the
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development process. They may be in paper form, but electronic form is more

common nowadays.

• Work diary. “Work diaries require respondents to record various events that

occur during the day. It may involve filling out a form at the end of the day,

recording specific activities as they occur, or noting whatever the current task is

at  a  pre-selected  time” [82].  They may be in  paper  or  electronic  form.  We

remark that the work diary can be in the form of a questionnaire, we classify

such questionnaires as work diary if  questions fit  the criteria above and the

recorded data are drawn from the actual development process.

• Search and development diary. As already mentioned above, unlike the work

diary, the search and development diary is created by the developer for his/her

own purposes and may cover the whole development process. The developer

usually does not know at the time of creation that the diary will later be used for

research purposes. Not only the content, but also the format of these diaries can

be quite diverse. In the literature, diaries made with e.g. the following tools are

mentioned: Notepad or MS Word (to keep a  record of visited or potentially

interesting URLs etc.)  [161];  files  made by  other  note  taking tools  such  as

Workflowy,  Notes,  Evernote,  Google Docs.  Diary-like functions can  also be

fulfilled by bookmarks (stored by browsers), or even custom websites built by

the developers [177]. The diary may also be in the form of a public blog. We

believe  that  there  is  potential  in  processing  such  diaries,  especially  in

cooperation with their authors.
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• Think-aloud protocol.  Researchers ask participants  to  think out  loud while

performing a task [82]. The data collected may be audio or video recording or

its transcript, or researcher notes.

• Observation.  The  experimenter(s)  observe(s)  the  participant(s)  engaged  in

work,  or  specific  experiment-related  tasks  [82].  The  collected  data  are

researchers’  notes  (electronic  or  paper  form)  which  may  be  created

simultaneously with the observation and/or afterwards.

• Recording the search/development process on video/audio. In our view, since

the publication of  [82], the video/audio recording (especially screen recording)

technique  has  become  so  popular  and  easy  to  do,  that  it  merits  a  separate

category.

• Instrumentation  (other  than  video/audio  recording).  The  developers’ work

environment  is  instrumented  to  record  information  automatically  about  the

usage of tools. Logging of queries and website visits with a browser plugin is

typical in this type of data collection, but more detailed recording of interaction

data (such as clicks, scrolling, copy-paste) also occurs. Such data are usually

collected in log files created by the plugin.

• Query  logs  saved  by  online  search  tools  can  also  be  obtained.  This  data

collection method is distinct from the instrumentation of the developer’s work

environment.  The logs  in  the  category  under discussion are collected  by an
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online search tool such as a general purpose search engine or a specialized code

search engine or the query function of a Q&A site.

• Auxiliary  data  collection  involves  gathering  the  source  code  and  /  or  the

executable  created  by  the  developers  (these  are  typically  used  to  judge  the

success of the development activity), students’ exam scores, notes or drawings

made by the study participants, etc.

In principle it is also possible to collect biological parameters of the participants

via biometric methods such as ECG, brain MRI etc., to characterize stress, brain

activity, and so on, also eye tracking, and such methods are being used e.g. in

software usability  tests.  However,  in  the relevant  publications  found by this

mapping  study  we  have  not  encountered  actual  use  of  such  methods  for

investigation of web search for source code. (Instead, we have found instances

of collecting cognitive load data by a questionnaire,  the NASA-TLX survey

[97] [279] which belongs to the Questionnaire category.)

7.3 The systematic mapping process

A systematic mapping study is a “broad review of primary studies in a specific

topic area that aims to identify what evidence is available on the topic” [148].

Primary studies are the original research of their authors. Our goal with this

systematic  mapping  study  was  systematic  identification  of  primary  studies

investigating how software developers search for source code on the web to aid
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their software development. We have used a broad selection of search sources

and have aimed to include gray literature19 as well.

We collected articles describing investigations into source code search practices

of developers who utilize publicly available and widely used search tools on the

web. We did not wish to take into account the use of experimental tools (even if

they  are  available  to  the  general  public).  This  actually  narrows  the  focus

considerably: [175] states that the overwhelming majority of articles they found

with their systematic review of articles on code search proposed new

tools. Neither did we deal with offline code search or search in repositories not

available to the general public.

Our investigations were directed at online searches by human subjects looking

for source code for software development. This includes search log analyses,

but does not include analyses of source code in repositories for traces of e.g.

Stack Overflow usage, or for code clones. We excluded code clone detection

and the search for  signs  of  code plagiarism,  as  that  kind of  research is  not

directly  related  to  web  search for  code  for  development.  We included  only

articles  in  which  the  web  searches  under  investigation  were  performed  by

developers  (using  various  search  tools),  but  we  did  not  include  articles

investigating how search tools find code, if these searches are not performed by

developers or the searches are not intended for software development. Neither

did  we  deal  with  articles  on  malware  detection,  bug  localization,  code

completion, and feature (concept) location.

Human-composed queries submitted to search engines/tools in order to obtain

source code for development (at least when it can be assumed that the query is

19 Gray literature in software engineering can be deϐined as any material about software engineering that is not formally peer 

reviewed nor formally published [98]. 
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for  obtaining  source  code  for  development)  are  within  the  scope  of  our

investigation.  For our research,  we do not regard questions posted on Stack

Overflow and  similar  social  sites  as  (direct)  searches  for  source code,  even

though they are often aimed at obtaining source code, indirectly, as the answers

come from the community, after some time. However, queries for source code

via Stack Overflow’s  search  engine count  as  source code search,  producing

results promptly.

We have adopted a human-centered approach: our focus is on the user, i.e. the

software developer searching for code, and not on creating code search tools.

The  practical  importance  of  experimental  code  search  tools  is  by  far  not

proportional to their representation in scholarly literature.  The overwhelming

majority of such experimental tools never gain a wide user base, their code base

is small and they are inadequately tested [175]. Thus, they are not subject to our

literature  review.  Articles  about  new code  search  tools  that  were  not  well-

known tools (see detailed criteria in Appendix B) were dismissed unless the use

of the new tool by developers was tested together with that of well-known tools

and the data thus obtained was relevant to the use of these well-known tools, or

the paper contained a relevant survey or other investigation independent of the

proposed new tool.

Our goal was to find as many relevant publications as (reasonably) possible,

while undertaking the burden of having to eliminate a high number of irrelevant

publications, i.e. we preferred recall to precision. To reach this goal, we used

numerous search tools (including a general purpose search engine, in the hope

of finding not only scholarly articles but also gray literature), which produce

results in a wide variety of formats.  We decided to create  our own database
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format and wrote a duplicate eliminator program which identified duplicates on

the basis of their titles.

A consequence of using a high number of diverse search sources is that a lot of

search tools differ from each other in their search capabilities (such as maximal

number of search terms, use of wildcards, etc.) which have to be individually

studied to formulate search queries tailored to the particular search tool. Tools

usually  restrict  the  length  of  queries  and  the  maximal  number  of  displayed

results as well. We formulated queries in a way that no search hits were lost due

to the above-mentioned limits. We do not know and have no control over the

ranking of results in these tools, their ranking might not necessarily conform to

the ranking which would be optimal for us. Therefore, we wanted to retrieve all

the provided  results,  not  losing any  of  them to the  limit  on the  number of

displayed hits. Because of this, and to stay within the query length limit, we had

to  issue  a  high  number of  queries  which  were  specific  (i.e.  they  contained

several search phases instead of one or two). You might question the need for

issuing so many queries (more than 100 on Google Scholar and Google) for a

mapping  study.  However,  with  our  queries  we  also  wished  to  lay  the

foundations of a future systematic review, for which maximizing the number of

retrieved relevant studies is a necessity.

Our queries yielded a high number of trivially irrelevant/off-topic publications.

[148]  recommends “maintaining a list of excluded papers, only after the totally

irrelevant papers have been excluded”, because initial electronic searches result

in  a  large  number  of  totally  irrelevant  papers  [148].  We have  followed this

recommendation.
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We did not want to miss publications where the code-search-related part was

not necessarily the main topic of the article. Therefore, we did not place special

emphasis on article keywords.

7.3.1 Research questions

In  the  context  of  developers’  source  code  search  on  the  web,  we  have

formulated  the  research  questions  (RQ-s)  listed  in  Section  7.4.  With  these

research questions we intended to tap knowledge of practical importance for

education about source code search and for code search tool development. 

7.3.2 Planning and executing the study

We have decided mainly to  follow the methodology described in  [148] and

[147], we have used [218] as well, and we have taken into account the so-called

Durham template20 (a  checklist  for  conducting  mapping  studies  in  software

engineering, referenced by [218]).

