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Abstract. I report results from an experiment on the relationship between visual 

website complexity and users' mental workload. Applying a pupillary based 

workload assessment as a NeuroIS methodology, I found indications that a bal-

anced level of navigation complexity, i.e., the number of (sub)menus, in combi-

nation with a balanced level of information complexity, is the best choice from 

a user’s mental workload perspective. 
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1 Introduction 

In this work I report on results from a completed experiment, for which prior re-

search-in-progress results were presented last year on the Gmunden Retreat 2015 [1]. 

Website/webpage complexity affects a user's mental workload [2], and Huang [3] 

identified the amount of information and the number of links as important attributes 

of a website’s complexity. The problem from a website design perspective is how to 

strike a balance between the dilemma of a complex menu structure (a lot of menu 

links and submenus) but non-complex pieces of information or a non-complex menu 

structure (with fewer links/submenus) with a high amount of information (more com-

plex). To evaluate this problem researchers need a convenient way to assess a user's 

mental workload. Determining a user's mental workload is often mentioned as a fun-

damental problem in IS research (e.g. [4, 5]) from various theoretical perspectives 

(e.g., cognitive load, task technology fit, job demands-resources), particularly in Neu-

roIS, e.g. [6-11]. 

In recent years very interesting results have emerged from NeuroIS in which efforts 

have been made to determine a user's mental workload based on objective psycho-

physiological measurements [9-11]. IS scholars have already used pupillary based 

mental workload assessment using realistic experimental setups, e.g., route planning 

[12, 13], E-mail classification [12], decision support systems [14], and social net-

works [7, 15]. 

To the best of my knowledge there is no study that investigates the relationship be-

tween visual website complexity and a user’s mental workload using psychophysio-
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logical measures – with one exception: The work of Wang et al. [2] investigated web-

site complexity from a cognitive load perspective via eye-tracking technology. Using 

fixation count and fixation duration they found increased fixation counts, fixation 

durations and task completion times when performing simple tasks. Interestingly they 

did not analyze pupillary measures in order to evaluate mental workload. 

For this reason I study the usage of three website variants with systematic manipula-

tions of navigation and information complexity using eye-tracking based pupillary 

diameter responses. This work contributes to IS complexity research, and, in addition, 

it addresses a very practical problem for website designers. 

2 Methodology 

2.1 Applying the NeuroIS guidelines 

In order to clearly contribute to NeuroIS research and show strong methodological 

rigor, I strictly followed the NeuroIS guidelines established by vom Brocke et al. [16]. 

In particular, to assess prior research in the field of measuring mental workload as an 

important IS construct, a comprehensive literature review was conducted (cf. [17]). 

To base the experimental design adequately on solid research in related fields of neu-

roscience [16] I reviewed the fundamental anatomic mechanism of the pupillary dila-

tion controlled by the vegetative nervous system and the key role of the Edinger-

Westphal nucleus that is inhibited by mental workload and directly leads to a pupil-

lary dilation. The methodology uses eye-tracking-based pupillometry as a well-

established approach in physiology and psychology “widening the 'window' of data 

collection" [18, p. 93]. With this method, bio-data (i.e. pupil diameter) can be used to 

better understand mental workload as an IS construct (cf. guideline 4 of [16]). In 

comparison to other neuroscience tools eye-tracking-based pupillometry is the con-

tact-free and efficient method of choice [19]. I applied the guidelines and standards 

from Duchowski [20] and the Eyegaze EdgeTM manual. 

2.2 Measurements 

To capture the pupillary diameter, eye-tracking was performed using the binocular 

double Eyegaze EdgeTM System eye-tracker paired with a 19" LCD monitor (86 dpi) 

set at a resolution of 1280x1024, whereby the eye-tracker samples the pupillary diam-

eter at a rate of 60 Hz for each eye separately. 

2.3 Stimuli 

Following [21] I manipulated website visual complexity via the number of links in the 

menu structure (resp. submenus). According to Wang et al. [2] I choose three contrary 

but balanced levels for navigation and information complexity. Navigation complexi-

ty was manipulated by the (sub)menu structure (low: 3 menus; average: 3 × 3 

(sub)menus; high: 3 × 3 × 3 (sub)menus). Information complexity was manipulated 



3 

by content/text partitioning. All three variants (system A,B,C; see Figure 1) contained 

the same content/information in summary, but I divided this content into (sub)menu-

specific pieces of information. Luminescence levels of the three systems variants 

were checked (perceived relative luminescence LA=0.5156, LB=0.5157, LC=0.5209). 

System A (3 links) 

main menu ... ...

Menuspecific content

[high information complexity]

System B (3•3 links) 

main menu

submenu

... ...

Menuspecific content

[medium information complexity]

System C (3•3•3 links) 

main menu

submenu

subsubmenu

... ...

Menuspecific content

[low information complexity]

Fig. 1. Conceptualized website complexity (System A: low menu complexity – high infor-

mation complexity; System B: average menu complexity – average information complexity; 

System C: high menu complexity – low information complexity) 

Please note that I directly tested objective website complexity, since perceived web-

site complexity correlated only medially with objective website complexity (r = 0.3 

according to [22, p. 515]). 

 
Fig. 2. Exemplary screenshot of system A. 

2.4 Description of the test procedure and data cleansing 

The participants in the experiment had to perform nine distinctive search tasks – three 

for each system. In order to counter-balance the design, the test order of the systems 

(A, B, C) was randomized. In addition, for every test system (A, B, C) three of the 

nine search tasks were randomly assigned. 

Prior to all data collection, each test participant is welcomed by the experimenter 

(supervisor of the experiment). After that the participant has to fill out a consent form 
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and also a questionnaire with demographics (stage 1). In stage 2, I take the necessary 

precautions for the experiment, for which I make use of the eye-tracker. Hence, the 

eye-tracker is calibrated. In stage 3, the experiment starts with the first of three search 

tasks the participant has to accomplish. At the end of every tested system (A, B, C), 

perceived task demands and effort were captured via a NASA TLX questionnaire. 

Only naturally determined artifacts, e.g., by eye-blinks, were deleted. 

3 Results 

3.1 Sample Characteristics 

The 45 participants were aged from 22 to 45 years (M=28.6, S.D.=4.7). 24 persons 

were female, 21 male. 

3.2 Relationship between complexity and a user’s mental workload 

I found clear pupil diameter differences between the three system variants (table 1) 

which were all significant at small to medium effect sizes (table 2). 

Table 1: Mean of pupillary diameters in relation to system variant 

System 
PD [mm] 

left eye right eye 

System A 3.402 3.451 

System B 3.384 3.435 

System C 3.428 3.479 

Table 2: 2-sided significance test (p-value, t-statistics), effect sizes of different system variants 

Comparison 
Significance test results 

left eye right eye 

System A vs. system B 
p<0.1, t=1.96,  

d=0.29 (small) 

p<0.1, t=1.79,  

d=0.27 (small) 

System A vs. system C 
p<0.05, t=2.49,  

d=0.37 (small) 

p<0.05, t=2.63,  

d=0.39 (small) 

System B vs. system C 
p<10-5, t=5.05,  

d=0.75 (medium) 

p<10-4, t=4.79,  

d=0.71 (medium) 

4 Discussion, limitations and future research 

From a mental workload perspective, the system B is the model of choice since the 

pupillary based mental workload indicator is lowest for this system variant (small to 

medium Cohen’s d effect sizes). That means for the practical website design perspec-

tive that complex menu structures with a lot of menu links and submenus or a design 



5 

without any submenus should be avoided. Instead, designers should use a balanced 

combination of submenus (navigation complexity) and text (more information com-

plexity). 

From a theoretical point of view this work contributes to IS complexity research. The 

results indicate that pure navigation complexity (i.e., the number of (sub)menus) or 

pure information complexity (text) is problematic from a mental workload perspec-

tive.  

This work has some limitations. The right pupil diameters were slightly larger than 

for left eyes due to small differences in illumination from the ceiling lights. However, 

these lighting conditions were kept constant for all participants. In addition, despite 

designing the experiment as a search task, it cannot be excluded that some partici-

pants merely browsed the website. Because there is a mental workload difference 

between browsing and searching [23], the generalizations of the findings are limited. 

Furthermore, despite controlling the brightness between the three system variants 

through the most balanced use of darker text against brighter text background, the 

variant C is one percent brighter than A and B. However this higher brightness natu-

rally leads to smaller pupils, but not to the larger pupils I found in the experiment. 

This further strengthens the mental workload effect in system variant C. 

In an extended version of this paper I will report on triangulated NASA TLX evalua-

tions, differences in mouse clicks and mouse scrolls as well as results from electro-

dermal activity assessments. Future work should combine pupillary-based mental 

workload assessment with novel heat-mapping techniques [24, 25].  

 

Acknowledgements 

I would like to thank Christiane Lange for laboratory assistance and the reviewers, 

who provided very helpful comments on the refinement of the paper. This research is 

funded by the German Federal Ministry of Education and Research (03FH055PX2). 

References 

1. R. Buettner, Investigation of the Relationship Between Visual Website Complexity and 

Users' Mental Workload: A NeuroIS Perspective. In Information Systems and Neuro Sci-

ence, vol. 10 of LNISO, pp. 123-128. Gmunden, Austria (2015) 

2. Q. Wang, S. Yang, M. Liu, Z. Cao, and Q. Ma, An eye-tracking study of website complex-

ity from cognitive load perspective, DSS, vol. 62, pp. 1-10 (2014) 

3. M.-H. Huang, Designing website attributes to induce experiential encounters, Comput 

Hum Behav, vol. 19, no. 4, pp. 425-442 (2003) 

4. H. G. Stassen, G. Johannsen, and N. Moray, Internal representation, internal model, human 

performance model and mental workload, Automatica, vol. 26, no. 4, pp. 811-820 (1990) 

5. G. Johannsen, A. H. Levis, and H. G. Stassen, Theoretical Problems in Man-machine Sys-

tems and Their Experimental Validation, Automatica, vol. 30, no. 2, pp. 217-231 (1992) 

6. R. Buettner, Analyzing Mental Workload States on the Basis of the Pupillary Hippus, in 

NeuroIS '14 Proc., 2014, p. 52. 

7. R. Buettner, S. Sauer, C. Maier, and A. Eckhardt, Towards ex ante Prediction of User Per-

formance: A novel NeuroIS Methodology based on Real-Time Measurement of Mental Ef-

fort, in HICSS-48 Proc., 2015, pp. 533-542. 



6 

8. A. O. de Guinea, R. Titah, and P.-M. Léger, Explicit and Implicit Antecedents of Users' 

Behavioral Beliefs in Information Systems: A Neuropsychological Investigation, JMIS, 

vol. 30, no. 4, pp. 179-210 (2014) 

9. A. Dimoka, P. A. Pavlou, and F. D. Davis, NeuroIS: The Potential of Cognitive Neurosci-

ence for Information Systems Research, ISR, vol. 22, no. 4, pp. 687-702 (2011) 

10. A. Dimoka, R. D. Banker, I. Benbasat, F. D. Davis, A. R. Dennis, D. Gefen, A. Gupta, A. 

Ischebeck, P. H. Kenning, P. A. Pavlou, G. Müller-Putz, R. Riedl, J. vom Brocke, and B. 

Weber, On the Use of Neurophysiological Tools in IS Research: Developing a Research 

Agenda for NeuroIS, MISQ, vol. 36, no. 3, pp. 679-A19 (2012) 

11. R. Riedl, R. D. Banker, I. Benbasat, F. D. Davis, A. R. Dennis, A. Dimoka, D. Gefen, A. 

Gupta, A. Ischebeck, P. Kenning, G. Müller-Putz, P. A. Pavlou, D. W. Straub, J. vom 

Brocke, and B. Weber, On the Foundations of NeuroIS: Reflections on the Gmunden Re-

treat 2009, CAIS, vol. 27, pp. 243-264 (2010) 

12. S. T. Iqbal, P. D. Adamczyk, X. S. Zheng, and B. P. Bailey, Towards an Index of Oppor-

tunity: Understanding Changes in Mental Workload during Task Execution, CHI '05 Proc., 

pp. 311-320 (2005) 

13. B. P. Bailey and S. T. Iqbal, Understanding Changes in Mental Workload during Execu-

tion of Goal-Directed Tasks and Its Application for Interruption Management, ACM TO-

CHI, vol. 14, no. 4, Article 21, pp. 1-28 (2008) 

14. R. Buettner, Cognitive Workload of Humans Using Artificial Intelligence Systems: To-

wards Objective Measurement Applying Eye-Tracking Technology, in KI 2013 Proc., ser. 

LNAI, vol. 8077, 2013, pp. 37-48. 

15. R. Buettner, B. Daxenberger, A. Eckhardt, and C. Maier, Cognitive Workload Induced by 

Information Systems: Introducing an Objective Way of Measuring based on Pupillary Di-

ameter Responses, in Pre-ICIS HCI/MIS 2013 Proc., 2013, paper 20 (2013) 

16. J. vom Brocke and T.-P. Liang, Guidelines for Neuroscience Studies in Information Sys-

tems Research, JMIS, vol. 30, no. 4, pp. 211-234 (2014) 

17. J. vom Brocke, A. Simons, B. Niehaves, K. Riemer, R. Plattfaut, and A. Cleven, Recon-

structing the Giant: On the Importance of Rigour in Documenting the Literature Search 

Process, in ECIS '09 Proc., pp. 2206-2217 (2009) 

18. S. D. Goldinger and M. H. Papesh, Pupil Dilation Reflects the Creation and Retrieval of 

Memories, Curr Dir Psychol Sci, vol. 21, no. 2, pp. 90-95 (2012) 

19. B. Laeng, S. Sirois, and G. Gredebäck, Pupillometry: A Window to the Preconscious? Per-

spect Psychol Sci, vol. 7, no. 1, pp. 18-27 (2012) 

20. A. T. Duchowski, Eye Tracking Methodology: Theory and Practice, 2nd ed. London, UK: 

Springer (2007) 

21. L. Deng and M. S. Poole, Affect in Web Interfaces: A Study of the Impacts of Web Page 

Visual Complexity and Order, MISQ, vol. 34, no. 4, pp. 711-A10 (2010) 

22. S. Nadkarni and R. Gupta, A Task-Based Model of Perceived Website Complexity, MISQ, 

vol. 31, no. 3, pp. 501-524 (2007) 

23. W. Hong, J. Y. Thong and K. Y. Tam, The effects of information format and shopping task 

on consumers' online shopping behavior: A cognitive fit perspective. JMIS, vol. 21, no. 3, 

pp. 149-184 (2004) 

24. A. Eckhardt, C. Maier, J. J. Hsieh, T. Chuk, A. B. Chan, J. H. Hsiao and R. Buettner, Ob-

jective measures of IS usage behavior under conditions of experience and pressure using 

eye fixation data. In ICIS 2013 Proc. (2013). 

25. V. Georges, F. Courtemanche, S. Sénécal, T. Baccino, P.-M. Léger and M. Frédette, 

Measuring Visual Complexity Using Neurophysiological Data. In Information Systems 

and Neuro Science, vol. 10 of LNISO, pp. 207-212. Gmunden, Austria (2015) 



Studying the Creation of Design Artifacts 

Christopher J. Davis1, Alan R. Hevner2 and Barbara Weber3, 4 

1 University of South Florida, Saint Petersburg, FL USA 

davisc@mail.usf.edu 
2 University of South Florida, Tampa, FL USA  

ahevner@usf.edu  
3Technical University of Denmark, Copenhagen, Denmark 

bweb@dtu.dk 
4University of Innsbruck, Innsbruck, Austria 

 

Abstract. As software and information systems (IS) increase in functional 

sophistication, perceptions of IS quality are changing. Moving beyond issues of 

performance efficiency, essential qualities such as fitness for purpose, sustaina-

bility, and overall effectiveness become more complex. Creating software and 

information systems represents a highly interconnected locus in which both the 

generative processes of building design artifacts and articulating constructs used 

to evaluate their quality take place. We address this interconnectedness with an 

extended process-oriented research design enabling multi-modal neurophysio-

logical data analyses. We posit that our research will provide more comprehen-

sive assessments of the efficacy of design processes and the evaluation of the 

qualities of the resulting design artifacts.  

Keywords: IS Design · Creating Design Artifacts · Personal Construct 

Psychology (PCT) · Event-related potential (ERP) · Eye-tracking · Eye fixation 

related potential (EFRP) · Electroencephalography (EEG) · Interaction Logging 

· Repertory Grid Analysis (RGA) 

1 Introduction 

Creative design activities are central to all applied engineering disciplines. The 

information systems (IS) field since its advent has the principal objective of 

designing, building, and evaluating systems to solve complex business problems. IS 

as composed of inherently mutable and adaptable hardware, software, 

telecommunications, and human interfaces provide many unique and challenging 

design problems that call for new, creative ideas and discovery. IS artifacts are 

implemented within an application context for the purpose of improving the 

effectiveness and efficiency of that context. The utility of the artifact and the 

characteristics of the application – its work systems, its people, and its development 

and implementation methodologies – together determine the extent to which that 

purpose is achieved. Researchers produce new ideas that enhance generative capacity 

mailto:davisc@mail.usf.edu
mailto:bweb@dtu.dk
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[1] and improve the ability of human organizations to adapt and succeed in the 

presence of changing environments. These generative ideas are then communicated as 

knowledge to the various IS communities [2]. 

The IS design environment is characterized by significant (and increasingly com-

plex) generative opportunities presented by the diversification of rapidly evolving 

technologies in terms of development focus and medium (e.g. ‘wrappers’ for legacy 

systems; XaaS; cloud/virtualization; mobile apps) and agility (e.g. speed of creation 

and deployment). Creative design activities are supported by a plethora of representa-

tional methods and tools. With all of this richness of creative design opportunities and 

enabling creative infrastructures, IS researchers still struggle to understand the pro-

cess of creating artifacts in IS design - and how to measure their quality. Thus, we 

pose the research question: Has the diversification of functionalities, development 

environments, tools (e.g. representational languages) etc. expanded the range of crite-

ria that are used to guide the creative design process and improved our ability to judge 

the quality of design artifacts? In other words, have new understandings and theories 

of creating design artifacts emerged in response to advances in design processes and 

tool evolution and their innovative use? We posit that the answer is Yes. The remain-

der of this paper presents a comprehensive research design and protocols that enable 

emergent characteristics of design quality to be identified and articulated, providing 

insight into the process of creating design artifacts. We triangulate a rich array of 

previously inchoate empirical data sources to rigorously address the research question 

set out above. This paper extends research proposed by Davis and Hevner [3] on how 

designers employ visual syntax in the process of creating IS design artifacts. 

2 The Creation of Design Artifacts 

Design is both a process and a product. It describes the world as acted upon (process-

es) and the world as sensed (artifacts). In this research the phenomena of interest are 

the creation process and the quality assessment of the created design artifacts. As we 

have noted previously [4] this view of design supports a problem-solving paradigm 

that continuously shifts perspective between design processes and designed artifacts 

for the same complex problem. The design process is a sequence of activities tapping 

a range of expertise that produces an innovative product (i.e., the design artifact). The 

perceived qualities of the artifact enable evaluation which provides feedback, leading 

to a better understanding of the design challenge and, in turn, to improvement of the 

qualities of both the product and the design process.  

Hevner, Davis, Collins, and Gill [4] propose a 2x2 model of the design process 

from the perspective of neuroscience. The x-axis distinguishes the External (Task) 

Environment from the Internal (Cognitive) Environment; the y-axis separates the 

Problem Space from the Solution Space. In this research, we focus on the iterations of 

observation and generation of candidate designs that advance the design process from 

the upper-right internal problem space to the lower-right internal solution space, cre-

ating new, effective candidate solutions in response to the requirements in the prob-

lem space – the process of creation. This flow enables creative design events – deci-
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sions and actions – to be captured and analyzed in real-time. The form and immediacy 

of the post-task analyses articulate the constructs that guide design events and evalua-

tion of the quality of the candidate solution artifact. Our research framework over-

comes the limitations of instruments such as the Remote Associates Test and the 

Alternative Uses Task: their emphasis on comprehension limits their capacity to ac-

commodate emerging, i.e. not yet fully known, cognitive constructs. 

The specific questions addressed here concern the characteristics used to guide the 

creation of conceptual models (e.g. UML diagrams). We argue that this generative 

component of design differs substantially from the primarily comprehension based 

tasks that have guided prior research (e.g. [5-8]). Our goal is to identify the constructs 

used by designers to articulate the qualities that guide creating and evaluating designs. 

Our prior work [9] shows that the combination of neurophysiological data – particu-

larly those elicited using the EFRP and ERP protocols – and interaction logs provide 

an authoritative basis to identify design decisions and the quality characteristics driv-

ing them. In this paper, we present a comprehensive research design and protocol, in 

Sections 3 and 4, respectively, that enable neurophysiological data and interaction 

logs to be synchronized. This composite data set provides the basis for eliciting the 

constructs undergirding design choices and design actions, i.e., interactions with the 

design platform. 

3 Research Design 

The build and evaluate cycles of design are typically iterated a number of times be-

fore the final (use) artifact is released into an application context for further testing 

and assessment through field study. During the process of creating and refining design 

artifacts the researcher must be cognizant that both the design process and the design 

artifact evolve as the research progresses. Kelly’s [10] Personal Construct Theory 

(PCT) accommodates the socio-cognitive milieu that characterizes the co-evolution of 

the process of creating design artifacts and the constructs that guide their evaluation.  

PCT [10] was developed as a framework for understanding how people made 

sense of the world around them. Kelly argued that people act as ‘lay epistemologists’ 

[11] in their attempts to order and interpret their experiences, categorizing and dis-

criminating between them. In this way, individuals develop systems of interrelated 

personal constructs that enable them to anticipate the consequences of their own ac-

tions – and interpret the actions of others. PCT allows researchers to tap into the men-

tal models used by individual designers to frame and articulate the world as acted 

upon and the world as sensed. PCT is particularly well suited to our phenomenon of 

interest – the qualities guiding the process of creating and evaluating design artifacts. 

PCT is translated into practice using a cognitive mapping technique called Reper-

tory Grid Analysis (RGA). Individuals’ perceptions of similarity and difference are 

elicited, tapping into their theories of how the world operates. Use in its ‘minimum 

context’ form exploits the potential of RGA to directly tap designers’ perceptions.  

This maintains the integrity of “the complex interconnectedness of the self and its 

social surroundings” [12, p345] providing two substantial benefits. First, it accommo-
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dates a wide range of empirical data types during elicitation of perceptions of the 

design process and product, including intermediate versions of the design artifact in 

the processes of building artifacts and evaluating progress. This enables design deci-

sions that drive evolution of the design artifact from one version to another to be ar-

ticulated directly by their creator. Second, relying on PCT to guide analysis of these 

constructs provides more ready and authentic construing of construction processes by 

members of the design community that we study. This responds directly to calls from 

the NeuroIS community for robustness and rigor in the application of neuro tech-

niques [13]. The need for a more a comprehensive research protocol in order to ac-

commodate the longer-term (multi-episodic) series of cognitive ‘events’ that genera-

tive tasks associated with creating software design artifacts entail is highlighted by 

Weber et al. [9]. The protocol set out below strives to maintain the ‘interconnected-

ness’ of designer and design [12] in a workplace setting, significantly increasing the 

immersion of the research into the design context  - and authenticity of the analyses. 

4 Research Protocol 

Figure 1 outlines the research protocol and shows a three-phase ‘immersion’ into the 

complex interconnectedness of design environments. In order to exploit the capacities 

of PCT and RGA, identification of cognitive ‘events’ indicating design decisions and 

reconstruction of the design artifact before and after the design decision are required. 

In Phase 1 the designer works on a design task, i.e., creates a design artifact using a 

design platform. During this phase we rely on multi-modal data collection: we con-

duct neuro-physiological measurements, collect EEG data and instrument the design 

platform to simultaneously gather data on the design activities, i.e., interactions with 

the design platform. Data are synchronized using timestamps.  

In Phase 2 we address the transition of designers from creating to evaluating: the 

events that interconnect designer and design. The stream of neurophysiological data is 

used to identify relevant cognitive events, i.e., the points in time when decisions took 

place, using the ERP and EFRP protocols with the EEG data. Timestamps are used to 

extract an intermediate model associated with each cognitive event from the stream of 

design activities [14-17] providing a secure basis for data triangulation. 

In Phase 3 a series of steps is used to elicit personal constructs. Firstly, intermedi-

ate model versions are presented to the designer three at a time: their similarities and 

differences are used to articulate the ‘poles’ of a dimension that differentiate them. 

The poles provide the labels for a row in the repertory grid. This step is repeated until 

all version combinations have been exhausted and/or repetition occurs. The columns 

of the grid are labelled using the (numbered) model versions – the design task ‘ele-

ments’ that the grid represents. The rows are also numbered, 1 indicating the left-side 

label and 5 indicating the right-side label, providing a simple Likert scale for later 

use. 

The (subject) designer completes the next step alone: working one row at a time, 

the designer rates each model version (element) using the 1-5 scale. The completed 

grid is analyzed using two-dimensional (spaced-focused) cluster analysis to re-order 
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the grid and add dendograms (crow’s feet) to illustrate the linkages or clustering of 

the constructs. 

 

 
Figure 1 Immersive Analysis Protocol 

 

The final step uses a protocol called ‘talkback’ to guide reflection on the spaced-

focused grid. The designer articulates the qualities that characterize the most closely 

linked constructs: these are recorded by the researcher. This interview phase is itera-

tive, moving from the smallest clusters ‘outwards’ to articulate more universal con-

structs. The system of inter-related constructs that represent the subject designer’s 

view of the essential characteristics of design is captured in this phase. 

The protocol balances the subject-centricity offered by PCT – essential to elicit the 

constructs guiding the process of creating and evaluating design artifacts – with the 

rigor of the detection of intermediate versions of the design artifact from interaction 

logs, ERP, EFRP and RGA protocols. There are three specific benefits: (i) accommo-

dation of a range of complementary data types; (ii) maintenance of data cohesion and 

‘interconnectedness’ by eliciting and analyzing them in a well-bounded experimental 
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setting (i.e. generative design in the world of the designer); and (iii) exploiting the 

capacity of minimum context RGA and the talkback protocol to provide a medium – 

or ‘conversational technology’ [18] – that enables expert subjects themselves to inter-

polate the disparate data types generated during the experiment. This adds coherence 

and accommodates the longevity and cumulative nature of design, enabling investiga-

tion of design decisions and model interactions in near to real-time. Further, the RGA 

protocols mitigate limitations of techniques such as talk-aloud, removing the risks 

associated with loss of recall and interference with neurophysiological data gathering. 

The re-connection of designer and design process through RGA overcomes these 

limitations, enabling disparate data types to be orchestrated in real-time to provide 

new insights into the design process as it unfolds in the work setting  

We anticipate that prompt use of RGA to re-immerse the subject in their design 

experience will enable the constructs used to create and evaluate design artifacts to be 

readily and reliably elicited. Prior use of these protocols has been revelatory to both 

researcher and subjects, identifying constructs that had previously neither been antici-

pated or articulated [11]. Such emergent constructs will, we envisage, enable the 

range of criteria used to assess the utility and other qualities of design processes and 

artifacts to be significantly expanded. 

5 Discussion and Future Directions 

The research design is novel: the phenomena of interest – the design processes and 

the qualities of the artifacts they generate – have proved elusive. This novelty is com-

plemented by focus on the creative transitions between building and evaluating, offer-

ing new insight into the qualities that drive the processes of creating and selecting 

candidate design artifacts. 

The combination of process-orientation with multi-modal data gathering has sig-

nificant benefits and implications for both theory and practice. The immersive analy-

sis substantially extends and enriches assessment of design processes and artifacts. 

Fuller understanding of the qualities that guide design decisions during the creation of 

design artifacts will also provide useful advice for practicing designers and trainers.   

PCT maintains the interconnectedness of designer and design and moves towards 

a more tractable definition of creation - the ‘process of creating design artifacts’, 

overcoming the limitations of prior neuro and NeuroIS studies [13, 14]. For instance, 

research into conceptual modeling is dominated by comprehension-oriented tasks 

(e.g., [19-22]) rather than conceptual modeling tasks (e.g., [23]) and research settings 

applying neuro-physiological tools favor static diagrams over (dynamic) processes 

(e.g., [5-8]). Moreover, in a more general context, most of the studies applying neuro-

physiological tools in IS are stimulus-response tasks rather than generative - address-

ing short-term experiments (episodes) rather than longer-term processes [14, p. 107].  

The paper also serves as an invitation to the NeuroIS community to provide feed-

back on the feasibility and viability of the research design and to explore collaborative 

means of achieving the critical mass of resources required to bring it to fruition. 
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Abstract: In this paper, we proposed a neuroscience-based general framework for 

IS visual systems design that uses neuroscience as the bridge that systematically 

integrates the principles of design aesthetics and principles of positivistic 

functionalities into a comprehensive model. Based on our general conceptual 

model, we also provide a detailed typological framework for the practical IS visual 

systems design.  

Keywords: Neuroscience, NeuroIS, aesthetics, positivism, systems design, 

methodology, topological framework 

1. Introduction 

Information systems (IS) visual system design is an important component of the general 

concept of information design. As [1] point out, “in order to satisfy the information needs 

of the intended receivers, information design comprises analysis, planning, presentation and 

understanding of a message – its content, language and form… a well-designed information 

set, with its message, will satisfy aesthetic, economic, ergonomic, as well as subject matter 

requirements” (p.19). In the past decades, visual system design has become an increasingly 

relevant topic in IS, as evidenced by a plethora of relevant studies [2-6]. Generally, in IS 

there are two research streams that address visual system design [7]: one holds that interface 

usability and functionality is the key, emphasizing a behavioral or cognitive focus [8-12];  

the other research stream contends that attention to hedonic aspects of human-computer 

interaction, with human needs such as emotion, affect, and experience is important [13-15]. 