We  have  divided  the  review  protocol  into  phases.  These  are  discussed  in

Appendix A.

7.4 Answers to the research questions

In this section, we answer the research questions on the basis of the extracted

data. All research questions are in the context of web search for source code.

20 Template for a Mapping Study Protocol, 2023 
https://ebse.webspace.durham.ac.uk/wp-content/uploads/sites/49/2023/02/MappingStudyTemplateV2.pdf
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Some  publications  are  about  multiple  investigations.  Furthermore,  an

investigation  may  be  described  in  multiple  publications  that  have  not  been

dismissed as redundant  because  they also contain relevant  data that  are  not

present  in the other  publications.  In  the sections  and tables below,  we have

taken care to list one investigation and its findings only once, regardless of how

many  relevant  publications  describe  it.  In  rare  cases,  we  list  the  same

publication in different contexts for different research questions.

7.4.1 RQ1: How are the relevant publications distributed over the years by 

publication venue type?

We have established the following publication categories by publication venue

and found the following number of publications for these categories (the total

number of publications was 105):

• article in journal listed in Scimago: 28

• article in other journal: 7

• conference / symposium paper published by IEEE or ACM: 37

• other conference / symposium paper: 3

• workshop paper published by IEEE / ACM: 3

• other workshop paper: 3

• dissertation / thesis (PhD, MSc, BSc): 12

• book chapter (here conference proceedings do not count as books): 5

• technical report or research note: 4

• other article (e.g. in a newspaper or website on technology, or never officially 

published paper): 3
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In  establishing  these  categories,  we  have  paid  attention  to  include  gray

literature,  as,  in our experience, such items may contain scientifically  sound

evidence,  although,  for  some  reason,  they  have  never  been  published  as

scientific literature.  Naturally,  scientific literature,  especially rigorously peer-

reviewed articles, has more credibility. (However, we have found one instance

in which an article, published in a highly prestigious magazine ranked Q1, was

later  flagged  as  plagiarized,  and  we  have  excluded  this  article  due  to

plagiarism.)

These data can be seen on a bar chart and a bubble chart (Figures 7.1. and 7.2.).

The year is always the year of publication (not the date of the investigations,

which is often hard to determine and might extend over years).

Fig. 7.1. Number of publications per publication year

As can be seen from these figures, the time range spans exactly 20 years. Even

though no time limit was set for the searches, and Internet use started widely

spreading in  the 1990’s,  we have not found any relevant  publication before

2005. Interest in this topic started rising in 2009. Although there are fluctuations

in the distribution, the interest does not seem to decrease. It can be seen from

the bubble chart that starting from 2020, the number of papers in journals listed
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7.4.3 RQ3: What data collection methods have been used and how are 

these distributed over the years?

Fig. 7.4 presents the yearly distribution of the various data collection methods.

Fig. 7.4. Yearly distribution of the various data collection methods. Bubble size: number of times the method was used.

See Section 7.2.4. for the discussion of data collection methods. The most 

frequently used methods were: questionnaire, interview, video/audio recording, 

other types of instrumentation. Somewhat less frequently used: think-aloud, 

observation. Not too often used: obtaining query log saved by online search 

tools, auxiliary data collection, asking developers to write a work diary, 

obtaining data from an existing search and development diary.

The use of questionnaires and of instrumentation has visibly increased in the 

recent 8 years. The reason may be that the use of both methods has become 

more easy to apply than before, with the wide availability of online 

questionnaire tools such as Google forms, and of logging tools. Dominant 
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among the latter type of tools is the browser plugin (also called add-in, addon, 

extension) that has been created by the researchers.

7.4.4 RQ4: What non-experimental search tools are used for web search for

source code, and how?

Statistics for publications in which one (or one type of) search tool is mentioned

as mostly or exclusively used in the context of source code search: Google is

mentioned  in  3  publications  as  the  sole  search  tool  used.  A  further  14

publications mention it as the mostly used search tool.  18 other publications

state that mostly general purpose search engines (Google, Yahoo, Bing) were

used.  3  publications  point  out  Stack  Overflow’s  own  search  engine  as  the

predominantly used search tool.

If we consider any mentions of tools / sites used for source code search, the

statistics are in Tables 7.1 and 7.2 (some defunct / obscure / unidentifiable items

have been omitted).

The dominance of Google is undoubtable among the search tools used.  Few

publications  explicitly  mention  the  use  of  search  filters,  advanced  search

options, and settings. According to recent evidence, developers sometimes use

general purpose search engines (especially Google) to find content from

a specific website (via the site option or simply specifying the name of the site),

rather than visiting the site directly, even if the site has its own search function

[18, 239, 240].
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Searching with Google can double as a search in the official documentation as

well because Google indexes many documentation sources. One of the reasons

why Google is effective is that it works well even with the use of non-expert

terminology [260].

Source code search engines (tools that specialize in source code search) are not

used too often. Some developers are not even aware of their existence. As to

why developers neglect these code search engines, the reasons can be found in

[106, 178, 190].

Table 7.1. Mentions of actual search tools used for online source code search

Search tool Mentions

Google 34

Bing (earlier called MSN search, Windows Live Search, Live Search) 6

DuckDuckGo 2

Yahoo 3

Baidu 1

Yandex 1

NPM 1

SourceForge.net 4

GitHub 5

GitLab 3

freshmeat.net 2

tigris.org 2

TheServerSide.com 2

apache.org 1

eclipse.org 1
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Reddit 2

Quora 2

Stack Overflow 13

Google Image Search 1

Google Groups 2

YouTube 2

Specialized software indexes / catalogs 1

Scientific literature (and its search engines) 2

Table 7.2. Mentions of search site categories used for online source code search

Search tool Mentions

General purpose search engines (without naming any) 9

Code search engines (e.g. Koders, Krugle) 9

Language-specific search engines (e.g., Hoogle) 3

Linux distributions 1

Library documentation 3

Program-specific libraries (e.g. assetstore.unity.com) 1

Application-specific (domain-specific) pages 4

Application-specific (domain-specific) pages 4

Official web pages like MSDN or Sun’s Java API 1

Internal, site-specific search engines 1

Open source repositories such as SourceForge.net 6

Domain-specific repositories 1

Public mailing lists or discussion groups (in general) 3

Forums 2

Code example web pages (often organized as forums) 1

Blogs 1
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Tutorial websites (e.g. tutorials.com, cplusplus.com) 2

Specialized software indexes / catalogs 1

Scientific literature [and its search engines] 2

7.4.5 RQ5: What are the types and domain names of websites that are the 

most frequently found and used (clicked)?

There is a high diversity among the web pages. However, Stack Overflow is

dominant  among  the  named  websites  (no  other  site  is  even  nearly  this

prominent): of the 25 publications, 16 list Stack Overflow among the visited or

preferred sites.  Among these 16, 6 mention it  specifically in  the first  place.

(Mention of Q&A sites among the visited ones, without naming Stack Overflow

or any other, occurs 6 times.)

Other frequently mentioned types of websites are forums (in some publications

Q&A sites also count as forums, in others these are two separate categories) and

blogs. (It is also sometimes hard to distinguish between ՙtechnical articles’ and

blogs.)  Official  and  unofficial  documentation  are  also  important.  11

publications explicitly mention tutorials and 3 more mention videos (which are

probably also tutorials). An interesting finding in two studies [194, 289] is that

while the use of tutorials is frequent among students, this activity decreases as

students reach a more advanced stage, and [194] also notes that, in parallel with

the aforementioned decrease in the use of tutorials, the use of forums increases

with the advancement of these students. [289] explicitly mentions that video

tutorials are more novice-friendly than other resources.
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Concerning  the  proportions  of  various  websites  among  the  total,  some

publications state that, after a few items there is a sharp drop in percentage, and

numerous sites with a very small percentage form the remaining results ([187]

and [188], [263], and somewhat [194]).

7.4.6 RQ6: Which search behaviors and characteristics correlate with 

success?

In  this  context,  we regard  the  choice  of  search  engines  and  formulation of

queries as search behavior.

One thing that emerges from the heterogeneous results is that having conceptual

knowledge may positively affect search success. Having pre-knowledge is an

advantage,  but  looking  for  conceptual  knowledge during  the  search  process

could very well be worth it, too.

There are two, seemingly contradictory findings:  “Users seemed to  be more

successful in getting relevant results with code queries (that do not contain any

natural language term but only names and symbols used in code).” [24] vs.