Traditionally in the IS field, the visual system design is studied through the 

positivist paradigm with a functional approach. According to this approach, the IS system 

design methodology focuses on the user’s cognitive perceptions of the IS visual system 

design artifacts, and the factors influencing such perceptions. The research papers with this 

approach usually utilize the terms “design,” “development,” “dimension,” “construct,” 

“characteristic,” “variable,” and “factor”. There are three positivist dimensions that form 

the premises of IT systems development [16]: factors of systems development, user 

outcomes, and owner value outcomes [17, 18]. 

mailto:thomas.parson%7d@unt.edu
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Historically, there exists another separated paradigm for visual system design: the 

aesthetics of information design that focuses on the visual impression that “is both 

instantaneous and persistent in memory” [19]. The vocabulary used by researchers with this 

approach usually includes terms such as “visual,” “aesthetic,” “sensory,” “interactive,” and 

“beauty”. The three aesthetic dimensions that form the fundamental premises of the visual 

design discipline and well-established in the literature are: elements of visual design, 

principles of visual design, and factors of visual composition [20-24]. 

Researchers have argued for a systematic approach that can integrate these two 

distinct, and currently mostly-independent paradigms, and call for a comprehensive 

framework that illustrates the IS visual systems design with both functionality and aesthetic 

appeals [25, 26]. In this paper, we propose an innovative framework to integrate these two 

disparate paradigms: we use neuroscience as an underlying connection bridging aesthetics 

design principles with positivistic design principles. On one hand, we illustrate the design 

model for Neuro-aesthetics, and on the other hand, we also describe the NeuroIS model for 

system design. Then we show that these two approaches can be seamlessly integrated into 

one comprehensive framework for IS visual systems design. In addition, based on our 

proposed general framework, we develop a typological model for the practical application 

of visual systems design. 

2. Neural Foundation for IS Design Science 

In IS field, design science research refers to the stream of research that focuses on the 

“development of novel IT artifacts, organizational development, and theory building” [27, 

28].  Traditionally this area has provided structure and direction to the design of IS 

components, and identified factors that influence the processes [29]. 

One field that holds great promise in contributing to the above area of IS design 

science is neuroscience, which is the science that explains how human brain works. NeuroIS 

is the emerging field that focuses on the integration of neuroscience and IS [30, 31]. And 

especially in IS design science, for which human cognitive perceptions and decision making 

play a critical role, neuroscience provides great potential in contributing to the enhancement 

of IS design science methodology. The intersection between NeuroIS and IS design science 

has been investigated extensively since 2010 [32-35]. 

In this paper, we adopt [29]’s NeuroIS Design Science Model to illustrate the 

neural foundation for IS design science. Their model focuses primarily on three steps of 

interaction between human designers’ neural activities and IS artifacts, and can briefly 

described as following: 

 In the first step, the designers measure the artifact efficiency using neuroscience and 

generate neurophysiologic data. The step can be closely mapped to the dimension of 

“factors of systems development” in the positivist premise of IT systems development. 

 In the second step, new or improved IS artifacts and interfaces are designed, developed 

and built using the measurement data generated from the first step, in order to enhance 
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the efficiency of the system. The system efficiency can be measured through 

neurophysiologic values such as cognitive load, stress, and working memory, etc. This 

step can be closely mapped to the dimension of “user outcomes” in the positivist 

premise of IT systems development. 

 Finally, the outcomes of the new or improved IS artifacts are tested and evaluated using 

neural cognitive methods to provide an overall evaluation to the system owners. This 

step can be closely mapped to the dimension of “owner value outcomes” in the 

positivist premise of IT systems development. 

Therefore, the neural foundation for IS design science can thus be modeled by the 

following figure 1: 

 
Figure 1. The model of neural foundation for IS system design science 

3. Neural Foundation for Aesthetic Perception 

As [36] pointed out, there are parallels between properties of art, more specifically, the 

principles of perception, and organizational principles of the brain. Production and 

perception of art ought to conform to principles of neural organizations. Neuro-aesthetics 

is an emerging area, and various researchers have proposed models of visual aesthetic 

appreciation, perception, and judgments based on cognitive neuroscience. Two main 

neuroaesthetic models are [37] and [38]. 

In [37]’s model, the neural processes for aesthetic interaction starts with an 

affective state invoked by a design artifact, and goes through steps of perceptual analysis, 

N
eu

ral C
o

n
tro

ls 

Step 1: 
Measure artifacts 
efficiency 

Step 2: 
Design, develop, 
and improve 
artifacts efficiency 

Step 3: 
Evaluate new or 
improved artifacts 
efficiency 

User experience outcomes: 
Brand experience, user experience, user 
pleasure, user satisfaction 

Factors of IS visual system developments: 
Accessibility, appearance, clarity, culture, 
functionality, hierarchy, identify, information 
quality, interactivity, legibility, navigability, 
personalization, readability, service quality, 
system quality, usability 

Owner value outcomes: 
Effectiveness, efficiency, value 



4 

implicit memory integration, explicit classification, cognitive mastering, and evaluation, 

before it reach the stage of aesthetic judgment and aesthetic emotion. During each of the 

steps, the outcomes of those steps are significantly influenced by various factors such as 

complexity, contrast, order, grouping, familiarity, style, and contents, among others. 

In [38]’s model, the visual artifact offers stimuli, to which the users respond with 

attention efforts based on early vision features (such as orientation, shape, and color, etc.), 

and then intermediate vision (by grouping). As a result, the users make a decision influenced 

by emotional response. 

To summarize the neural models for aesthetics, we can categorize the aesthetic 

characteristics derived from neural visual perception into three broad categories: 

 Factors of composition, which includes elements of axis, complexity, dominance, 

focus, layout, order, sequence, and rules of composition; 

 Principles of visual design, which includes balance, contrast, emphasis, gestalt, 

movement, pattern, proportion, rhythm, and unity; 

 Elements of visual design, which includes color, form, line, point, shape, space, 

texture, typography, and value.  

Therefore, the neural foundation for aesthetics can thus be modeled by the 

following figure 2: 

 
Figure 2. The model of neural foundation for aesthetics 

4. A General Framework for Neuro-Scientific IS Visual System 

Design 

Based on the description of the previous analyses, it can be noticed that neural controls play 

a critical role in bridging the two seemingly disparate paradigms of IS visual system design: 

aesthetic design principles and positivistic design principles. Another important 

characteristic of this neuro-scientific integrated visual system design approach is that neural 

controls function in a behind-the-scene, under-the-hood fashion. Their intricate 
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functionalities and mechanisms in influencing either positivistic IS design decisions or 

aesthetic design perceptions are critical in understanding how the decisions and perceptions 

are formed. However, these neural controls’ detailed intricacies are encapsulated from the 

implementation of the design framework in real-world designing scenarios. People do not 

need to understand the detailed neural functionalities of various controls to appreciate the 

integration of traditional IS system design methodologies and aesthetics principles. 

In the following Figure 3, we show the neural factors as the bridging components 

in connecting aesthetics visual design dimensions (as identified by Figure 2) and functional 

system design dimensions (as identified by Figure 1). 

 
Figure 3. Neural factors as a bridge between aesthetics and functional system design 

 
Next, we encapsulate the neural factors underlying the connections between 

aesthetic dimensions and functional dimensions, and present the general framework for 

visual system design as illustrated by the following Figure 4. 

 
Figure 4. A general framework for neuro-scientific visual systems design 
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The interactive flows between all dimensions are bi-directional, meaning that the 

higher-level compositional requirements (Level -1 in Figure 4) potentially dictate the 

knowledgeable designer’s choice of the lower-level principles (Level -2), which in turn may 

dictate the choice of the lowest level elements (Level -3). IT system developers know that 

poor functional system design usually results in an inferior system. Analogously, because 

elementary (-3) design choices can profoundly affect principles (-2) and then exert influence 

through the compositional factors (-1), a designer who does not understand visual design 

theory and the possible hierarchical and interactive effects of his/her design choices will 

likely produce inferior visual designs. 

5. A Topological Framework for a Balanced Visual Systems Design 

Based on our proposed general conceptual framework for neuro-scientific visual systems 

design, we are able to establish a typological framework of balanced visual systems design. 

We start with each dimension in our conceptual frame. We identify each element within the 

dimension as the building blocks of design, and divide each into additional qualities, or 

subordinate attributes, as sub-variables. Then we provide a detailed description of each sub-

variable, and identify its factor type and class.  

The 49 factors or variables listed in our conceptual framework collectively 

generate over 150 qualities. Due to the length limit of this paper, we are not able to include 

the whole typological framework in this paper. The following Figure 5 is a snapshot of the 

portion of the framework pertaining to the element of “color” in the dimension of “elements 

of visual design” within the aesthetic plane. 

 
Figure 5. A snapshot of the typological framework of visual systems design 
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6. Conclusion 

In this paper, we present a general conceptual framework based on neuroscience that 

systematically integrates aesthetic principles and traditional positivistic IS design science 

methodology. In addition, based on our conceptual model, we establish a typological 

framework that directly provides the practical guidelines of a visual system design approach 

which balance the aesthetic and functional aspects of system design. 

 For future research, a couple of possible directions are interesting in extending the 

research outcome from this paper. First of all, we believe it would be interesting to design 

an experiment to evaluate the implementation of the typological framework developed in 

this paper and test how well it performs with an actual IS visual system (e.g. a functional 

website) design. Another interesting topic would be to obtain more details about how 

exactly the various neural controls affect the aesthetic perception and positivistic decision 

making and thus explore deeper insights towards the integrated relationships between these 

two planes in our proposed framework as illustrated in Figure 4. 
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Abstract. Navigating (familiar) environments requires spatial memory and spa-

tial orientation. Mobile information systems (IS) have largely taken on this task 

and have changed human behavior. What impact has the redistribution of prob-

lem solving on human skills and knowledge? We are interested in exploring 

how the use of IS impacts on knowledge/ignorance by means of mobile brain- 

body imaging. In this paper, we introduce a novel experimental testbed devel-

oped to study spatial orientation in the context of geographic maps. Key system 

features include data synchronization between various devices and data sources, 

flexibility in designing and modeling research questions and integration of 

online co-adaptive brain-computer interfacing (BCI) technology. Flexibility, 

adaptability, scalability and modifiability of the implemented system turn the 

testbed into a general-purpose tool for studying NeuroIS constructs. 

Keywords: Mobile Brain and Body imaging  spatial orientation  general-

purpose experiment environment  Brain-Computer Interface. 

1 Introduction 

Information systems (IS) and mobile devices allow accessing information and 

knowledge everywhere and at any time. The use of new and modern technology, 

hence, supports our knowledge-based society in freeing cognitive resources. People 

are enabled to focus on more important things. The downside of using IS is the vast 

amount of information available that challenges the limited capacity of our working 

memory. Cognitive resources are required to understand and evaluate the provided 

information, and to put it into the context of the current issue. Information can be 

blessing or curse. Accordingly, views vary on whether or not the use of IS leads to a 

society of knowledge or ignorance. In the former case, information is converted into 

new knowledge. In the latter case, information becomes a consumer product. Worst 

case, given the fact that information can be true or false, information is blindly trust-

ed.  

Dealing with new tools and technologies is a skill that involves learning. The learn-

ing process leads to changes in human behavior, which in turn induces changes in the 

brain. Mobile navigation devices, for example, help finding the fastest route to a des-
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tination. Users can focus on driving. The result is safer driving. The shift of attention 

towards driving and interaction with the technology prevents users from the acquisi-

tion of new spatial knowledge [1]. However, not using brain areas related to spatial 

orientation may lead to synaptic pruning. For example, licensed London taxi drivers 

know the city plan inside and out and have exceptional navigation skills. These abili-

ties are associated with an enlargement of posterior hippocampi [2, 3]. Shrinking 

hippocampus on the other hand signals early Alzheimer’s disease [4]. One may con-

clude that frequent users of navigation devices (or computer games [5]) could be at 

increased risk of developing neurological disorders during their lifetime. 

We are interested in studying neural mechanisms of decision making and applica-

tion of learned understanding associated with the use of IS. In order to do this, an 

experimental testbed is essential that allows acquiring behavioral and neural data from 

people while they are engaged in tasks that require interaction with IS. This data al-

lows for brain-body imaging [6]. What is essential is that the experimental setup is as 

realistic as possible and that persons are enabled to interact and behave naturally [6, 

7]. Motivated by the above example of spatial navigation, our current aim is to study 

non-invasive electroencephalogram (EEG) correlates of spatial orientation [7, 8] in 

the context of geographical maps by addressing the following scientific questions: Is 

knowledge and education of map-reading abilities represented in EEG dynamics? Are 

EEG dynamics of people experienced with topographic maps different when com-

pared to persons that are inexperienced? What is the EEG dynamics situation in per-

sons that mainly count on mobile IS for navigation? In this paper, after reviewing the 

relevant literature and formulating hypotheses, we present the experimental paradigm 

and introduce the testbed developed to address these questions. 

2 EEG correlates of spatial orientation 

Animal studies provided evidence that the hippocampus contains our own internal, 

spatial map. Particular neurons fire as function of location (place cells), distance (grid 

cells in the entorhinal cortex) or direction (head direction cells). Hippocampus, to-

gether with retrosplenial complex (RSC) and medial parietal cortex are brain struc-

tures that play a crucial role for spatial navigation and orientation. Functional magnet-

ic resonance imaging (fMRI) studies confirmed that the above listed brain structures 

are involved in spatial navigation in humans as well [2, 3]. Activity in these structures 

even allows prediction of navigation performance [9-11]. Involved structures, howev-

er, are located under the cerebral cortex. It is still unclear to which extend the use of 

non-invasive EEG allows effective location and characterization of activity in these 

brain areas. The use of non-invasive mobile EEG compared to bulky and stationary 

fMRI technology, however, allows getting closer to reality, i.e., to natural behavior. 

Our hypothesis is that people that score high on a spatial orientation test use less 

effort in finding coordinates on a map compared to persons that score low. Effort 

expenditure depends on task difficulty and motivation [12]. We believe to find differ-

ences in behavior (for example, task completion time or eye movement trajectories) 

and in EEG activity/connectivity patterns between the two groups. We anticipate that 
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individuals with high scores will be able to solve the spatial orientation tasks effi-

ciently, i.e., significantly quicker, compared to individuals with lower scores. The 

neural efficiency hypothesis suggests that more efficient brain functioning results in 

less and more focused activation [13]. This leads to the hypothesis that individuals 

that complete the spatial orientation tasks quickly and correctly also show reduced 

and more focused activity patterns compared to individuals that are not as efficient. 

Moreover, stronger phase locking between short-distant regions of the frontal cortex 

is expected in efficient performers [13]. 

Spatial navigation is a fundamental but complex cognitive function, which requires 

the integration and manipulation of multisensory information over time and space 

[14]. Accordingly, we can expect activity in widespread cortical networks while par-

ticipants are engaged in a spatial orientation task. We hypothesize that occipital (visu-

al information processing), parietal (sensory integration) and frontal lobes (memory 

and motor planning/control) show activation during the spatial orientation task when 

compared to a controlled rest condition. This hypothesis is based on recent findings in 

EEG. Motor-parietal cortical network activity was found in persons that performed an 

interactive gait task in a virtual environment [15, 7]. Activity in frontal cortex, motor 

cortex, parietal cortex, retrosplenial complex (RSC) and occipital cortex was found in 

persons that performed a path integration task in virtual reality [8]. In these studies, 

activity was reflected in task-related suppression, enhancement or modulation of theta 

(4-7 Hz), alpha (8-12 Hz), mu, beta (14-30 Hz) and gamma (> 30 Hz) rhythms. 

Spatial navigation requires a spatial representation. Spatial reference frames 

(SRFs) can be either allocentric (object-to-object, relative distance between objects) 

or egocentric (self-to-object, relative distance from self to objects) [16]. The RSC 

plays a central role in this context [8]. It is not clear whether SRFs are relevant for 

interaction with topographic maps. The RSC, however, may be active when people 

estimate distances between positions on a map as required in our experiment. 

3 Experimental paradigm 

Theoretical and practical knowledge on geographical maps and spatial orientation 

skills will be assessed by a questionnaire we have developed. Individuals with highest 

and lowest scores are invited to participate in EEG recordings. Participants will be 

seated in front of a computer screen and asked to answer questions that require basic 

knowledge on longitude, latitude, cardinal points and the ability to estimate distances. 

To answer the questions participants will interact with an IS that provides interactive 

access to geospatial data. Possible questions include “Which city lies to the north-

west of the following coordinates? 15.10 eastbound longitudes 47.40 northern lati-

tudes?” Or “Which city is closer to the coordinates? 47.40 N, 15.10 E”. Note, that 

different types of questioning are used so that learned knowledge has to be applied. In 

the first experimental condition (condition interactive), participants have the task to 

correctly transfer global positioning system (GPS) coordinates into the IS, cognitively 

process the digital map (GPS coordinates are highlighted) and answer the question by 

clicking on one of two possible answers. In the second experimental condition (condi-
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tion static) only a static image of a map is presented. Users have to find by themselves 

the given GPS coordinates and answer the question. User interaction is based on key-

board and mouse. Figure 1(a) shows screenshots of the user interface. 

User behavior is quantified by recording keyboard and mouse input, the point of 

eye gaze (RED/SMI Eye Tracking Glasses 2.0, SensoMotoric Instruments GmbH, 

Germany), muscle signals (electromyogram, EMG) from both arms and events gener-

ated by the IS that enable reconstructing the user interaction. EEG is recorded by a 

mobile 64-channel EEG biosignal amplifier (eegosports, ANT-Neuro, Netherlands).  

The next section provides technical details about the IS developed for this study.  

 

 
  

Figure 1. (a) Screenshots of the user interface for interactive (upper panel) and static (lower 

panel) experimental conditions. Questions and possible answers are presented in the left pane. 

Maps are visualized in the right pane. The search input box for the interactive condition is 

located above the map. (b) Hierarchical representation of studies. Plugins are workspaces that 

provide the functionality required for each behavioral task. (c) Overall system architecture. 

Components and when applicable applied technologies and protocols are shown (Lab Stream-

ing Layer, LSL; Brain-Computer Interface, BCI). Arrows illustrate the data flow between com-

ponents. Dashed lines illustrate online processing pathways. The picture shows a person partic-

ipating in a spatial orientation pilot experiment. The user is wearing a cap with EEG sensors 

and an eye-tracker while answering questions as asked by the experimental paradigm.   
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4 Towards a general purpose framework 

The system consists of two main components: the Lab Streaming Layer (LSL, 

[17]) for data synchronization, and the FrageServer for user interaction: 

 LSL (available at https://code.google.com/p/labstreaminglayer) 

is a software system that allows collection and synchronization of data from a 

number of different (hardware) sources. LSL provides a network-based core 

transport layer as well as standalone hardware applications that utilize the layer to 

either make data available (e.g. data from EEG amplifier or eye-tracker) or retrieve 

data (e.g. data storage or online BCI processing). Available protocols and applica-

tion programming interfaces allow easy expandability and integration of new sen-

sors and devices [18]. 

 The FrageServer is a web-based client-server IS designed and developed to man-

age, plan, model and perform experiments. The platform is based on state-of-the-

art technologies such as HTML5, CSS3, WCAG 2.0 Level AA, AJAX, JSON, 

PHP, and LSL, which ensure that the implemented server runs on current web 

servers and clients in modern browsers. This also ensures that the same interface 

and functionality paired with full accessibility is available across computer systems 

(from PC to smartphone). 

Neuroscientific studies typically aim at answering one or more (N) research questions 

(Qi, i=1...N). In this study, our question is whether or not persons with high and low 

spatial orientation skills have different EEG signatures. Two or more (M) behavioral 

tasks (Tj, j=1...M) are commonly needed to answer Qi. We designed the interactive 

and static spatial interaction tasks. Since behavior varies, each task Tj has to be re-

peated a number of times (r=1...R). This hierarchical representation of study design 

was implemented into the FrageServer (see Figure 1(b)). Plugins represent different 

behavioral tasks Tj and deliver a customized workspace with functionalities required 

for solving the given task in the front-end of the FrageServer. Additionally, each 

plugin can be configured with different parameters and options for every repetition r. 

Two plugins were implemented for the spatial orientation study: the first plug-in al-

lows users to enter GPS coordinates and visualize OpenStreetMap (OSM) data. The 

second plug-in displays a coordinate grid for given GPS coordinates in OSM (see 

Figure 1(a)). The type of questioning was defined for each repetition r individually.  

The overall system architecture of the implemented testbed is shown in Figure 1(c). 

Users interact via the User Client with the FrageServer. Studies are stored in a data-

base. The user interaction is streamed to the LSL server and synchronized with behav-

ioral data (for example, keyboard, mouse, and eye-tracker) and biosignals (EEG). Any 

device that supports LSL can be included. The BCI backend performs online data 

processing. Note, that data from all LSL sources can be processed not only EEG. BCI 

output is sent to the FrageServer to either provide feedback to the user (for example, 

BCI control and communication experiments) or to modify task parameters (for ex-

ample, task difficulty changes as a function of workload or affective state). Addition-

ally, BCI output is streamed to the LSL server. 
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5 Discussion and outlook 

The search for neural correlates of spatial orientation led to the development of a 

general-purpose testbed for studying neuroscientific research questions and exploring 

neuro IS constructs (for example, human-computer interaction, trust/distrust, affective 

computing, decision making). By using state-of-the-art technologies our system runs 

on nearly every device with network connection. The modular architecture and the 

implemented plugin system allows for simple adaptation of existing and integration of 

new behavioral tasks. Basic plugins allow visualization of images or websites. Other 

workspaces such as movie player or drawing canvas can be integrated with little ef-

fort. The use of LSL allows for easy scaling of the sensor network and integration of 

various IS without the need of additional coding. Note, that plugins may be used to 

collect data from devices that do not support LSL. Since we are also working with 

users with functional disabilities (e.g. [19]) accessibility (e-inclusion) is important.  

First pilot experiments were conducted successfully in laboratory setting with par-

ticipants sitting in front of a laptop computer. Preliminary EEG analyses show mean-

ingful results. As expected we found task-related activity over occipital, parietal and 

frontal cortex. However, more data has to be recorded and more in depth analyses 

have to be performed before specific conclusions can be made.  

The selected hardware allows immediate switching from desk to mobile and ambu-

latory setting. Future experiments will require users to interact with mobile IS while 

moving freely in the environment. For example, users will have to walk to a specific 

destination in open space by using mobile navigation devices. Three-dimensional 

body movement tracking and audiovisual scene recording are needed to this end. 

One issue when recording EEG while persons are in motion are bioelectrical mus-

cle artifacts, which can produce misleading EEG signals or destroy them altogether. 

Recently, we made significant progress toward artifact reduction methods and the 

analysis of EEG while persons are in motion [15, 20-23]. 

We plan to conduct experiments where the tasks provided by the FrageServer 

change based on the user's mental state or behavioral parameters. For example, the 

complexity of the user interface will change based on the user's workload. Or, errone-

ous instructions will be given to users when they get closer (based on GPS coordi-

nates) to the destination. These experiments allow us studying user interface design 

and trust issues. Since we have extensive experience with online EEG data analysis, 

BCI and online man-machine co-adaptation [20, 24-26] the next step is the implemen-

tation of the BCI backend functionality 
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Abstract: We investigated differences in reading strategies in relation to infor-

mation search task goals and perceived text relevance. Our findings demonstrate 

that some aspects of reading when looking for a specific target word are similar 

to reading relevant texts to find information, while other aspects are similar to 

reading irrelevant texts to find information. We also show significant differ-

ences in pupil dilation on final fixations on relevant words and on relevance de-

cisions. Our results show feasibility of using eye-tracking data to infer timing of 

decisions made on information search tasks in relation to the required depth of 

information processing and the relevance level.  

Keywords: Information search, reading, relevance, eye-tracking, pupillometry. 

1 Introduction and Related Work 

Relevance assessment is one of fundamental cognitive actions performed by humans. 

Business Dictionary defines relevant information as “Data which is applicable to the 

situation or problem at hand that can help solve a problem or contribute to a solu-

tion” [1]. This could be in the context of just about any human task, including an 

ecommerce transaction. Information relevance has been conceptualized in information 

systems literature as a component of information quality and has been shown to con-

tribute positively to decision-making satisfaction [2]. It also has been shown to be a 

critical antecedent of willingness to disclose information [3, 4]. In information re-

trieval systems (aka search engines) area, there is a tendency to view relevance from 

the system-centered perspective and consider it a binary construct that can be meas-

ured algorithmically. Operationalization of this simple view has led to the world-wide 

success of search engines. Yet, many scholars have been discontent with such simpli-

fied notion of relevance and over the last four decades [5] efforts in theorizing rele-

vance as a multi-dimensional, multi-stage and multi-valued concept continued [6–10]. 

We contribute to these efforts by bringing neuro-physiological methods to investigat-

ing cognitive aspects of relevance. We have previously reported our earlier studies, 

including an fMRI study that examined differences in brain activations between read-

ing relevant and irrelevant texts [11] and an eye-tracking study, in which we showed 
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measures correlated with processing of relevant and irrelevant texts [12, 13]. In this 

paper we present a new analysis of eye-tracking data with a focus on reading strate-

gies on tasks with word search targets which we contrast with strategies on tasks with 

information search goals. The presented analysis uses pupil data in addition to eye 

fixation measures. 

Related Work. We selectively review only a few works that employed eye-

tracking in investigating information relevance. Ajanki et al. [14] used eye-movement 

based features as implicit relevance feedback. They found regressions and relative 

duration of the first fixation on a word to be important features and demonstrated that 

information retrieval system’s performance could be improved modestly by using 

eye-based features to select additional query terms. Not relevant documents were 

shown to impose lower mental load than relevant ones [12]. Buscher at el. [15] 

demonstrated a relationship between several eye movement measures and text pas-

sage relevance. They found the length of coherently read text to be the strongest rele-

vance indicator. Fixation duration was not an effective discriminator between relevant 

and not relevant text. The reading eye movement measures were used to improve 

relevance ranking by ~8% overall. For queries with poor search results, the improve-

ment was 27%. Simola et al. [16] used eye movement features to improve classifica-

tion of processing states on three simulated information search tasks (word search, 

question-answer, and subjective interest) to 60.2%. Their work used simple search 

tasks and single sentences rather than text paragraphs.  

Most eye-trackers measure pupil dilation and this variable is also of interest to our 

work. Pupil dilation is controlled by the Autonomic Nervous System (ANS) [17]. 

Under constant illumination it has been associated with a number of cognitive func-

tions, including mental workload [18], interest [19], surprise [20], and making deci-

sions [21]. It is reasonable to expect that document relevance will affect level of atten-

tion or mental workload and, thus, pupil size. Only few published works examined 

pupil size in relation to information relevance. In [22] Oliveira et al. show reported 

that pupil dilated for higher relevance stimuli for text documents and images. In our 

earlier work on relevance of short text documents [12] and web pages [23] we showed 

significant pupil dilation on relevant documents and, in particular, in the one or two 

second period preceding relevance decision.  

In this work we extend previous results by investigating how differences in reading 

documents that result from user tasks (locating a word and finding required infor-

mation) and varying information relevance are reflected in measures obtained from 

eye-tracking. Our research questions are as follows: RQ1. Do people read differently 

when locating a target word as compared to when finding required information? RQ2. 

Does pupil dilation differ between the two cases?   

2 Method 

We conducted a controlled lab experiment, in which participants (N=24; 9 females) 

were asked to find information in short text documents containing news stories. Par-

ticipants were recruited from undergraduate and graduate student body at Rutgers 
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University in New Jersey, USA. The experiment was conducted in a usability lab 

equipped with Tobii T-60 remote eye-tracker. The within-subjects experimental de-

sign (shown in Figure 1) is essentially the same as reported at NeuroIS’2014 [13]; we 

describe it briefly below. Each participant performed two types of tasks, word search 

(W task), and a question-prompted information search (I task). In both tasks search 

was performed in short news stories (mean length 178(30) words) selected from a 

large set obtained from the AQUAINT corpus [24]. Each session included 21 pseudo-

randomized trials of each task type, as well as a few training trials. In W task, a trial 

comprised a target word presentation followed by a text that contained the target 

word. Each document contained exactly one target word; locating it required ortho-

graphic matching without the need for semantic processing [25]. Participants re-

sponded by pressing a key as soon as they located the target word. In I task, a trial 

consisted of question that instructed participants what information they were expected 

to find in one or more of the subsequently presented three news stories of varied rele-

vance: irrelevant (I), partially relevant texts that were on a question’s topic, but did 

not contain the answer (T), and relevant texts that contained the answer (R). Partici-

pants responded by judging document relevance of sixty-three news stories on a bina-

ry scale (yes/no). In contrast to W task, making relevance decisions in I task required 

semantic processing. The order of trials in both tasks and the order of text relevance 

in I task, were randomized. We previously reported [12, 13] earlier results from eye-

tracking data analysis for I task only; in this paper we present new analysis that com-

pares task W with I.  