“Successful  searches  used  natural  language  phrases,  such  as  ‘if  statement’,

instead  of  coding  shortcuts,  such  as  ‘if’ [23].  The  search  engine  used  was

Google, which is optimized for natural language queries. So, if we use a general

purpose search engine,  we may be better  off  with natural  language  queries,

while code queries probably fit code search engines more. Another

related  finding  is  that,  in  the  context  of  working  with  an  unfamiliar

programming language, the use of borrowed terms from familiar programming

languages was more successful on average than typical query [23].
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These kinds of results make it clear that the context is relevant. One result was

obtained from a code search engine usage log study, the other from a lab study

in which a general purpose search engine was used. The difference is probably

due  to  the  two  search  engines  serving  different  purposes  and  presumably

working very differently, the general purpose engine operating better on natural

language queries. (Another finding rhyming with this: In software exception-

related searches, name-based queries are more successful than ID-based ones

[116]. The finding has been drawn from a general purpose search engine usage

log  study.)  Another  interesting,  related  finding  worth  noting  is  that  one

publication states,  “(...)  over 80% of ‘How to’ queries successfully supplied

participants with the needed information.” [23]. 

The optimal choice of the type of search engine may depend on the code type

we want  to find:  subsystem (library,  package)  or  snippet  (block).  [247] and

[245] have found that code-specific search engines worked better in searches

for subsystems, but Google worked better in searches for snippets. However, in

some cases general purpose search engines are not always optimal for searching

for  code snippets:  [207] has  found that,  according to  software practitioners,

general purpose search engines, e.g., Google, when used for searching for code

snippets with generic terms, sometimes do not produce the best results, the code

snippets that emerge at the top of the search results list may not be the most

desirable solutions. We guess that in these cases the queries were not specific

enough, they did not describe the context sufficiently.
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Although  search  success  is  fundamental  to  the  search  process,  we  found

success-related findings in only  17 of the 105 relevant publications.  Further

research in this area could be helpful, to the benefit of teaching code search

methods.

7.4.7 RQ7: Is there evidence on differences in the searches of various 

developer groups?

The answer to this research question is  yes,  some evidence has emerged on

differences in the searches of developers who can be grouped along with certain

characteristics, but only 12 studies have been found relevant in this respect, and

the results are somewhat diverse.

Among the findings related to this research question, there is some overlap with

the query success findings.

One rather trivial conclusion is that expertise and experience matter a lot, and

that also shows in the searches.

There is some difference in the usage of website types between experts (or, in

case  of  students,  more  advanced  students)  and  novices.  According  to  the

findings, experts select tutorial sites somewhat less, and forum sites more than

novices  [194].  High-scoring  students  and  professionals  use  Stack  Overflow

more than low-scoring students and undergraduates do [18, 211]. In addition,

professionals use GitHub more than undergraduate students  [18]. Novices are

more likely than experts to make a search query, look at the first result, and then

refine the search [169]. Novices click on the first link displayed in the search
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result list, while experts are more likely to click on a link other than the first

result [169]. Experts tend to click more search results than novices [169].

However, there is a divergence as to whether experts or novices issue longer

queries [23, 169, 183] and who spends more time with search results [23, 169].

There are three studies [72, 239, 240] investigating gender differences, and they

have  really  found  differences.  These  studies  were  carried  out  at  the  same

university, the authors overlap, and the number of participants was rather small,

so this field could merit further investigation.

7.4.8 RQ8: What are the ranks of inspected / chosen search results in the 

result list?

12 pertinent publications have been collected. The main conclusion is that most

developers do not look beyond the first (or first few) result(s) or at least the first

page of results. A substantial proportion, especially novices, do not even look

beyond the  first  result.  Thus  the  ranking of  results  by  the  search  engine  is

crucial.  However,  there  is  some  evidence  that  experts  are  more  inclined  to

inspect further results.

7.4.9 RQ9: How do developers keep track of / save their findings during 

and after the code search process?

Ten pertinent studies have been found. The findings are quite consistent. The

two most frequently occurring patterns are:
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• Using the web as external memory: Instead of memorizing often-used findings

such as snippets and syntax, developers keep in mind how to find the info on

websites  and look for  it  again when necessary [16,  18,  54, 95].  Thus,  they

memorize the way, the know-how to find the pertinent  website,  and use this

know-how in subsequent searches. This somewhat implies a trust in the stability

of the web.

• Keeping potentially significant search result pages open in multiple browser

tabs  [54, 97, 160, 260, 263, 285] or sometimes in separate browser windows

[260]. One study  [97] also says that developers are reluctant to close such

tabs, for fear of having to look for these sites again. There is some occurrence

of  rearranging the tabs  [97] or  transferring them to  bookmarks [260].  The

latter behavior preserves them even after the browser is closed.

Less  frequently  occurring  strategies:  For  long  search  processes,  saving  the

URLs in a diary [263]; making libraries from the retrieved code for later use

[197].

7.4.10 RQ10: What are the factors (criteria) used in selecting from the 

found source codes / programming solutions, what cues are used in this 

process?

The  extracted  data  are  presented  below,  with  the  mention  of  the  pertinent

publications.  The  list  is  arranged  so  that  it  goes  from  the  abstract  to  the

concrete,  from factors /  criteria  (which are more associated with packages /

libraries / subsystems / components) to cues (which are more associated with

snippets).
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Items  that  were  considered  very  important  in  at  least  one  publication  are

marked with an asterisk (*). The + sign means that the listed publications are

closely related and have been evaluated together.

Functionality (features, fitness to task): [54], [93] + [219], [118, 160, 187, 200, 208, 

273]

Widely adopted, recommended, reviewed, starred: [93, 95, 118, 200, 219, 240, 291]

The most relevant looking results [18]

Ranking of search results by the search engine [160, 240]

Search engine preview [249]

Images and snapshots associated with variants [160, 240]

Licensing terms / legal considerations [62, 118, 200, 213, 240, 273, 277, 291]

Readme file [240]

Availability of (appropriate) documentation [95] + [219], [118, 198]

External documentation (such as a tutorial or a page on a Q&A site) [52, 160, 239, 

240]

Quality and availability of defect and feature trackers [118]

Amount of user support available [118, 273]

Availability of help] [273]

Response time on requests in forums, mailing lists [118]

* Well maintained and tested library [291]

Quality and availability of roadmaps, future plans [118]

* Title / name of the code (app / library etc.) given by its developer(s) [160, 240]

Tags given by the author(s) [240]

Unnecessary, superfluous functions (negative factor) [160]

Activity (contributors, users, updates... [95, 118, 219, 273, 291]

Number of downloads [118, 198]
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A commercial actor guarantees quality of the OSS component [118]

Rating (stars, social media likes... [72, 160, 198, 200, 224, 239, 277, 289]

Maintainability [208]

Usability [208]

Portability [208]

Matches project-specific constraints [120]

* Description of the code [160, 240, 289]

* Code (overall) / Starting point for coding [72, 160, 187, 239, 240]

* Code quality (overall) [118]

* Comments in code [160]

Source code rather than pseudo code [93]

* Code status (such as obsolescence, drawn from the comments) [239]

* Modularity and complexity of the code [53, 118, 291]

Readability, clarity of code [197, 208, 240, 277, 291]

Understandability (of code) [277, 289]

Code example and its relevance [78, 187, 259, 289]

Idiomaticness / patterns [277]

* Programming language / environment [118, 289]

Quality of demo (final output of project) [240]

* Efficiency, performance of the running code [118, 200, 208, 277]

* Security, vulnerability [118, 200, 208, 277]

Reliability [208]

Reusability [208]

* Compatibility [118, 208, 277]

Completeness [208]

Few dependencies to platforms, other components, standards [118]

Architecture [118]

Scalability [121, 197]
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* Stability [118, 277, 291]

Ease of implementation / integration [197, 291]

* Source of info / website authority (reputation) / reputation of the provider / 

community [93, 95, 118, 219, 277]

Quality of provider’s website [118]

Author reputation [72, 160, 224, 239, 291]

Comments (on sites) about the source code [93, 200, 239, 289]

Recency (date of creation / posting or update) [72, 78, 160, 240]

* Textual cues (overall) [72, 160]

Text in code looks like relevant method / class / function name [164, 259]

* Title of post / question (in Stack Overflow etc.), question relevance [72, 239, 289]

* Description of question (in Stack Overflow etc.) [160, 239, 289]

Appearance of the Web page e.g. that it does not have many pop-up windows and 

advertisements or poor graphic design; user interface / navigation [53, 93], [95] + 

[219], [289] 

Friendliness of forums [95]

Familiarity, e.g. variant also appears in other results / result contains elements with 

which the developer is otherwise familiar [54, 72, 118, 160, 239, 289]

7.4.11 RQ11: Among the search tools used for the mapping study, which 

found the highest number of relevant results, and how do the tools compare

to each other? 