 

Fig. 1. Experimental Design 

Dependent variables derived from eye-tracking data included two groups: 1) eye 

fixation variables obtained by modeling reading as a two-state process (RM-Eye vari-

ables), and 2) relative pupil dilation (RPD). Our approach to modeling reading is 

influenced by EZ-Reader model [26] and we have previously reported its details [13, 

27]. Our reading model is line-oriented and consists of two states, a) reading state 

represents continuous reading in one line; reading in a subsequent line is represented 

by a new reading state; b) scanning state represents isolated fixations. Fixations are 

labeled as belonging to reading or scanning; before labeling, non-lexical fixations 

(<150ms) are removed. Variables obtained from the reading model included probabil-

ities of remaining in a scanning (pSS) or reading state (pRR), counts and durations of 

reading and scanning states and fixations. The controlled lab environment, consistent 

use of text documents with black background and a similar number of words present-

ed in white font ensured virtually no variability of luminance across all trials and thus 

no resulting changes in pupil dilation. To eliminate individual variability in pupil 
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sizes, we calculated a baseline for each participant (i) by taking an average pupil size 

over all text document presentations (Pi
baseline) and calculating relative change in pupil 

dilation (RPDi
t) from pupil measurement at a time t Pt as shown in equation (1).   

 RPDi
t = (Pt-Pi

baseline)/Pi
baseline               (1) 

Mean values of RPD were calculated on each trial in three one-second-long epochs:  

1) epochs starting at the first fixation on a relevant word, 2) the last fixation on a 

relevant word; and 3) epochs at the end of trials, that is, when participants were mak-

ing relevance decisions. To avoid a possible influence of motor actions, the last 

200ms of a trial was not included.  

Independent variables included, task type (W or I) and a participant’s relevance 

judgment (perceived relevance: Irrelevant or Relevant).  

Eye-tracking data was cleaned by removing bad quality fixations and those outside 

screen. This process resulted in removal of ~5% of fixations. Raw pupil data was de-

noised using Daubechies D4 level 4 wavelet transform, then algorithm adapted from 

[28] was used to detect blinks and replace missing data with cubic splines.  

3 Data Analysis and Results 

The overall accuracy of participants’ relevance judgments was quite high at 90.3% 

and we concluded that participants performed it according to our expectation. In our 

analysis, we only considered data from trials with correct responses. Due to not-

normal distribution of RM-Eye variables, we analyzed them using non-parametric 

Kruskal-Wallis test. A three level factor was constructed by combining two-level of 

task types with two-levels of document relevance judgment (applicable only to I task) 

(Table 1). Relative pupil dilation was distributed normally, and thus we analyzed the 

effects of tasks and the three-level factor using one-way ANOVA (Table 2). 

Table 1. Differences in RM-Eye variables between tasks and texts (mean(SD)).  

 W Task  I Task - R I Task - I K-W χ2(2) 

Time to complete [s] 8.4(4.4) 9.7(4.2) 9.6(4.6) 17.26**** 

pSS 0.42(0.25) 0.37(0.27) 0.50(0.26) 39.27**** 

pRR 0.87(0.11) 0.89(0.09) 0.81(0.12) 114.38**** 

Fixation count on words 26(16) 32(17) 31(17) 20.65**** 

Count of reading fixations 21.8(14.2) 26.9(15.7) 23.8(16.2) 17.86**** 

Count of scanning fixations 5.8(4.7) 5.3(3.9) 8.3(5.1) 105.13**** 

Total reading duration [s] 5.4(3.4) 6.6(3.7) 5.8(3.9) 18.96**** 

Total scanning duration [s] 1.6(1.4) 1.4(1.0) 2.3(1.4) 104.67**** 

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 

Table 2. Differences in relative pupil dilation between tasks (mean(SD)) [%].  

Epoch (1s) W Task    I Task  ANOVA 

relevance decision 0.63 (5.5) 1.02 (5.4) F(1,980)  = 1.09 



5 

Table 3. Differences in relative pupil dilation for three level factor (mean(SD)) [%].  

Epoch (1s) W Task  I Task–R I Task–I ANOVA 

first relevant word 0.35 (5.4) 0.86 (5.1) n/a F(1,393)  = 0.92 

last relevant word 1.05 (5.6) 2.82 (5.0) n/a F(1,393) 1 = 11.05*** 

relevance decision 0.63 (5.5) 3.09 (4.9) -0.08 (5.3) F(2,979) 2 = 27.41**** 

1 Due to lack of homogeneity of variance for this variable, we report Brown-Forsythe robust test of equality of means.  
2 Post hoc analysis (Games-Howell) indicated a significant difference between I task–R and other conditions; there was no 

significant difference between W task and I task–I.  Statistical significance is marked by: *** p<0.001, **** p<0.0001 

4 Discussion and Conclusions 

Our results demonstrate differences in reading when locating a target word (W task) 

as compared to when finding required information (I task) (RQ1). Overall, on W task 

participants were faster and had fewer fixations than on I task. Time spent scanning 

on W task was about the same as scanning time on relevant texts on I task and lower 

than scanning time on irrelevant texts on I task. In contrast, time spent reading on W 

task was similar to reading time on irrelevant texts on I task and lower than reading 

time on relevant texts on I task. At the same time, the tendency to keep reading on W 

task was about the same as on relevant texts on I task and both were higher than on 

irrelevant texts in I task. The tendency to keep scanning was highest on irrelevant 

documents on I task, as was the number of scanning fixations. These results show a 

clearly different reading pattern for each of the investigated conditions.  

Even more interesting are our findings on pupil dilation (RQ2). We found no dif-

ference in pupil dilation between the two tasks during the relevance decision epoch 

(Table 2). However, we found significant differences when considering text rele-

vance on I task (Table 3). Pupil dilation during relevance decisions on relevant texts 

on I task was significantly higher (3.09%) than on W task (0.63%) and on irrelevant 

texts on I task (-0.08%). Furthermore, pupil dilation during the last fixations on rele-

vant words was significantly higher on relevant texts on I task (2.82%) than on W 

task (1.05%). These results indicate, plausibly, that relevance decisions that involve 

semantic processing (I task) are of different nature than decisions that involve ortho-

graphic processing (W task) and that this difference can be inferred from changes in 

pupil dilation.  

Practical implication of our results is that they indicate a feasibility of using eye-

tracking data to infer timing of decisions made on search tasks in relation to the re-

quired depth of information processing and the relevance level. Analysis presented in 

this paper was at the aggregate level of all participants. In future work, we plan to 

perform analysis for individual participant. We also plan to conduct more detailed 

analysis of pupillary responses.   
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Abstract. Using Electroencephalography (EEG), this study aims at extracting three 

features from instantaneous mental workload measure and link them to different 

aspect of the workload construct. An experiment was designed to investigate the 

effect of two workload inductors (Task difficulty and uncertainty) on extracted 

features along with a subjective measure of mental workload. Results suggest that 

both subjective and objective measures of workload are able to capture the effect of 

task difficulty; however only accumulated load was found to be sensitive to task 

uncertainty. We discuss that the three EEG measures derived from instantaneous 

workload can be used as criteria for designing more efficient information systems. 

 

1 Introduction 
 

Measuring the mental workload construct has been a challenge to researchers in different 

fields [1,2,3]. This construct has either been assessed subjectively with self-reported 

measures or objectively with measures such as electroencephalography (EEG). Subjective 

workload measures prevent us from understanding the multiple variations of workload 

during a task and are subject to a retrospective bias. The use of neurophysiological workload 

measures can alleviate these shortcomings to some extent [4]. Researchers have compared 

subjective and objective mental workload and suggested that objective measures can 

provide a more comprehensive and richer understanding of the workload construct [5, 6]. 

However, thus far, research has only used one of many possible measures of objective 

workload when comparing it to subjective workload [7]. Given that multiple measures of 

objective workload can be extracted from EEG signals (e.g., Average load, Accumulated 

load, and Number of peaks), an even richer understanding of cognitive load could be 

attained. Thus, the objective of this research is to investigate the relationships between 

multiple objective workload measures and a subjective workload measure. In addition, it 

aims at better understanding the effects of task characteristics (i.e., uncertainty and 

difficulty) on these different workload measures.  

 

2 Literature Review 

 
Researchers from various disciplines have been interested in studying cognitive workload 

[8,9], such as understanding the consequences of various workload levels on user 

performance [10]. Mental workload can be defined as “the set of mental resources that 

people use to encode, activate, store, and manipulate information while they perform a 



cognitive task” [11] . Researchers study cognitive load in order to prevent people from 

experiencing high mental workload and its negative consequences, such as frustration, 

negative affect, or mental fatigue [12]. Lower cognitive load has also been related to users’ 

satisfaction with online task [13]. 

Generally, there are three types of cognitive load measures: subjective, performance, and 

physiological [14,15]. Subjective measures, which are the most mature ones, have been 

used for many years to study users’ behavior [16]. Borrowing from neuroscience and 

neuropsychology, researchers in social science have started to use physiological metrics to 

measure cognitive load [13]. Researchers have developed several algorithms based on EEG 

signals to calculate mental workload metrics [17]. EEG signals are high dimensional noisy 

time series, which encompass a high volume of information [18]. In order to relate such 

signals to specific mental states (e.g., mental workload), first of all noise should be removed 

from the signal, and more importantly, relevant signal features should be selected that 

represent the desired mental state [19]. In this study, we use education literature to define 

three features of instantaneous workload measure. 

Xie and Salvendy [7] defined four types of 

workload: peak load, average load, accumulated 

load, and overall load. Instantaneous load shows 

the dynamics of cognitive load over time. Peak 

load is the maximum load an individual 

experiences during a task, while accumulated load 

is the summation of all the cognitive load. Average 

load reflects the mean load an individual 

experience in performing a task, and overall load is 

the self-perceived load [7]. Figure 1 illustrates how 

peak load, accumulated load, and average load are 

related to instantaneous load. Despite the fact that 

all workload measures represent users’ cognitive load level, they are different. Average load 

is an overall measure which represents mostly the amount of cognitive resources that a task 

requires on average. Accumulated load provides the whole amount of load that is 

experienced taking into account the average and the time dimensions. Therefore, it is a more 

comprehensive measure of workload. Another type of information that cannot be obtained 

using a subjective measure, average, or accumulated load is the maximum load. We know 

from the literature that our cognitive capacity is limited [10] and it has a red line for 

information processing [20]. Other workload measures do not indicate if users have 

experienced such red lines. This information can be useful for studying users’ coping 

behavior with high workload situations. For instance, if users experience high cognitive 

load during a difficult task they might withdraw from the task [21]. Peak load may be the 

proper criteria to study such behaviors. 

 

 

Figure 1- Workload Features 



3 Hypotheses 

 
Tasks characteristics are an important factor in predicting users’ cognitive load. In general, 

any factor that renders decision making more difficult will impose more load on cognitive 

resources. For instance, research suggests that mathematical complexity and arithmetic 

operations increase users’ mental workload [9]. Therefore, task difficulty will affect users’ 

mental workload. 

H1: Task difficulty is positively associated with all workload types (Overall, Average, 

Accumulated, Peak). 

Information processing includes three stages: information perception, decision/response 

selection, and response execution [7]. Any factor that impairs this process may force 

individuals to use more cognitive resources in order to fulfill decision requirements. 

Information uncertainty affects the first stage by making it more difficult for users to assess 

the critical information required for making product decisions, which consequently imposes 

more cognitive load on users. A number of studies have found evidence of such effect [22]. 

H2: Task uncertainty is positively associated with all workload types (Overall, Average, 

Accumulated, Peak). 

4 Methodology 

 
4.1 Experimental Design 

To test our hypotheses, a 2 (low or high task difficulty) X 2 (low or high task uncertainty) 

within-subject experiment was used. This experiment got the approval by our Institutional 

Review Board (IRB). Ten subjects participated in the experiment and 50% were male. Each 

subject performed all four tasks (one per condition) which were randomly ordered. For each 

task, participants had to shop on a selected online grocery website. The task started on an 

online grocery recipe page. Participants were instructed shop for five given items for each 

assigned recipe. After finishing each task, subjects completed a questionnaire. Online 

grocery is a suitable context for this study because it is a long user-IT transaction [23]. As 

opposed to other online shopping contexts which are mostly composed of singles product 

decisions. Online grocery usually includes several decisions and allows us to observe the 

dynamics of users’ cognitive load. Moreover, there are a number of workload antecedents 

which are unique to this context such as performing simple arithmetic operations in order 

to find the right quantity of a product or the uncertainty involved in buying perishable 

products. 
Task difficulty was manipulated by asking subjects to change the quantity of ingredients 

suggested for the recipe. Recipe pages suggested the right amount of each grocery item to 

use for 4 people. In the low task difficulty condition, participants had to choose the same 

quantity and in the high difficulty condition, they were asked to perform simple arithmetic 

operations in order to find the right quantity of each ingredient for 20 people. We used 

product type (perishable or non-perishable) to manipulate task uncertainty. In the low 

uncertainty condition, participants had to shop for 5 specified non-perishable products (e.g., 



olive oil) and in the high uncertainty condition, they were instructed to shop for 5 specified 

perishable products (e.g., meat).  

 

4.2 Measures 

Overall load was measured using a five item scale developed by Cameron [24]. 

Instantaneous measure of cognitive load was measured using a linear EEG algorithm. In 

general, EEG oscillations are categorized into four frequency bands: Delta (0 to < 4 Hz), 

Theta (4 to < 8Hz), Alpha (8 to 13 Hz), and beta (>13 Hz) [25]. In this experiment, we use 

a linear algorithm to measure the cognitive load of users. This algorithm includes 

calculating the ((delta+theta)/alpha) power ratio over a moving 2 second window and 

compare it with the average of previous 20 seconds [17]. The average of users’ workload 

over a task period was used as Average load. The area under the instantaneous workload 

curve which equals the sum of instantaneous load over time was used as Accumulated load. 

To calculate the Peak load, we counted the number of times that the amplitude of 

instantaneous load exceeded 2.5 standard deviations of the instantaneous load, indicating 

the number of times participants experienced nearly peak load. 

 

4.3 Apparatus, Data Acquisition, and Analysis 

EEG data was recorded using a 32 electrodes using EGI’s dense array 

electroencephalography (dEEG). In order to test the hypotheses, we used a regression 

analysis with task difficulty and uncertainty as independent variables and mental workload 

(Overall, Average, Accumulated, Peak loads) as dependent variable. Since the observations 

are non-independent, we used regression analysis for repeated measures. We also controlled 

for learning effect by including the order in which participants performed the task into the 

model.  

 

5 Results 

 
H1 proposed that task difficulty is positively associated with all measures of mental 

workload. Results show significant relationships between difficulty and Overall load (b= 

0.88, p<0.01), Average load (b=0.02, p<0.05), Accumulated load (b=44.45, p<0.01), 

number of Peaks (b=4.87, p<0.05). Therefore, H1 is supported. Our second hypothesis 

proposed that task uncertainty is an antecedent of all workload types. Regression results 

show that the relationships between uncertainty and Overall load (b=0.51, p=0.18), Average 

load (b=0.01, p=0.15), number of Peaks (b=3.12, p=0.15) are not significant. However, a 

significant result was found for the relationship between uncertainty and Accumulated load 

(b=35.24, p<0.05). Thus, H2 is partially supported. 

 

 

 



6 Discussion 
 

Our results suggest that all the extracted features of instantaneous load and the subjective 

measure of workload (i.e., Overall load) are sensitive to task difficulty; however only 

Accumulated load was able to capture the mental workload induced by task uncertainty. 