In  the context  of  literature reviews, recall  means how much of  the relevant

literature  was  found.  Precision  is  how  much  of  the  retrieved  literature  is

relevant.  In calculating recall,  we considered our combined results to be the

totality of the relevant literature, while, in reality, this is just an approximation.
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In this mapping study, our strategy was to maximize recall (within reasonable

limits) at the price of attaining only low precision. We applied two different

query strategies: one was a set of a high number of queries, the other the Basic

Query. In no case could both strategies be applied to the same tool, due to the

various  limitations  of  the  tools.  Naturally,  the  number  of  relevant  results

retrieved depends not only on how good the search engines are, but also on how

good the queries are.

The  via  Google notation  means  that  the  queries  were  executed  as  Google

queries with the site specifier.

Recall  is  relative  to  all  relevant  items.  By precision  (of  a  particular  search

engine) we mean the number of relevant items by this search engine divided by

the number of total hits by this search engine. In parentheses: in case of Google

site  queries,  number of relevant items not overlapping with non-site Google

search hits.

The precision for the search tools queried by the single Basic Query, and the

precision for the search tools queried by a large set of queries are not really

comparable,  as the high number of  queries (to  Google and Google Scholar)

yielded a high number of ‘junk results’ and duplicates.

The number of total hits without Google Books results was 30109 (with Google

Books it was 30826).

The total number of hits without Google Books and after running the duplicate

eliminator  was  16950,  these  were  all  manually  evaluated.  1166  additional
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duplicates were found in the manual evaluation, subtracting these yields 15784

hits.

The number of relevant publications, without the results of the snowballing,

was 84. An additional 21 articles were found by snowballing. No Google Books

hits produced additional relevant articles (book chapters), so the total number of

all relevant articles is 105.

5 relevant publications have been found with Google site queries but not found

with  Google  without  site queries:  [16,  200,  207,  248,  276].  However,  the

publication date of 3 of these publications is 2023, so it is possible that these

were found only by the site queries because these were executed later than the

original Google queries. (Another possible explanation is that these publications

were not included in the results of the original Google queries because their

ípages,  being  recent,  had  no  clicks  in  people’s  searches,  so  they  were  not

deemed popular by the search engine and were excluded from the result list.

Without  knowing  the  internal  workings  of  Google  this  is  impossible  to

determine.) Only two of these publications [200, 207] are dated before 2023.

Thus, it was not in vain to use the site queries, but it is not known how much of

the additional gain is due to their application.

Table 3. Comparison of search tools by number of relevant results found, 

recall and precision

Tool # results # relevant Recall Precision

ACM via Google 433 7(1) 7% 1.61%

ArXiv via Google 1277 7(1) 7% 0.55%

CiteSeerX via Google 386 2(0) 2% 0.52%
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Frontiers via Google 18 1(0) 1% 5.56%

IEEE Explore via Google 380 2(0) 2% 0.24%

MDPI via Google 159 0(0) 0% 0%

ScienceDirect via Google 412 1(1) 1% 0.24%

Semantic Scholar via Google 813 21(2) 20% 2.58%

Google 6820 59 0.86% 0.86%

Google, incl. site queries 10698 64 61% 0.60%

Google Scholar 9059 48 46% 0.53%

ACM, Basic Query (BQ) 852 22 21% 2.58%

CORE, BQ 1221 5 5% 0.41%

Dimensions, BQ 6006 48 46% 0.80%

IEEE Explore, BQ 21 2 2% 10.32%

Lens, BQ 237 10 10% 4.22%

ProQuest, BQ 488 (non-books) 3 3% 0.61%

Scopus, BQ 50 11 10% 22.0%

Springer, BQ 1039 8 8% 0.77%

Web of Science, BQ 41 9 9% 21.95%

Wiley, BQ 110 2 2% 1.81%

WorldCat, BQ 287 19 18% 6.69%

Google has won the contest of finding the highest number of relevant results

(with site queries, 64 out of 105), with Google Scholar and Dimensions sharing

the 2nd and 3rd places, with 48 results each. Thus, recall is 61% for Google

(including site queries), and 46% for Dimensions and Google Scholar. (Google

and Google Scholar were queried with multiple queries – the same queries for

both engines –,  while  Dimensions were queried with the Basic Query.) The
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surprises are that Google has outperformed Google Scholar, as far as number of

relevant  results  and recall  are  concerned,  and  Dimensions  queried  with  one

complex query produced the same number of relevant results as Google Scholar

driven by more than 100 queries. 

The combined use of the three above-mentioned search tools found all items in

the corpus. However, in the case of all three search engines, a very high number

of results had to be evaluated to find the relevant ones, so their precision was

low. The search tools with a precision greater than 10% were: Scopus, Web of

Science, and IEEE Explore.  However,  they all  found relatively few relevant

results. All of them were queried with the Basic Query.

With the exception of three publications [3] [166] and [122], all the relevant

publications  are  represented  in  Google  Scholar  (this  can  be  verified  by

searching  for  these  titles  in  Google  Scholar).  The  three  above-mentioned

publications  have  been  found  by  Google  only,  and  they  belong to  the  gray

literature. Two of these are actually survey results published only on the web,

the  third  one  looks  like  a  scientifically  sound  research  report  which  was

apparently never published elsewhere than on the web. However, we found only

48 of  the  105  relevant  publications  with  our  Google  Scholar  queries  (even

though 102 relevant publications are represented in Google Scholar). The rest

was found by Google and / or Dimensions, plus snowballing. Out of the 57 not

found by Google Scholar queries,  31 were found by Google queries,  and  5

additional ones by the query to Dimensions, the remaining 21 by snowballing.

No other search engine used in our searches found any result that was not found

by at least one of the search engines Google Scholar, Google, and Dimensions.
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12 publications were found only by Google: [3, 51, 52, 97, 103, 122, 149, 166,

200, 260, 268, 276].

7 publications were found solely by Google Scholar: [30, 85, 86, 109, 112, 213,

292].

One publication, [125], was found only by Dimensions.

7.5 Conclusions

We have performed a systematic mapping study on how developers search for

source code. To our knowledge, no systematic review or systematic mapping

study with the user perspective has been published about this research area yet.

We hope that our systematic mapping study gives a useful overview of what

research has been achieved in  the field so far and could guide research and

practice.

Based  on  the  most  important  findings  (presented  above)  of  our  systematic

review, we list practical guidance for users and creators of code search tools

below.  (Further  advice  for  users  can  be  found  in  our  previous  publication

[263].)

Guidance for users of code search tools:

1.  Having  preliminary  conceptual  knowledge  can  positively  affect  search

success, and looking for conceptual knowledge during the search process could

also be fruitful.

2. If we use a general purpose search engine, we may be better off with natural

language queries, while code queries seem to fit code search engines more.
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3.  In  the  context  of  searching  for  code  while  working  with  an  unfamiliar

programming  language,  using  terms  borrowed  from  familiar  programming

languages increases the chance of success.

4. The optimal choice of the type of search engine may depend on the code type

we want to find (subsystem i.e. library / package; snippet / block). Two studies

have  found  that  code-specific  search  engines  worked  better  in  searches  for

subsystems,  but  Google  worked  better  in  searches  for  snippets.  However,

according to one additional study, general purpose search engines, e.g. Google,

when used for searching for code snippets with too generic terms, sometimes do

not produce the best results.

Guidance for creators of code search tools:

5. The dominance of Google is undoubtable among the tools used for source

code search, any new tool would have to compete with Google. Source code

search engines (tools that specialize in source code search) are not  used too

often. Some developers are not even aware of their existence.

6. Most developers do not look beyond the first (or first few) result(s) or at least

the first  page of results.  A substantial  proportion, especially novices,  do not

even look beyond the first result. Experts are more likely to click on a link other

than the first result, and they click more search results than novices. Thus, the

ranking  of  results  by  the  code  search  engine  is  crucial,  and  profiling users

(expert / novice) could be beneficial.
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Finally,  a  methodological  remark  for  those  who  wish  to  conduct  similar

systematic reviews: The optimal choice of search tools for the review depends

on how much you want to maximize the number of relevant search results at the

price of finding a lot of irrelevant results. The present study has found that three

engines, Google, Google Scholar, and Dimensions (combined), have found all

the  relevant  results  retrieved  by  this  study  (no  other  engine  has  produced

additional relevant results), but these tools also found a lot of irrelevant results.