Based on the definition of Accumulated load, we can expect more comprehensiveness of 

this measure compared to Average load or Overall load. Accumulated load measures the 

change of users’ instantaneous workload over time, thus accounting not only for overall 

load but also the total time that user has been performing the task. “Time on task” has been 

used as a measure for workload before [26], thus it may represent more dimensions of the 

workload construct.  

To better understand the difference between workload measures, we conducted a post hoc 

analysis and compared the effect of task difficulty and uncertainty on each workload 

measure. We used four regression models with the same independent variables (Task 

difficulty and uncertainty) but with four different measures of workload as dependent 

variable (Overall, Accumulated, Average, and number of Peaks). Since the number of 

independent variables are the same, we can compared R-square across the regression 

models. Accumulated load explained more variance than other models (21%).  It was 

followed by number of Peaks (16%), Overall load (14%), and Average load (5%). These 

results confirm our expectations that Accumulated load can capture more variability caused 

by workload inductors. Results also show a relatively high R-square for number of Peaks. 

In addition to being used as a workload measure, Peak load can also to identify the moments 

that users experience high workload. In other words, it is able to identify the exact time 

periods that users approach or pass the red line of their cognitive capacity. This type of 

information, which can only be gained using Peak load, may provide a proper lens to study 

users coping behavior in dealing with high workload situations. 

 

7 Conclusion 
 

Our analysis showed that Average load and overall load yield similar results while 

Accumulated load is a stronger indicator of the total workload experienced by users. 

Number of Peaks is also an appropriate metric to assess users’ mental workload and study 

the consequences of experiencing high workload. Our results show that only Accumulated 

load was able to capture the effect of task uncertainty. Finally, Peak load can be used to 

analyze users’ dynamic cognition. This research contributes to the literature by 1) 

introducing a mental workload feature extraction method in order to benefit from the 

richness of EEG data; 2) deriving three new metrics for measuring mental workload and 

explaining how these measures can be useful to study users’ experience. 
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Abstract. Heart rate measurements contain valuable information about a per-

son’s affective state. There is a wide range of application domains for heart rate-

based measures in information systems. To date, heart rate is typically measured 

using skin contact methods, where users must wear a measuring device. A non-

contact and easy to use mobile approach, allowing heart rate measurements with-

out interfering with the users’ natural environment, could prove to be a valuable 

NeuroIS tool. Hence, our two research objectives are (i) to develop an application 

for mobile devices that allows for non-contact, real-time heart rate measurement 

and (ii) to evaluate this application in an IS context by benchmarking the results 

of our approach against established measurements. The proposed algorithm is 

based on non-contact photoplethysmography and hence takes advantage of slight 

skin color variations that occurs periodically with the user’s pulse. 

Keywords: Heart rate  Photoplethysmography   Mobile  NeuroIS  Infor-

mation systems.  

1 Introduction 

Affective states are increasingly gaining attention within information systems (IS) re-

search [1]. They provide valuable insights for the evaluation and evolution of IS related 

domains such as human-computer interaction (HCI) or decision support systems (DSS). 

Among a range of different tools in NeuroIS research, heart rate (HR) measurements 

contribute to a deeper understanding of cognitive and affective processes in IS [1, 2]. 

For example, HR measurements have been used to evaluate the impact of computerized 

agents in electronic auctions [3], to detect emotions in financial decision making [4] or 

as neurophysiological correlates for investigating cognitive absorption in enactive 

training [5]. Hence, there is a great potential for integrating HR measurements as real-

time input in various IS domains, e.g., technostress applications [6], e-learning systems 

[7], and electronic auctions [8]. 
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Recent research investigates increasingly unobtrusive NeuroIS tools for measuring 

affective states, such as standard mouse devices [9], and aims at designing innovative 

and useful IT artifacts [10]. While HR data is typically collected using skin contact 

measurement methods, such as electronic or optical sensors, new algorithms are devel-

oped to measure human HR without skin contact by analyzing video recordings [11]. 

Such techniques fall into the field of non-contact photoplethysmography (PPG) and 

utilize phenomena such as the periodic variation of humans’ skin color to provide reli-

able methods for measuring HR, without the need to attach sensors to the user’s skin. 

Since a large portion of recent work on non-contact PPG investigates feasibility under 

lab conditions using previously recorded video, research on mobile real-time applica-

tions is scarce. 

In this paper, we aim to develop and evaluate an approach for real-time non-contact 

HR measurements using mobile devices. Our first research objective is the design of an 

artifact that builds on existing algorithms for non-contact PPG and enables real-time 

measurements on a mobile device. Our second research objective is the evaluation of 

the developed artifact in a NeuroIS study by benchmarking it against standard electro-

cardiogram (ECG) recordings and evaluating limitations and benefits of the developed 

algorithm for further IS research. 

2 Theoretical Background 

Recent research shows that remote video recordings of subjects under ambient light 

contain a rich enough signal to measure vital functions such as HR and respiration rate 

[12]. Based on the framework of the biological measuring chain [13] we subdivide ex-

isting approaches of non-contact PPG for HR measurement into three key steps: (i) 

signal extraction from a series of images, (ii) filtering of the signal to eliminate noise, 

and (iii) estimation of the heart beat frequency (i.e. HR). In the following, we review 

approaches for non-contact PPG and evaluate their appropriateness for IS research with 

respect to these three steps. They serve as reference and foundation for the proposed 

real-time, mobile approach to unobtrusively measure HR in IS settings. 

Signal extraction. Two main approaches for HR measurement dominate the exist-

ing literature on non-contact PPG: HR measurement based on head movement and HR 

measurement based on color variation. The first approach utilizes periodic motion of 

the head caused by the opposite reaction of blood being pumped into the head through 

the aorta. Hence, it requires the head to remain stationary [14–16]. In a mobile ap-

proach, it is likely that the user will move. This is why we focus on the second approach, 

HR measurement based on color variation, which utilizes the subtle change in the skin 

color of the human face that occurs periodically with the pulse. Invisible to the human 

eye, this variation can be used to measure the HR using video analysis algorithms [11, 

12, 17–20]. The first step is to select the face as the region of interest (ROI). Existing 

approaches for ROI detection range from manual classification [12, 18] to computa-

tionally expensive feature point detection algorithms [20]. For real-time application, 
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the use of a simple classification algorithm is an appropriate trade-off between com-

plexity and accuracy, permitting an automated ROI detection. Most previous work re-

lies on such algorithms [11, 14, 15, 19, 20]. 

To eliminate the noise introduced by rigid body movements, the user’s face needs to be 

tracked and the ROI updated. If facial feature points are available, an implementation 

of an optical flow estimation algorithm can be used [20]. To eliminate non-rigid move-

ments, caused by natural movements in the user’s face, areas such as the eyes [20] are 

usually excluded from the ROI, or the ROI is defined as a rectangle on the user’s fore-

head [18]. The raw signal is then obtained by computing the average value of color 

channels within the ROI [11, 12, 18, 20]. Whether to use all or rather a subset of color 

channels from the plethysmographic signal in the subsequent analysis constitutes a 

trade-off between complexity and information [11, 12, 18]. 

Filtering. The raw signal can contain high frequency noise (e.g., digital artifacts) 

and low frequency noise (e.g., illumination changes). Digital filters are usually applied 

to the raw signal to increase the ratio of signal to noise. The main goal is to emphasize 

the feasible frequencies for human HR. A moving average filter can be applied to elim-

inate low frequency noise [15]. Since the HR of a healthy human can be assumed to lie 

within a certain bandwidth of frequencies, a bandpass filter (e.g., a Butterworth filter) 

is applied to the signal by many authors [15, 16, 18] to remove the unwanted low- and 

high frequency noise. [20] use the advanced detrending filter proposed by [21] to re-

move the long-running trend of the raw signal. In the case of a multidimensional signal, 

a dimensionality reduction technique is applied to the signals to isolate the desired part 

of the signal. This can be achieved using the Principal Component Analysis (PCA) [14, 

18]. As dimensionality reduction techniques produce multiple components, a way to 

identify the most periodic component has to be specified, e.g., the component with the 

highest percentage of spectral power accounted by the first harmonic after a Discrete 

Fourier Transform (DFT) [16].  

Frequency estimation. The HR is extracted from the filtered signal using frequency 

estimation. Most authors use the DFT [11, 12, 16–18] which converts the filtered signal 

from the time domain to the frequency domain. The HR can then be estimated from the 

index of the maximum power response. If the individual beat-by-beat intervals are of 

interest, a peak detection algorithm should be considered, such as in [22]. 

3 Approach 

According to our first research objective, we developed a non-contact PPG algorithm. 

The procedure of this algorithm is depicted in Figure 1. The algorithm is designed to 

run on mobile devices, hence, we strive for high accuracy, given the circumstances of 

a typical IS setting. Since we assume that the user interacts with an IS and hence, fo-

cuses on a screen, we expect a moderate amount of head movement. As real-time com-

putation on a mobile device puts constraints on complexity and time, trade-offs with 

the amount of information processed are unavoidable. Through parameterization and 

scalability, we allow for more accurate results in the future as more powerful mobile 
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devices emerge. Additionally, further features such as HR variability, as proposed by 

[23], could be integrated into the algorithm. 

 

Fig. 1. Overview of our non-contact PPG algorithm approach 

For the first step, the ROI is defined. We use the popular Viola-Jones object detector 

to obtain a bounding box for the face and both eyes of the subject [24]. The ROI com-

prises an ellipse around the center of the bounding box of the face with 80% of its width 

and 100% of its height, excluding two circles around the centers of the eyes. This way 

we are able to capture the subject’s face with little noise from background pixels and 

eye blinking. Faces are re-detected at an adjustable time interval1 and matched to 

achieve a quasi-tracking ability. From each frame masked to the ROI, we then spatially 

pool the colors by choosing the mean values of the red and green channels, similar to 

the approaches of [11, 18]. We decide to use only the red and green channels as a trade-

off between complexity and accuracy following [18]. These values constitute the raw 

signal. 

The second step addresses the removal of noise from the raw signal. In preparation 

for the PCA, we use the detrending filter proposed by [21] to remove any general trend 

in the data and isolate rapid leaps in the signal caused by face re-detection. The PCA is 

then applied to the two-dimensional signal, yielding two principal components. One 

principal component contains HR information, the other noise due to, e.g., lighting 

changes or rigid body movements. To identify the principal component that represents 

the HR signal, we adopt the approach of [16] and choose the one with the more distinct 

periodicity. Since the signal still contains interfering frequencies, we apply a Butter-

worth bandpass filter [12, 14–16] with the cut-off frequencies 45 BPM and 240 BPM 

[16]. In addition, we use a Gaussian smoothing filter to reduce the noise and yield a 

filtered, one-dimensional signal. 

The third step is to estimate the frequency of the heartbeat. For this purpose, we 

again transform the signal to the frequency domain using a DFT and find the index with 

the highest spectral power. Using this index, we are able to estimate the HR. 

4 Further Research Agenda 

Information about users’ affective states provide valuable insights for IS research [3, 5, 

25]. As HR is an important indicator of emotional arousal, HR measurements are a 

valuable NeuroIS tool [1, 2]. However, HR measurements are often performed using 

                                                                 
1 We use a default interval of one second for tracking. 
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ECG or contact PPG, where the user has to wear sensors that require skin contact (i.e., 

ECG electrodes or finger clip/wristband with optical sensor). To make HR measure-

ments less obtrusive, we addressed the first of our two research objectives in this paper. 

A non-contact mobile approach for real-time HR measurement is discussed and an al-

gorithm based on recent work on non-contact PPG is developed. Our approach aims at 

enabling ubiquitous and universal accessibility of HR measurements and could be uti-

lized in the future as real-time system input for both, the evaluation and adaptation of 

IS. Moreover, recording the data on the user’s own smartphone can be considered use-

ful to address privacy protection concerns related to the individual’s physiological data. 

In particular, [6, 26] argued that physiological data of a person should be owned by the 

respective person. Processing physiological data on their own smartphone enables the 

user to own this sensitive data and to have direct control over who has access to it. 

With respect to the second research objective, we will evaluate this approach by 

conducting a NeuroIS study similar to the study of [8]. The aim of the planned evalua-

tion study is to benchmark the non-contact real-time measurements of the proposed 

mobile approach against established ECG HR measurements and evaluate its useful-

ness for IS research. A study such as [8] would be suitable for the evaluation of the 

proposed algorithm as it contains elements such as user interaction, social competition, 

and time pressure, which are likely to be relevant for future studies that include affec-

tive information. In this study, the users’ affective state is assessed using ECG meas-

urements, which require three skin electrodes on the user’s chest. To transfer this lab 

experiment to the field or to provide users with real-time feedback about their affective 

states, [8] request a mobile, non-contact solution that extracts information from the ac-

quired data in real-time. Next to the scenario investigated by [8], the proposed NeuroIS 

tool could be used to provide traders and investors with a direct feedback on their emo-

tional state [27–29] or to support upcoming remedies for technostress [25]. 

In the evaluation study, we will investigate the accuracy of our proposed PPG-based 

approach in different scenarios: Resting, low time pressure auction, and high time pres-

sure auction. The study will contain the same elements as the study by [8]. It will be 

conducted in a lab equipped with a computer terminal for each client. Prior to the auc-

tions, an initial rest period of five minutes will be conducted, during which the partici-

pants are asked to relax, so that their physiology can adjust to a resting level. We expect 

that the PPG-based video image analysis for HR measurements yields the highest ac-

curacy in the resting period section. During the remainder of the experiment, the users’ 

HRs are measured in electronic auctions with low and high levels of time pressure in 

order to investigate how the accuracy of the non-contact PPG-based approach varies in 

different settings. As a result of the evaluation study, we will benchmark the measure-

ments based on the proposed application against the measurements by the established 

ECG technology. We plan to compare the two techniques with respect to subjective as 

well as objective criteria. Subjective evaluation criteria will depend on the users’ per-

ceptions and determine to what extent the users felt distracted by the measurements, 

objective evaluation criteria will be the correctness of the HR detection. Finally, we 

will evaluate users’ general level of technology acceptance of the proposed measure-

ment approach. 
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Abstract. Based on this review, we argue for the consideration of lifelogging as 

an additional data source in NeuroIS research. Lifelogging itself is a concept 

which describes a behavior in which individuals, based on the use of computer 

technology, track (parts of) their lives, including the quantification of their well-

being (e.g., continuous recording of an individual’s heart rate via a digital wrist 

watch). This relatively new form of behavior generates a viable data source for 

future NeuroIS studies, predominantly for those conducted in field settings. By 

analyzing how frequently the major types of neurophysiological data have thus 

far been collected in lifelogging publications, we reveal how much attention 

different types of neurophysiological data have received in the context of longi-

tudinal field studies. In essence, lifelogging data constitute a viable data base 

for NeuroIS researchers, one that is readily available and is predicted to grow in 

the future because an increasing number of people worldwide are tracking their 

daily lives to a growing extent. 

Keywords: Field Studies ⋅ Lifelogging ⋅ NeuroIS ⋅ Self-Tracking 

1 Introduction 

It has previously been highlighted that there is a lack of NeuroIS studies in the field 

[1]. While investigations in field settings may imply increased research complexity 

for several reasons (e.g., intrusion of research into private areas), there is a clear need 

for the investigation of focal constructs, such as stress, in the daily life of users. In this 

paper, we highlight the value of data collected by individuals themselves, a behavior 

which is typically referred to as lifelogging. Thus, lifelogging data constitute a new 

and readily available data source for NeuroIS researchers. 

Lifelogging has the goal of enabling an individual to collect the totality of her/his 

experiences through the digitization of all cognitive inputs and/or neurophysiological 

activation [2]. Contemporary lifelogging research has its roots in an early vision of 

Vannevar Bush [3] who proposed a device which would allow for the capture and 

storage of all information that an individual would amass over a lifetime. Ongoing 
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developments related to sensor and storage technologies make the realization of such 

a vision possible (e.g., [2, 4–7]. 

In the next section, we briefly discuss the concept of lifelogging and highlight pre-

vious calls for the use of neurophysiological data in lifelogging research. Afterwards, 

we review the literature to reveal how much attention different types of neurophysio-

logical data have received in the context of longitudinal lifelogging field studies. 

2 Lifelogging 

As defined by Dodge and Kitchin [2], a “life-log” is “(…) a form of pervasive compu-

ting consisting of a unified digital record of the totality of an individual's experiences, 

captured multimodally through digital sensors and stored permanently as a personal 

multimedia archive.” (p. 431, italics in original). Hence, lifelogging tools are intended 

to penetrate an individual’s daily life, collecting data on a longitudinal basis. Though 

not in the propagated “total” degree, Swan [8] highlighted that such self-tracking 

behaviors are already an integral part of our life, as many individuals regularly meas-

ure something about themselves, in part due to an intrinsic motivation to figure out 

their inner workings (e.g., related to dietary choices). From a NeuroIS standpoint, 

health and fitness-related applications, among others, are highly interesting because 

the type of data collected in these application domains is related to important outcome 

variables in IS research, such as stress [9, 10] or technostress [11, 12]. Health and 

fitness-related applications are currently a dominant domain in lifelogging research 

[13]. 

Lifelogging could be of interest to an even wider public, and, importantly, often 

does not involve a significant change in an individual’s daily behavior. In a 2013 

survey in the United States, 69% of the participants already reported that they were 

regularly keeping track of at least one health indicator (e.g., diet or weight) though 

only 21% used technology to support this endeavor [14]. In a 2014 survey on the 

same topic, the share of self-trackers in the US public was even higher, with an 

astounding 91% [15]. Powerful wearable technologies are supporting the increasingly 

effortless collection of lifelogging data, with IDC estimating that sales in this category 

will surge from almost 20 million units in 2014 to more than 126 million in 2019, 

with wrist wear being the dominant type of device in this context (around 80-90% of 

sales) [16]. In addition, researchers who have been interviewed as part of the more 

recent survey [15] stated that they are most interested in data specifically related to 

the well-being of individuals such as vital signs, as well as data on physical activity, 

mood, and stress. 

Importantly, there have been several calls for lifelogging research to more actively 

focus on the capture of the internal mechanisms of individuals. For example, Nack 

[17] highlighted that lifelogging has been centered too much around the idea of creat-

ing an additional memory, capturing the external context, while widely neglecting the 

internal context (e.g., affective states and physiological processes). Hence, it has been 

argued that also unconsciously processed data involved in the physiological function-
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ing of individuals constitute a valuable addition to lifelogging applications (e.g., [2, 

18, 19]). 

Due to the enormous potential that lifelogging applications hold for NeuroIS re-

search, particularly for investigations conducted in the field, it is important to assess 

the role of neurophysiological data in lifelogging publications. 

3 Neurophysiological data in lifelogging publications 

To assess the prevalence of neurophysiological data in lifelogging research, we con-

ducted a literature review based on the following criteria. We used the term “lifelog” 

in Google Scholar (02/22/2016: 5,050 hits) and selected journal publications as well 

as publications in scientific periodicals which had accumulated more than five cita-

tions thus far1. These criteria led to a set of 54 publications, but 16 papers were ex-

cluded as they did not offer sufficient information on the types of data involved. Two 

additional articles were excluded (one only involved paper-based logging of infor-

mation and the other one involved the collection of personal health information, 

though only for the use of medical personnel (i.e., a form of monitoring, hence not an 

application of individual lifelogging).2 

As lifelogging aims  to be all-encompassing, the types of data that are captured can 

be almost limitless (e.g., [4, 13, 21]). Therefore, we employed an existing categoriza-

tion scheme introduced by Jacquemard et al. [22] to divide them into four main 

groups: data on the individual, data on the environment, device-specific data, and 

third-party data (see Table 1). 

The first category is “inward facing”, which we describe with data on the individu-

al. By far the most popular source of data on the individual in the reviewed publica-

tions was motion, measured via accelerometers which can be indicative of physical 

activity levels, sedentary behaviors, and can even be used to calculate energy ex-

penditures. Additionally, we highlighted studies which utilized the SenseCam, a cam-

era device that has been widely prevalent in lifelogging research. The SenseCam is a 

wearable camera with a number of integrated sensors that takes images from an indi-

vidual’s point of view every few seconds or even at shorter intervals if the sensors 

detect a significant change in the environmental setting or changes in an individual’s 

posture (e.g., [23, 24]). 

The second category of “outward facing” data includes data on the environment 

which can involve all types of contextual information. Visual lifelogs are by far the 

most prominent data source in this category, mostly applying the SenseCam for data 

collection or similar wearable camera devices. 

The third category of device-specific data includes all kinds of data about infor-

mation systems and their functioning (e.g., received phone calls, battery status, or 

used applications). 

                                                                 
1 A similar criterion has previously been applied in a literature review by Riedl [20]. 
2 It has to be noted that we do not claim that the 36 publications which we identified constitute 

an exhaustive list of available publications. 
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Table 1. Prevalence of types of data employed in lifelogging publications. 
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Gemmell et al. (2006) [25] 517 X X X X 

Choudhury et al (2008) [26] 400 X X   

Anderson et al. (2007) [27] 167   X  

Berry et al. (2007) [28] 165 (*) X   

Gyorbiro et al. (2009) [29] 154 X X X  

Whittaker et al. (2010) [30] 80  X   

Blum et al. (2006) [31] 78 X X X  

Hodges et al. (2011) [24] 68 (*) X   

Lee et al. (2008) [32] 67 (*) X   

Ogata et al. (2011) [33] 66 X X   

Doherty et al. (2011) a [34] 63 (*) X   

Kelly et al. (2011) [35] 62 (*) X   

Cho et al. (2007) [36] 59  X X X 

Whittaker et al. (2008) [37] 50  X   

Jacques et al. (2011) [38] 49 (*) X   

Doherty et al. (2011) b [39] 45 (*) X   

Vemuri and Bender (2004) [40] 43  X X X 

Berry et al. (2009) [41] 43 (*) X   

Lee et al. (2011) [42] 42 X    

Doherty et al. (2012) [43] 40 (*) X   

Hwang and Cho (2009) [44] 38  X X X 

Whittaker et al. (2012) [45] 34 X X   

Rawassizadeh et al. (2013) [46] 33 X X X  

Gurrin et al. (2013) [47] 32 X X X  

Abe et al. (2009) [48] 31 X X   

Byrne et al. (2010) [49] 31 (*) X   

Browne et al. (2011) [50] 29 (*) X   

Doherty et al. (2010) [51] 28 (*) X  X 

Pauly-Takacs et al. (2011) [52] 26 (*) X   

Kikhia et al. (2010) [53] 25  X   

Brindley et al. (2011) [54] 23 X X   

Ryoo and Bae (2007) [55] 20 X X   

Ivonin et al. (2013) [19] 20 X X   

Kalnikaite et al. (2011) [56] 18 X X   

Ogata et al. (2008) [57] 15  X   

Wang et al. (2012) [58] 12 (*) X   

(*) = used the SenseCam, but did not use its integrated accelerometer for data collection. 

Finally, in the fourth category of third-party data we include data on the individual 

that has not actually been collected by the individual herself or himself and can be 

                                                                 
3 Assessed via Google Scholar on 02/22/2016. 
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requested from others (e.g., medical data). In the selected studies, only weather data 

was collected. 

From a NeuroIS standpoint, it is important to note that only three of the reviewed 

studies (i.e., [19, 54, 55]) included data which is amongst the “common” types of data 

proposed for NeuroIS (e.g., [59, 60]). Ryoo and Bae [55] presented the concept for a 

wearable gadget that could also collect cardiovascular activity via ECG and infer 

stress levels from the gathered signals. Ivonin et al. [19] presented a method to recog-

nize what they labelled “unconscious emotions” from heart signals as an extension for 

future lifelogging applications. Finally, Brindley et al. [54] used SenseCam to collect 

visual data, and, in addition, gathered affective data using an ECG monitor on a pa-

tient with acquired brain injury. They tested whether data collected during social 

situations in the field would elicit similar responses in the patient when showing him 

SenseCam pictures of the same events again in the laboratory. 

A potential explanation for the seemingly low popularity of other neurophysiologi-

cal data in these lifelogging studies is the requirement for lifelogging applications to 

be effortless [7] (as they should essentially be used throughout the day and ideally 

capture a whole lifetime), and they therefore need to be particularly unobtrusive. 

Riedl et al. [61] emphasized that the criterion of intrusiveness is amongst the most 

important factors in NeuroIS measurement, highlighting that, ideally, neurophysiolog-

ical tools should allow for a high degree of movement freedom, high degree of natural 

position, and a low degree of invasiveness. It follows that a number of neurophysio-

logical tools (e.g., fMRI) are not applicable in a lifelogging context. 

4 Future directions 

Pantelopoulos and Bourbakis [62] and Appelboom et al. [63] listed a number of bio-

logical sensors that can be used to gather individual-level data in field settings which 

not only included cardiovascular activity, but also blood pressure, body and/or skin 

temperature, respiration rate, oxygen saturation, electro-dermal activity, blood glu-

cose values, muscular activity via electromyogram, or brain activity via electroen-

cephalogram (EEG). Hence, through back-search in our selected publications (see 

Table 1) we identified a number of inspiring applications which show that lifelogging 

might actually more strongly embrace neurophysiological signals, which would make 

this research domain even more interesting from a NeuroIS perspective. 

In an early study, Healey and Picard [64] used the startle response, inferred from 

electro-dermal activity, to create the “StartleCam”, a wearable camera which would 

mainly collect moments that are likely valuable to the individual and hence elicit an 

affective response. Hori and Aizawa [65] even included a brain-wave analyzer (EEG) 

in their lifelogging application which may be used to collect alpha waves that would 

then be informative of an individual’s attention levels, which could be used, for ex-

ample, to more effectively retrieve interesting scenes from a continuous video-log. 

The array of sensors that could be put on an individual was even further evolved by 

Matthews et al. [66] who developed a physiological sensor suite (PSS) that could 
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include several modules of physiological sensors including ECG, EEG, electromyo-

gram (muscular activity), and electrooculogram (eye movements). 

Aside from being worn by the individual, relevant sensors could also be integrated 

into the environment, creating ambient applications. For example, Healey and Picard 

[67] created a set-up which would allow for the collection of physiological data in-

formative of individual stress levels (i.e., cardiovascular activity via ECG, muscular 

activity via EMG, skin conductance and respiration) inside a car and tested it in an 

actual field course. Finally, in an organizational setting, McDuff et al. [68] proposed a 

set-up which would allow employees to track their daily work activities including a 

WebCam, Microsoft Kinect to capture body movements, microphone, GPS sensor, 

capture of file activity on the local workstation, and a wrist-worn EDA sensor. Also, 

Schaaff et al. [69] presented a prototype of a computer mouse equipped with sensors 

which may detect pressure from individuals interacting with the mouse that could 

then be used to infer emotional states (e.g., levels of frustration). 

Despite the fact that these studies create a more versatile picture of the application 

of neurophysiological data in lifelogging, they also highlight that a main challenge to 

the application of such types of data in lifelogging contexts is the number of con-

founding variables that have to be considered (e.g., [54, 66, 67]), such as noise (e.g., 

muscle contractions) created from fast movements. This fact has also been pointed out 

by Appelboom et al. [63] in the context of tele-monitoring, who proposed that the 

ideal application would have to essentially be tailored to each individual interested in 

self-tracking, hence requiring a high level of self-interest in the tracking of physiolog-

ical data by individuals. 

In conclusion, while there are applications that show that neurophysiological data 

can be collected in the field in a longitudinal fashion, the creation of a life-long ar-

chive by individuals themselves requires an approach that is mostly driven by the 

individual herself/himself, though should be supported by researchers interested in the 

gathered data. Thus, by more actively involving themselves into the development of 

data collection approaches in the lifelogging domain, NeuroIS researchers could more 

effectively present their topics (application areas) to individuals interested in self-

tracking, and, in addition, create trust in individuals, which has been shown to be an 

essential critical prerequisite of lifelogging data being shared with interested re-

searchers (e.g., [15]). 
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Abstract. The workforce is aging rapidly, with the number of older workers in-

creasing sharply (older being defined as 60 and over). At the same time, inter-

ruptions mediated by modern information technologies are proliferating in or-

ganizations. These interruptions include email notifications and instant messag-

es, amongst others, which have been shown to have hazardous consequences for 

employees in terms of stress. Older workers might be especially affected by 

these interruptions, implying major problems for this fast-growing user group 

with regard to their well-being and work performance. The present study tests a 

research model suggesting that older workers experience more interruption-

based technostress than their younger counterparts because of differences in in-

hibitory control between older and younger adults. In doing so, this study an-

swers recent calls for examining age as a substantive variable in IS research, 

and it contributes to the literature on technostress by showing how technostress 

affects different user groups to different extents. 

Keywords: Age, Older workers, Inhibition, Stress, Interruptions, Technostress. 

1 Introduction 

The workforce is aging rapidly; in fact, it is said to be graying [1,2,3]. According 

to the OECD, all of its member countries are experiencing rapid population and work-

force aging [2,4,5,6]. As workers age, cognitive and biological changes occur. These 

changes include, for instance, the reduced ability to operate computer input devices, 

challenges related to memory decline, and the reduced ability to ignore distracting 

information in the work environment and remain concentrated on the task at hand 

[7,8,9]. As a result of these changes, older workers may experience major problems 

interacting with the ever more modern information technologies at work [10], and 

they are more at risk of being affected by technological stressors [11]. 

While the workforce is graying, it also has to deal with an ever-growing number of 

interruptions mediated by IT, such as a constant stream of instant messages and email 

notifications. These technology-mediated (T-M) interruptions relentlessly call for 

workers’ attention, causing stress [12,13,14]. The stress linked to IT, termed tech-
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nostress, can have harmful consequences for workers in the form of elevated levels of 

stress hormones, causing health problems [15,16,17,18]. Organizations are also af-

fected since workers’ performance on IT-based tasks suffers under stress [19]. 