In terms of precision, the search tools with a precision greater than 10% in the

present study were: Scopus, Web of Science, and IEEE Explore. However, they

all found relatively few relevant results, with Scopus finding the most, 11 out of

the 84 found by the searches (not counting snowballing).
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Appendix A: Phases of the systematic mapping study 

Phase 1: Assembling an initial set of relevant papers. We performed various 

pre-searches (including snowballing) and found 33 relevant papers. All of these 

33 papers were subsequently found by the present systematic mapping study. 

(Later, a few of these papers, though found relevant, were dismissed as 

redundant or predecessor articles, i.e. the same data were found in other papers 

as well.) We call this collection the initial set.

Phase 2: Choosing search tools and formulating the queries. The search tools 

used in the mapping study have been selected on the basis of whether they 

yielded significant results to preliminary queries. Several major scholarly 

search sites and sites of publishers have been tested. listed in Appendix F.

Google Scholar has been selected as the main search tool, as it is the most 

comprehensive academic search engine (according to the literature, e.g. [111, 

189], but also to our own pre-tests). Therefore, we first formulated Google 

Scholar queries (described in Appendix G.2). 

We avoided reaching the search engines’ limit (typically 1000) on displaying 

search hits, thus preventing the loss of potentially relevant publications this 

way. The rationale behind this is that we have no control over the search 

engines’ ranking scheme, which is not necessarily optimal for our purposes215. 

Because of this and other limits of the search engines, especially query length 

limits, multiple queries were worked out for Google Scholar, and exactly the 

same queries were executed in Google as well. These queries proved to be too 

21
Our view is supported not only by our own experiences but also by [10].
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complex for the other search tools, so we formulated for them the Basic Query 

described below.

Google Scholar queries were formed in such a way that, if initially a result list 

to a query exceeded the 1000-result limit, the query had to be split into several 

queries, and/or filtering by year had to be applied. Our queries contain all sorts 

of synonyms and word variations (which are necessary because Google Scholar

does not perform stemming on members of OR-ed terms), and also additional 

terms, and, in some cases, exclusions, to make the queries more specific. The 

resulting query set consists of more than 100 queries.

For the other tools that do not possess all the sophisticated search features of 

Google / Google Scholar (such as handling wildcards and OR-ed terms within 

phrases), we have developed a simpler query which we call ’Basic Query’ (see 

Appendix G.1).

For search tools where no phrase search (e.g., "source code”) was possible at 

all, or even the Basic Query was too complex for them (concerning maximal 

number of terms or other limitations), but information on the articles is publicly

accessible on their site, the search was performed via Google, with the site 

specifier (e.g. site:frontiersin.org), though this method searches only in the 

publicly available abstracts and the open access texts. (We used these queries in

the hope that we would find hits omitted by Google’s ranking algorithm.)

Google searches (except queries with the site specifier) were always performed 

with the option “with the omitted results included”, and all provided results (not

just the first few) had to be processed because we did not know how Google 

ranked the displayed results. Google often initially indicated a high number of 
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results, but when the result list was actually viewed, the number became much 

smaller, and the number of displayed results never reached 1000.

Comparing query results with and without the site specifier showed that the 

listed results for queries without the site specifier did not contain all relevant 

results obtained with the site specifier, so Google did not necessarily display all 

possible results. Therefore, the use of the site specifier was justified, but it was 

at the price of having to inspect a lot of additional search results.

Search sites not offering phrase search and not searchable by Google, either, 

have been dismissed because they produced mostly irrelevant results, often in 

an unmanageably high number, when searched with the members of a phrase as 

separate terms.

Two databases (ACM, IEEE Explore) have been searched in both ways (with 

their own search engine and via Google). The general purpose search engine 

Bing was dismissed because of its heavy limitation of 10 terms, which made it 

impossible to use either the Basic Query or the Google Scholar / Google 

queries.

The search engines were set to display English results only, where such an 

option was available. No date limit was set.

For the search in ProQuest, we excluded books because preliminary book 

searches had produced a high number of totally irrelevant results. Otherwise we

included books in the queries to the other search engines, and even searched 

Google Books. (The Google Books searches were performed via Google, as our

preliminary searches on https://books.google.com/, trying the same queries as 

on Google, produced too many irrelevant results. So, standard Google was used
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instead, with exactly the same queries used in the normal Google searches and 

then clicking to Books.)

Phase 3: Executing the queries and collecting the results. 

This phase was executed between 17 March 2023 and 2 July 2023.

30109 items have been collected, not counting the Google Books results (717), 

which were processed separately. With the latter, the total number of results was

30826.

Phase 4: Programmatic elimination of duplicates. A self-developed duplicate 

eliminator program processed the database of articles and eliminated duplicate 

items on the basis of the titles.

This phase reduced the number of results to 16,950, that is, almost by half.

Phase 5: Manual processing of articles, acceptance / rejection, grouping 

related articles. 

For articles that did not have PDF (or other full text) links but looked 

promising, the PDF was obtained. There remained a few articles that could not 

be obtained in any way.

Then the abstract, the preview (if available), and, in case these looked 

promising, the full text of the articles were inspected more closely. The 

acceptance or rejection decision was taken according to the predefined 

inclusion / exclusion criteria (see Appendix B), and in the case of rejection, the 

reason was documented if the article was not trivially irrelevant. (We remark 

that the acceptance / rejection decision was taken solely on the basis of the 
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above-mentioned criteria and not on whether the article answered any research 

question. Thus, if further research questions arise in the  future, the same 

collection of articles, the relevant and the redundant ones together, can be used 

to answer the new research questions, without performing new, time-consuming

searches on the web for pertinent publications.)

The related articles were grouped together. Articles which were predecessor 

versions of later articles (examples: ArXiv version, conference paper version of 

a later journal article) and not containing any additional information relative to 

the later article were dismissed as predecessor articles. Articles that were 

redundant were excluded: The rule of thumb was that any publication worthy of

keeping had to have at least some unique findings (worthy of data extraction) 

not present in any other publication. In case of multiple papers presenting the 

same evidence, the more elaborate or the later publication was kept (in that 

order). In case of a tie, that publication was kept, which was more likely to have

been rigorously reviewed (by order of importance: published in a journal 

present in Scimago, IEEE or ACM conference paper, other journal, other 

conference, IEEE or ACM workshop paper, other workshop paper, thesis, 

research report, other). In some papers on the same research, certain findings 

were discussed in one publication and other findings in the other publication. In

such cases, both publications were kept.

The difference between treatment of predecessor and redundant articles was 

that the latter type participated in the snowballing (typically, dissertations were 

found redundant, but they often had longer reference lists than the related 

articles).
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Phase 6: Snowballing. 

The first author performed backward and forward snowballing on all the 

articles which were deemed relevant, even on those ones which were dismissed 

as redundant. 

The forward snowballing was performed with the aid of Google Scholar, as 

suggested by [287].

After dealing with all relevant articles, the snowballing continued on the newly 

found articles, and this was repeated iteratively, until no more new articles were

found. This required three rounds. The snowballing was performed between 20-

Dec-2023 and 12-Feb-2024.

Snowballing has yielded 21 new articles:

[7] [14] [72] [118] [120] [121] [142] [150] [171] [174] [183] [184] [185] [194] 

[211] [230] [239] [240] [279] [280] [289].

At this point, the collection of the 105 relevant (and non-redundant) articles was

complete. 

Phase 7: Data extraction. Data were extracted out of each relevant article in the

collection.

The extracted data were the following:

• Title, author(s), year of publication, category by publication venue (see 

categories in Section 4.1). (RQ1)

• Aim of study (only the part relevant for our review), context.

• Main findings and conclusions (only the part relevant for our review).

• Type of study, i.e. investigation type. (RQ2)
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• Data acquisition methods, collected data. (RQ3)

• Demographics of participants in study. In case multiple investigations were 

presented in a publication, demographics were listed separately for each 

investigation. In case the same investigation was presented in multiple 

publications, demographics were listed for one publication, and a reference was

inserted for the related publications.

• Listing of the (non-experimental) search tools used for source code search by 

the participants, how these tools were used (filters, operators). (RQ4)

• Found / used(clicked) website types in source code search and list of actual 

sites / domains. (RQ5)

• Ranks of inspected and selected search results. (RQ8)

• How developers kept track of / saved their findings during and after the 

search process. (RQ9)

• Differences in search style / strategies among participant groups during the 

source code search process. (RQ7)

• Factors / criteria / cues having influence on selecting code or webpage. 

(RQ10)

• How various behaviors, participant characteristics correlated with success. 

(RQ6)

Phase 8: Answering the research questions. Taking the research questions one 

by one, the pertinent data extracted from the findings were grouped and 

summarized. From the data, an answer to the question was constructed. These 

answers are presented in Section 7.4.
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Appendix B: Inclusion / exclusion criteria

This section describes how the result lists of the searches were filtered in order 
to find the relevant results.
In this list, exclusion criteria have precedence over inclusion criteria, i.e. if an 
article matches an exclusion criterion, it should be excluded, regardless of 
whether it matches any inclusion criterion.

Inclusion: The article provides data on how developers search for source code. 
The data have been obtained by scientifically acceptable methods, such as 
experiments, field or lab studies, surveys, questionnaires, interviews,
observation of developers, analysis of logs and diaries. The search may be for 
source code of any size, including code snippets.

Inclusion: The article describes any of the following activities of source code 
search, performed by one or more developers, for software development 
(classification based on [93]): selecting Web resource (after identifying source
code need); translating need to Web resource (interacting with the resource, 
typically querying, browsing); evaluating results.

Inclusion: The searches were aimed at finding source code (not other type of 
code). API-related web searches, in the absence of information to the contrary, 
count as searches for source code. (Explanation: Many articles in the literature
categorize developers’ searches by intent and not by the type of information 
sought. In such cases, it is often difficult to distinguish between developers’ 
source code search and their non-source-code search. In the cases where the 
searches were API-related and there is no additional information on whether the
search was for source code, we assume that it was, so we treat these searches as 
searches for source code [in the absence of information to the contrary]. 
Searches for API can be considered source code searches because the calling 
interface is source code – and the search is often for examples of calling the 
API – even if the source code of the API itself is not available.)

Exclusion: The article does not present relevant evidence which is the result of 
investigations by at least one of the authors of the article. The article only 
quotes others’ evidence, which is typical in reviews, mapping studies, and the
literature review sections of articles.
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Exclusion: The article mentions evidence, but it is not described how the 
evidence was obtained.

Exclusion: The purpose (if identifiable) of the source code searches under 
investigation is not software development (or at least a simulation of it). The 
construction of queries by authors for testing their own tool does not count as 
query construction for software development.

Exclusion: The article describes how a particular tool searches / finds code on 
the web, but does not describe how a developer (a human) who uses this search 
tool or other search tools seeks source code on the web.

Exclusion: If the developer searching for code uses an experimental code search
tool (even if it is publicly available) and not a commonly known code search 
tool, unless tests are performed with other, commonly known tools as well and 
the data thus obtained characterize the source code seeking behavior (using the 
commonly known tools) of human test subjects. We consider the following as 
commonly known code search tools:
• The code search engines Google Code Search (and the related ParseWeb), 
Koders, Ohloh/Black Duck Open Hub, Krugle, Merobase (and the related Code 
Conjurer), Askyourcode, Searchcode, OpenGrok. We recognize that this 
selection of code search engines is somewhat arbitrary, it is based on their 
mention in academic papers as code search engines usually used by developers. 
We note that certain code search engines mentioned above are already defunct 
or merged with others.
• The search services provided by public repositories (such as GitHub, 
SourceForge, snipplr). Here we note that general purpose and academic search 
engines as well as the search functions of social / Q&A sites
(such as Stack Overflow) can be (and often are) also used for code search, even 
though they are not tools specifically aimed at code search. Their use is within 
our scope of investigation.

Exclusion: The article investigates only the fifth stage of source code seeking 
(described in Section 7.2.2), i.e. the use of the results of the search, without 
dealing with any of the preceding stages (identify source code
need, select web resource, translate need to web resource, evaluate results).
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Exclusion: The paper deals with how developers rate search results but not with
how developers obtain those results, or the results were not the outcome of 
searches where the queries were formulated and executed by the developers
themselves.

Exclusion: The paper deals with copy-and-paste behavior but not with how 
developers find the code to copy.

Exclusion: A description of software download which is not preceded by search,
i.e. the developer received a direct ownload link (e.g. in e-mail), and this was 
not preceded by any search, does not count as source code search. However,
searching for articles, web pages in the problem domain and finding a 
download link to source code in one of the retrieved articles / pages is “in”.

Exclusion: The search for code was not performed online using a publicly 
accessible search tool or collection / repository. (The code repository of a firm, 
when it is not accessible to the general public, is not a publicly accessible
collection.)

Exclusion: The article does not give evidence on how developers look for code, 
e.g. it gives just a list of sites where software or search tools can be found.

Exclusion: The article gives advice, guidance, but does not actually show (by 
proof) how developers really retrieve code using the recommended method(s).
Exclusion: Code search is discussed informally, no scientific evidence can be 
drawn from it (forum posts, web articles about search engines may fall into this 
category).

Exclusion: The authors mined software repositories or social sites for traces of 
source code usage, but did not directly investigate source code search by 
developers. Note: However, mining search logs (and similar datasets storing 
user queries) is regarded as direct investigation, as these queries come directly 
from the developers.

Exclusion: From paper on how developers obtain information, no data 
specifically on source code search can be
extracted, unless the searches were either API-related searches (in which cases 
we assume that they were for source
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code, see above) or for open source software.

Exclusion: The code search was performed in an integrated development 
environment (IDE), but the code search function in the IDE did not use the web 
or a commonly known search tool (see list above) available on the web, or it 
used an experimental code search tool.

Exclusion: The code search was not for source code, e.g. it was for ready-to-run
software (unless interpreted source code) or object code (including object 
libraries).

Exclusion: The search was for bug localization (within one’s own code or in 
another particular software project).

Exclusion: The article deals with any of the following: feature (concept) 
location, finding code clones, detecting
malware, code smell detection, code completion, uncovering code plagiarism 
and it does not deal with code search for
software development.

Exclusion: The article deals with code comprehension, but it does not deal with 
the search for the code.

Exclusion: The searches for code were not performed by developers (e.g. the 
queries came from a dataset), or not by the same developers who evaluated / 
used the results.

Exclusion: The paper carries a plagiarism notice, shows signs of plagiarism, is 
highly suspect otherwise, or has been withdrawn by the author(s).

Exclusion: The paper is not available online.

Exclusion: The paper is an early variant of a later article which has been 
identified as relevant.

Exclusion: The item is not written text but video or audio.

Exclusion: The item is a presentation consisting of slides.
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Exclusion: The search result is a full book, without naming any relevant chapter
in it, the book title does not make it likely that the book is relevant and there is 
no meaningful preview making it likely that at least one chapter is relevant.

Exclusion: The search result is a full volume of a journal or proceedings, 
without naming any relevant article in it, and there is no meaningful preview 
making it likely that at least one article is relevant.

Exclusion: From the article, only very slight information can be obtained about 
how developers search for source code (example: ‘The participants sometimes 
used Google to solve the programming task’ but nothing more is revealed).

Appendix C: The initial set

[23, 24, 26, 27, 30, 32, 33, 34, 52, 54, 94, 95, 124, 127, 129, 142, 169, 176,  

187, 188, 219, 226, 245, 247, 257, 258, 259, 263, 268, 273, 290, 291, 292]

Some of these papers, though relevant, were later eliminated because of 

redundancy.

Appendix  D: Primary studies

Studies are generally called primary studies when they are original research of 

their authors. They are usually published in peer-reviewed journals. Here we list

those primary studies which we have found relevant.

[3, 6, 7, 14, 16, 18, 21, 23, 24, 30, 31, 33, 35, 51–54, 62, 72, 75, 78, 85–87, 91, 

92, 95–97, 103, 109, 112, 115, 116, 118, 120–122, 124–127, 129, 131, 139, 142,

149, 149, 150, 156, 160, 164, 166, 169–171, 174, 176, 178, 183–185, 187, 188, 

191, 192, 194, 197, 198, 200, 201, 203, 207, 208, 211, 213, 219, 224, 226, 227, 
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229, 230, 239, 240, 242, 245, 247, 249, 253, 256, 258–260, 263, 268, 273, 274, 

277, 279, 280, 285, 289–292]

We note that a newer, conference paper version of [16] exists ([17]) but it was 

not found by the systematic mapping process, perhaps because the publication 

was too recent.

Appendix E: Relevant but redundant studies

This is the list of publications found relevant but redundant. See the description 

of Phase 5 of the systematic mapping study process (in Appendix A) for details 

on the criteria for declaring a publication redundant.

[5, 15, 25, 26. 32, 34, 34, 36, 50, 61, 76, 94, 99, 107, 108, 110, 119, 132, 172, 

182, 190, 202, 225, 228, 284, 288]

Appendix F: The used search tools

Table 4 lists the used search tools with their URLs and remarks on the use of 

these search tools. The prefix https:// has been omitted from the non-site 

queries. The Basic Query is described in Appendix G.1.

Table 4. The used search tools, with URL or site query

Search tool URL (or Google site 

query parameter)

Remark, settings

ACM, version 1 dl.acm.org/search/ In: The ACM Guide to 
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advanced Computing Literature. Basic 
Query

ACM, version 2 site:dl.acm.org/doi/pdf Queried via Google

ArXiv site:arxiv.org/ Queried via Google

CiteSeerX site:citeseerx.ist.psu.edu Queried via Google

CORE core.ac.uk/ Basic Query

Dimensions app.dimensions.ai/

discover/publication

Free version. Search in: Full 
data. Filtering by year.

Frontiers site:frontiersin.org Queried via Google

Google Firefox default search 

engine page

Limits: displayed results 
limited to 1000, query max. 32
words

Google Scholar scholar.google.hu/ Filtering by year. Limits: 
query: 256 characters, results: 
1000. 

IEEE Explore, 

version 1 

ieeexplore.ieee.org/

search/advanced

Basic Query

IEEE Explore, 

version 2 

site:ieee.org Queried via Google

Lens www.lens.org/ Scholarly Works tab. Basic 
Query

MDPI site:mdpi.com Queried via Google

ProQuest www.proquest.com/ Anything but books (books 
largely irrelevant). Basic 
Query

ScienceDirect site:sciencedirect.com Queried via Google
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Scopus www.scopus.com/

home.uri

Search within: Article title, 
abstract, keywords. Basic 
Query

Semantic Scholar site:semanticscholar.org Queried via Google

Springer link.springer.com/

advanced-search

Interface language set to 
English (because of stemming)

Web of Science www.webofscience.com/

wos/alldb/advanced-search

Search in: All Databases. 
Collections: All. Basic Query

Wiley onlinelibrary.wiley.com Basic Query

WorldCat www.worldcat.org/ Basic Query

Appendix G:  The search queries

G.1 The Basic Query

The Basic Query, used in multiple search tools:

("code search" OR "search for code" OR "search code" OR "software search" 
OR "search for software" OR "search software" OR "code retrieval" OR 
"retrieve code" OR "look for code" OR "look for software") AND ("source 
code" OR "code snippet" OR "code snippets" OR "example code" OR "sample 
code" OR "code example" OR "code examples" OR "code sample" OR "code 
samples") AND (survey OR study OR experiment OR questionnaire OR 
interview OR log) AND (programmer OR programmers OR developer OR 
developers OR "software engineer" OR "software engineers" OR student OR 
students) AND (web OR online OR net OR internet OR google)

This Basic Query has been adapted to the following tools:
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ACM:
AllField:("code search" OR "search for code" OR "search code" OR "software 
search" OR "search for software" OR "search software" OR "code retrieval" 
OR "retrieve code" OR "look for code" OR "look for software") AND ("source 
code" OR "code snippet" OR "code snippets" OR "example code" OR "sample 
code" OR "code example" OR "code examples" OR "code sample" OR "code 
samples") AND (survey OR study OR experiment OR questionnaire OR 
interview OR log) AND (programmer OR programmers OR developer OR 
developers OR "software engineer" OR "software engineers" OR student OR 
students) AND (web OR online OR net OR internet OR google

Web of Science:
TS=(("code search" OR "search for code" OR "search code" OR "software 
search" OR "search for software" OR "search software" OR "code retrieval" 
OR "retrieve code" OR "look for code" OR "look for software") AND ("source 
code" OR "code snippet" OR "code snippets" OR "example code" OR "sample 
code" OR "code example" OR "code examples" OR "code sample"
OR "code samples") AND (survey OR study OR experiment OR questionnaire 
OR interview OR log) AND (programmer OR programmers OR developer OR 
developers OR "software engineer" OR "software engineers" OR student OR 
students) AND (web OR online OR net OR internet OR google))

G.2 The queries for Google Scholar and Google

The queries were constructed for Google Scholar, but Google was driven by 

exactly the same queries. It was always checked whether the query remained 

within the query length limit (256 characters for Google Scholar). In all cases, 

all results offered by the search engine were obtained.

Google Scholar:

Settings: 20 hits per page, English-language results only, show BibTex info. No 

restriction on date.

136



In a few cases, additional search terms and then they as exceptions were added 

to the query, to split results below the 1000-item limit. Example: a query which 

we denote with query, could be split with the term input as

query input

query -input -inputs

In some cases, the hits were also filtered by year to get all results.

Google:

Same queries as on Google Scholar. 100 results per page have been set. The 

"with the omitted results included" option was always chosen in the hit lists. 

When, in the results, a missing term was indicated, such as

Missing: experiment|" | Must include: experiment|",

the "must include" option was chosen (if present, otherwise the item was left 

out). If multiple occurrences of "missing"

were present, we tried to eliminate all of them. In the absence of the possibility 

of obtaining a result without something "missing", the result was ignored.

The search queries:

"find|finding|finds|found * code snippets|snippet" web|online|internet|net 
experiment|"lab| laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers| developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieving * code snippets|snippet" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students
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"retrieves|retrieved * code snippets|snippet" web|online|internet|net experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire|log
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"find|finding|finds|found code snippets|snippet" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved code snippets|snippet"
web|online|internet|net experiment|"lab|laboratory|field study"|survey|
observation|interview|questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"| student|students

"retrieving code snippets|snippet" web|online|internet|net experiment|"lab|
laboratory|
field study"|survey|observation|interview|questionnaire|log programmer|
programmers|developer|
developers|"software engineer|engineers"|student|students

"hunt|hunting|hunts|hunted ** code snippets|snippet" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|
interview|questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"seek|seeking|seeks|sought * code snippets|snippet" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|
observation|interview|questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"| student|students

"hunt|hunting|hunts|hunted * code snippets|snippet" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log
programmer|programmers|
developer|developers|"software engineer|engineers"|student|students
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"code snippet search"|"code snippet hunt" web|online|internet|net experiment|
"lab|laboratory| field study"|survey|observation|interview|questionnaire|log
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"search|searching|searches|searched for code snippets" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer| programmers|developer|developers|"software 
engineer|engineers"| student|students

"look|looking|looks|looked for code snippets" web|online|internet|net
experiment| "lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"| student|students

"searching|searches|searched for * code snippets" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview| 
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"search|look|looking|looks|looked for * code snippets" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview| 
questionnaire|log programmer|programmers|developer|developers| "software 
engineer|engineers"|student|students

"search|searching for ** code snippets" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"searches|searched for ** code snippets" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"look|looking|looks|looked for ** code snippets" web|online|internet|net
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experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"| student|students

"google|googling|googles|googled for * code snippets" experiment|"lab|
laboratory| field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"google|googling for code snippets" experiment|"lab|laboratory|field study"|
survey|observation|interview|questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"googles|googled for code snippets" experiment|"lab|laboratory|field study"
|survey|observation|interview|questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"google|googling for ** code snippets" experiment|"lab|laboratory|field study"|
survey|observation|interview|questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"googles|googled for ** code snippets" experiment|"lab|laboratory|field study"| 
survey|observation|interview|questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"source code search" web|online|internet|net experiment|"lab|laboratory|
field study"|survey|observation|interview|questionnaire|analysis|log 
programmer|programmers| developer|developers|"software engineer|engineers"|
student|students

"example code search"|"example code hunt" web|online|internet|net experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire|log
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"hunt for * source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
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developer|developers|"software engineer|engineers"|student|students

"hunts|hunted for * source|example|sample code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire| log programmer|programmers|developer|developers|"software 
engineer|engineers"| student|students

"search|searching for * source|example|sample code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"searches|searched for * source|example|sample code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"looking|looks for * source|example|sample code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|track|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"look|looked for * source|example|sample code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview| 
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunting for * source|example|sample code" web|online|internet|net
experiment| "lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeks|sought|seeking for * source|example code" web|online|internet|net
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"google|googling|googles|googled for * source|example|sample code"
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"google|googling|googles|googled for source|example|sample code"

"google|googling|googles|googled for ** source|example|sample code"

"hunt|hunting for source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunts|hunted for source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers| "software 
engineer|engineers"|student|students

"search|searching for source|example|sample code" web|online|internet|net 
experiment| "lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer| developers| "software 
engineer|engineers"|student|students

"searches|searched for source|example|sample code" web|online|internet|net 
experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire| log
programmer|programmers|developer|developers|"software engineer|engineers" |
student|students

"looking|looks|looked for source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"look|seek for source|example|sample code" web|online|internet|net experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers| developer|developers|"software engineer|engineers"|
student|students
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"seeking|seeks|sought for source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer
|programmers|developer|developers|"software engineer|engineers"|student|
students

"hunt|hunting for ** source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunts|hunted for ** source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview| 
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"search|searching for ** source|example|sample code" web|online|internet|net 
experiment|
"lab|laboratory| field study"|survey|observation|interview| questionnaire|
log programmer|programmers|developer|developers|"software engineer|
engineers"|
student|students

"searches|searched for ** source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer| programmers|developer|developers|"software 
engineer|engineers"|student|students

"look|looking|looks for ** source|example|sample code" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeking|seeks for ** source|example|sample code" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students
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"looked|sought for ** source|example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"find|finding|finds|found example|sample code" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|interview 
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved example|sample code" web|online|internet|net 
experiment|"lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving example|sample code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"find|finding|finds|found * example|sample code" web|online|internet|net 
experiment|"lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved * example|sample code" web|online|internet|net 
experiment|"lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving * example|sample code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey| observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"find|finding|finds|found ** example|sample code" web|online|internet|net 
experiment| "lab|laboratory| field study"|survey|observation|interview|
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questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved ** example|sample code" web|online|internet|net 
experiment|"lab|laboratory| field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving ** example|sample code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|
engineers"|student|students

"find * source code" web|online|internet|net experiment|"lab|laboratory|field 
study"|survey|observation|interview|questionnaire|log programmerprogrammers|
developer|developers|"software engineer|engineers"|student|students

"find|finds|found source code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|track|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"find ** source code" web|online|internet|net experiment|"lab|laboratory|field 
study"|survey|observation|interview|questionnaire|log programmer|
programmers|developer|developers|"software engineer|engineers"|student|
students

"finds|found * source code" web|online|internet|net experiment|"lab|laboratory|
field study"|survey|observation|interview|questionnaire|log programmer|
programmers|developer|developers|"software engineer|engineers"|student|
students

"find|finding|finds|found source code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|
developers|"software engineer|engineers"|student|students
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"finding * source code"|"finding ** source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeking|seeks|sought * source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeking|seeks|sought source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeking|seeks|sought ** source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"retrieve|retrieves|retrieved * source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"retrieving * source code" web|online|internet|net experiment| "lab|laboratory|
field study"|survey|observation|interview|questionnaire|log programmer|
programmers|developer|developers|"software engineer|engineers"|student|
students

"retrieve|retrieving|retrieves|retrieved source code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved ** source code" web|online|internet|net experiment|
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"lab|laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"retrieving ** source code" web|online|internet|net experiment|"lab|laboratory|
field study"|survey|observation|interview|questionnaire|log programmer|
programmers|developer|developers|"software engineer|engineers"|student|
students

"hunt|hunting|hunts|hunted * example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"finding|finds|found|retrieve * example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving|retrieves|retrieved * example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"finding|finds|found|retrieve * sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"retrieving|retrieves|retrieved * sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"seek|seeking|seeks|sought example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students
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"hunt|hunting|hunts|hunted example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"seek|seeking|seeks|sought sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"hunt|hunting|hunts|hunted sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"find|finding|finds|found|retrieve example code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving|retrieves|retrieved example code" web|online|internet|net experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"find|finding|finds|found|retrieve sample code" web|online|internet|net 
experiment| "lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving|retrieves|retrieved sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|
developers|"software engineer|engineers"|student|students

"seek|seeking|seeks|sought ** example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
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questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunt|hunting|hunts|hunted|find ** example|sample code" web|online|internet|
net experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"find ** example|sample code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"finding|finds|found|retrieve ** example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"retrieving|retrieves ** example|sample code" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students 

"retrieved ** example|sample code" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"seek|seeking|seeks|sought * code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunt|hunting|hunts|hunted * code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students
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"find * code examples|samples" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"finding|finds|found|retrieve * code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieves|retrieved * code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieving * code examples|samples" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"seek|seeking|seeks|sought code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunt|hunting|hunts|hunted code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"find code examples|samples" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"finding|finds|found|retrieving code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|

150



questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieves|retrieved code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"find ** code examples|samples" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"seek|seeking|seeks|sought ** code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"hunt|hunting|hunts|hunted ** code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|
developer|developers|"software engineer|engineers"|student|students

"finding|finds|found ** code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"retrieve|retrieving ** code examples|samples" web|online|internet|net 
experiment|
"lab|laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|
programmers|developer|developers|"software engineer|engineers"|student|
students

"retrieves|retrieved ** code examples|samples" web|online|internet|net 
experiment|"lab|laboratory|field study"|survey|observation|interview|
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questionnaire|log programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students

"source code retrieval" web|online|internet|net experiment|"lab|laboratory|field 
study"|survey|observation|interview|questionnaire|log programmerprogrammers|
developer|developers|"software engineer|engineers"|student|students

"example|sample code retrieval" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students

"code example|sample retrieval" web|online|internet|net experiment|"lab|
laboratory|field study"|survey|observation|interview|questionnaire|log 
programmer|programmers|developer|developers|
"software engineer|engineers"|student|students

"code|software search skill|skills" "code|software search" "source code" survey 
student -plagiarism web|online|net|internet|google "search engine|engines"
"code|software search" "source code" survey developer|developers|programmer|
programmers|"software engineer|engineers" -plagiarism web|online|net|internet|
google "search engine|engines" -student -students

"code reuse"|"reuse code" "source code" search survey developer|developers|
programmer|programmers|"software engineer|engineers"|student|students -
plagiarism 

web|online|net|internet|google "search engine|engines" "code search" "source 
code"|"example|sample code"|"code snippet|snippets|sample|example" 
programmer|programmers|developer|developers|"software engineer|engineers"|
student|students 

web|online|net|internet|google -automatic -automated "search|searching for 
code" "source code"|"example|sample code"|"code snippet|snippets|sample|
example" programmer|programmers|developer|developers|"software engineer|
engineers"|student|students 
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web|online|net|internet|google -automatic -automated "search|searching for * 
code" "source code"|"example|sample code"|"code snippet|snippets|sample|
example" programmer|programmers|developer|developers|"software engineer|
engineers"|student|students 

web|online|net|internet|google -automatic -automated "search|searching for ** 
code" "source code"|"example|sample code"|"code snippet|snippets|sample|
example" programmer|programmers|developer|developers|"software engineer|
engineers"|student|students 

web|online|net|internet|google -automatic -automated "search|searching" 
"relevant code" "source code"|"example|sample code"|"code snippet|snippets|
sample|example" programmer|programmers|developer|developers|"software 
engineer|engineers"|student|students 

web|online|net|internet|google "lab|field study" "software search"|"search for 
software" "source code"|"example|sample code"|"code snippet|snippets|sample|
example" programmer|programmers|developer|developers|"software engineer|
engineers"|student|students web|online|net|internet|google -automatic
-automated

Appendix H: The exception list for the duplicate eliminator

The following exceptions were set:

AN ABSTRACT OF THE DISSERTATION OF
Association for Computing Machinery
CEC 322
Code Search
communications - ACM Digital Library
computer
dissertation
Doctoral Thesis
Example-centric programming
For Research Only
information
Institute of Electrical and Electronics Engineers
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Introduction
Merobase
Papers/Articles (General) - ASCL.net
Reverse engineering
Technical reviews
THESIS
THESIS/THÈSE
THÈSE
This thesis has been submitted in fulfilment of the ... - ERA
UC Irvine
UC Irvine - eScholarship
UCLA Electronic Theses and Dissertations
UNCORRECTED PROOFS
Understanding the impact of support for iteration on code search
university of california
university of california - eScholarship
Untitled
Web Information Systems and Applications
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