The negative consequences of T-M interruptions might be especially problematic 

for a graying workforce [19]. Yet, little guidance exists for software designers on how 

to design IT with older workers in mind [10]. This research investigates the question 

of whether, how, and why age impacts physiological stress in an interruption context.  

The next section presents the Inhibitory Deficit Theory of Cognitive Aging to de-

velop a theoretical model of age and technostress. The model explains that age im-

pacts physiological stress in an interruption context due to older peoples’ deficits in 

inhibiting attentional responses to interrupting stimuli. The third section reports on the 

model testing and results. The paper ends with an account against age discrimination. 

2 Background and Hypotheses 

This study answers recent calls for more explicit theorizing as to the role of age in IS 

research [10]. A research agenda paper suggested that IS scholars theorize “touch 

points of age” [10], which constitute theoretical points through which age touches on 

various IS phenomena. This notion suggests that age should be modeled as an indirect 

cause of IS dependent variables, with an added mediator explaining precisely how and 

why age matters in a given phenomenon. Examining the role of age in IS phenomena 

through touch points is important so as to avoid justifying it on stereotypical accounts, 

as commonly done [10]. In fact, using touch points of age can shed ample light on the 

theoretical nature of the role of age in IS phenomena. In this study, we examine a 

touch point of age that might be especially relevant in an interruption context: older 

peoples’ deficits in inhibiting attentional responses to interrupting stimuli. 

We ground our study and its touch point of age in the literatures on cognition and 

cognitive aging [20,21]. These literatures emphasize the importance of working 

memory to our study context. Working memory is a temporary storage and processing 

element in the brain that holds the information required for completing an active task 

[20]. For instance, once a phone number has been looked up, it is held in working 

memory until it is fully dialed [20]. The capacity of working memory is strictly lim-

ited, at times to as few items as one [22]. Given this stringent capacity limitation, 

interruptions can interfere with task-related information processing when they enter 

working memory (interrupting stimuli enter working memory when people attend to 

them) because interruptions draw working memory resources away from the task at 

hand, leaving fewer resources for task-related information processing. As a result, 

task-related mental work becomes slow and error-prone (e.g., slow and incorrect 

dialing of phone numbers or slow reading and writing), leading to stress [20,11].  

To avoid stress by ensuring that only relevant information enters working memory, 

human cognition relies on selective attention [21]. Selective attention refers to the 

ability to selectively attend to some information sources while ignoring others; it is 

concerned with the allocation of processing resources. One important mechanism of 

selective attention is inhibition [23]. The inhibitory mechanism of selective attention 
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is meant to filter out irrelevant stimuli, helping people remain concentrated on a given 

active task. Effective inhibition involves actively disregarding any distracting stimuli 

in a task environment. It is goal-directed; people with effective inhibition can deliber-

ately ignore an interrupting stimulus when they have the goal of remaining concen-

trated and focused on the task at hand. Yet, the effectiveness of attentional inhibition 

differs greatly across individuals, most importantly as a function of age [8,21].  

Research on cognitive aging examines the changes in working memory and selec-

tive attention that occur as people age [24]. We draw on the inhibitory deficit theory 

of cognitive aging, which explains how and why age can impact the active control of 

the contents of working memory [25].1 This theory is considered a major theoretical 

approach to aging [26], and it has received widespread empirical support [27,28,29]. 

The inhibitory deficit theory holds that attentional inhibition is impaired in older indi-

viduals. This impairment is a function of the changes that occur in the frontal lobe, 

which is the brain component that houses the inhibitory mechanism of selective atten-

tion [30,31]. As people age, the frontal lobe’s connections with other brain areas dete-

riorate, and the frontal lobe shrinks. These anatomical declines in the frontal lobe 

imply corresponding corrosions in the inhibitory mechanism (because the latter is 

housed in the frontal lobe). The corrosions in the inhibitory mechanism result in the 

                                                                 
1 Several theories of age differences in memory and attention have been proposed, including 

the theories of environmental support, deliberate processing, failure to integrate context, 

working memory demands, perceptual speed, and failures of inhibition [24]. The theory of 

environmental support suggests that older adults need more support to engage in effective 

information processing than younger people, implying that they are less efficient at self-

initiated information processing. Similar to the preceding theory, deliberate processing im-

plies that the magnitude of age differences in memory depends on the extent to which a 

tasks involves deliberate information processing instead of more automatic, habitual pro-

cessing. Failure to integrate context is a concept that is more specific than the preceding one, 

suggesting that older adults cannot take advantage of contextual cues because they have 

problems integrating the memory context with the information they are attempting to re-

member. The theory of working memory demands is simple, implying, on the basis of the 

large and reliable age differences that have been found in working memory tasks, that older 

adults’ disadvantages in information processing increase with increasing task demands on 

working memory. Similarly, the theory of perceptual speed indicates that older adults are 

slower and process information more slowly than their younger counterparts as a function of 

the cognitive complexity of a task. Finally, the theory of failures of inhibition posits that 

older adults are much less able than younger people to actively disregard interrupting stimuli 

in a task environment [24]. In summary, large age differences in memory and attention can 

be found to the extent to which a task lacks environmental support, requires deliberate pro-

cessing, involves integrating to-be-remembered information with context, has large working 

memory demands, can be influenced by perceptual speed, or requires inhibition of irrelevant 

information [24]. For this study, we deem the theories of environmental support, deliberate 

processing, and failure to integrate context as not relevant since our focus is on inhibiting at-

tentional responses to interruptions rather than on support or context. Similarly, while the 

theories of working memory demands and perceptual speed are applicable to our study con-

text, they are too generic to effectively inform the development of our research hypotheses. 

The concept of failures of inhibition, however, is directly applicable to our study. 
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inhibitory deficit that older individuals commonly demonstrate [31]. As a result, in 

older compared to younger people interrupting stimuli are more likely to gain access 

to working memory and to interfere with task-related information processing [25].  

In sum, we hold that T-M interruptions can be problematic due to the capacity 

limitation of working memory. Yet, an effective inhibitory mechanism of selective 

attention can buffer against the negative consequences of T-M interruptions by pre-

venting them from entering working memory in the first place. This mechanism is a 

protective shield against interruptions. Still, inhibition is impaired in older adults. We 

hypothesize that, in the context of T-M interruptions, age is positively associated with 

physiological stress via increases in inhibitory deficits (i.e., inhibitory deficits mediate 

the positive correlation between age and physiological stress; see Figure 1). 

Age
Inhibitory

Deficit
Physiological

Stress

The line in bold represents our mediation hypothesis: when encountering T-M 
interruptions during a task, older people will show higher physiological stress levels
than younger people due to an inhibitory deficit (i.e., lower selective attention 
performance, also understood as less efficient top-down attentional control).

The dotted lines represent related direct effects, which are not the focus of our mediation
hypothesis but are modeled here only to show what direct effects make up this hypothesis.

Age & Technostress Hypothesis: +
(in the context of T-M interruptions)

 
Fig. 1. Research Model 

Table 1. Construct Definitions 

Construct Definition  

Age Chronologically younger compared to older individuals 

Inhibitory Deficit 

Extent to which a person has a deficit in deliberately suppressing the 

mental processing of interrupting stimuli in a task environment such 

that these stimuli do not gain access to mental resources (e.g., work-

ing memory resources); a person’s inhibitory deficit reflects lower 

selective attention performance compared to other people 

Physiological Stress 
The extent of physiological strain people experience as a result of 

their interactions with technologies 

3 Methodology and Results 

To establish the link between age and stress in people who encounter interruptions, 

we conducted a correlational study. We recruited younger and older participants and 
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invited them to come to a laboratory, in which they performed a working memory 

task. While the participants were working on the task, interruptions in the form of 

instant messages appeared on the screen within specific time intervals. Consistent 

with past research [32], we instructed the participants to ignore the interruptions. 

Good task performance was incentivized to increase the relevance of the task for the 

participants and their involvement. Of the 128 participants we recruited, half repre-

sented younger users (age<30) and half represented older users (age>60), implying 

that age was measured as a dichotomous variable with two categories: younger users 

and older users. This operationalization of age was consistent with research on cogni-

tive aging in general, and with the inhibitory deficit theory in particular [25,27,28,29]. 

Inhibitory Deficit was evaluated using the Stroop color-word task [33]. This task is 

the most widely-accepted test for inhibition because it most accurately maps onto the 

definition of inhibitory deficit [34]. The task requires the participants to ignore certain 

signals that are attentionally compelling but unwanted; the participants have to sup-

press their attentional responses to these signals while working on a primary task. 

This procedure is a direct test of someone’s ability to inhibit an attentional response to 

an irrelevant or intrusive piece of information. More specifically, the Stroop task 

presents to the participants color names that are printed in non-consistent ink colors. 

The participants must, then, actively inhibit their attentional responses to the printed 

names of the colors, while selectively attending only to the ink color in which the 

words are printed. To illustrate, a participant might have to name the ink color white 

for a word that reads black (see Figure 2). Since most people have a natural and 

strong tendency to read, they must inhibit their attentional response to reading the 

word black in order to correctly name the ink color white [34]. This task yields the 

Stroop effect, which is the difference between participants’ response times with con-

gruent and incongruent words. The Stroop task has widespread support in the litera-

ture, with test–retest reliabilities ranging from 0.83 to 0.91 [35].2 

Instructions: 
Say the colors
of the words
on the right 

while ignoring
what the 

words say. 
Good luck!

 
Fig. 2. The Stroop color-word task 

                                                                 
2 It is important to note that the Stroop task is not a stress test but a measure of cognitive 

functioning. In particular, short Stroop tasks like the one employed here (duration of less 

than ten minutes) cannot be expected to create stress [36]. Further, the Stroop task employed 

here was not an experimental treatment but simply a measure of inhibitory deficit (a trait). 
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Stress was assessed using salivary α-amylase. A-amylase serves as a cutting-edge 

marker of the sympathetic nervous system component of the psychobiology of stress 

by reflecting changes in the stress hormone adrenalin (a particularly relevant hormone 

in the context of computer-related work) [19,37]. A-amylase, in and of itself, is a 

digestive enzyme produced in the salivary glands. As such, it can be found in saliva in 

relatively high concentrations. As α-amylase is sensitive to alcohol, food, dairy, and 

caffeine consumption, we controlled for these factors in our analysis. As is necessary 

for most physiological research, we also controlled for baseline values of α-amylase. 

As regards data analysis, we used Preacher and Hayes’ [38] standard SPSS macro 

for testing indirect effects with a 95% confidence interval and 1,000 bootstrap 

resamples. The results showed that the hypothesized indirect effect was positive as 

expected and significant. Since zero was outside the 95% confidence interval, we can 

conclude with 95% confidence that the indirect effect of age on participants’ physio-

logical stress levels via their inhibitory deficits was different from zero (unstandard-

ized coefficient b = 1.210, Std. Error = 0.818, p < 0.05, LL = 0.058, UL = 3.921). 

4 Discussion and Conclusion 

Drawing on the inhibitory deficit theory of cognitive aging, this study confirmed that 

older users experience more physiological stress in today’s technology-driven inter-

ruption age than younger ones. The study demonstrated that this effect of age is due to 

differences in users’ abilities to ignore T-M interruptions in a computer-mediated task 

environment and remain focused on the task at hand. Thus, this study makes an im-

portant theoretical contribution to IS research, explaining not only whether older users 

experience more technostress in response to T-M interruptions than younger users but 

also how and why they are more bothered by these interruptions (see Figure 3). 

 

Age
Physiological

Stress

Understanding of how and why age differences 

might exist before this research

Understanding of how and why age differences 

might exist after this research

Black Box Age
Physiological

Stress

Inhibitory
Deficit

Context: T-M interruptions

 
Fig. 3. Theoretical contribution: graying workforces, T-M interruptions, and technostress 

 

Given the facts that the workforce is rapidly growing older across all OECD mem-

ber countries and that modern technologies such as interruptions are proliferating, our 

findings are alarming. However, the findings should not be construed as encouraging 

discrimination against older workers or as encouraging any kind of stereotyping. 

Instead, they should be considered a means of facilitating the development of inter-

vention strategies that can increase the well-being and productivity of a graying work-

force. Ultimately, managerial interventions and technological developments are need-

ed that offset the weaknesses and leverage the strengths of older workers to improve 

their well-being and increase organizational productivity. 
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Abstract. This research provides a high-level and non-technical insight into the 

current state of NeuroIS field and a concise overview of consumer grade Brain-

Computer interfaces (BCI). Special attention is given to the electroencephalog-

raphy (EEG) based BCIs. Additionally, a two-dimensional overview with five 

clusters (Surgical, Clinical, Lab, Office and Plug & play cluster) is proposed as 

a mean to position NeuroIS tools based on the resource requirements and ease 

of use. Finally, this research employs a consumer grade BCI (Neurosky Mind-

wave) in a pilot study and argues for future research on consumer grade BCIs 

for topics related to information overload. 

 

Keywords: BCI · EEG · Brain-Computer interfaces · Consumerization · Con-

sumer Grade · Plug & Play · Information Overload 

1  Introduction 

This research understands a brain-computer interface (BCI) as a sum of hardware 

and software elements of a communications system that permits cerebral activity to 

control computers or external devices [1, 2, 3]. Consumer grade BCIs represent a 

special BCI subgroup targeted at consumer market. Consumer BCIs are readily avail-

able, easy to install and comfortable to use.   

The main goal of this research is to position consumer grade BCIs among other 

commonly used NeuroIS tools and to test the technical capabilities of a specific con-

sumer grade BCI (EEG based Neurosky Mindwave) in a pilot study. This research 

proceeds as follows: a brief literature review of thematic, methodological and theoret-

ical advances in NeuroIS field is provided; followed by a two dimensional compari-

son of brain- computer interfaces with widely used NeuroIS tools and with a set of 

available consumer grade brain-computer interfaces. This research then presents the 

results of a pilot study of a consumer grade BCI, namely Neurosky Mindwave, and 

concludes with suggestions for future consumer grade BCI research. 

2  Literature Review  

In recent years, the Information Systems (IS) discipline has begun to embrace neu-

ral instruments and methods with the intention of complementing existing topics and 

expanding the understanding of the emergent phenomena. This has led to the creation 

of a specific branch of IS research, known as Neuro – Information Systems (Neu-
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roIS). NeuroIS has improved the capacity of IS research significantly and a number of 

research breakthroughs have occurred as a result. NeuroIS has recently been used to 

answer multiple questions, ranging from understanding technostress [6], information 

processing biases in virtual teams [7], understanding effects of emotional states on 

financial trading decisions [8], using measures of risk perception to predict infor-

mation security behavior [9] and complementing business process modeling tools [10] 

to name a few.  

Thus, it is not surprising that IS scholars started to lay theoretical and methodolog-

ical grounds on which future research can be built. Reflections on the Gmunden Re-

treat from 2009 [11] re-defined what NeuroIS is, which tools are relevant for Neu-

roIS, what IS can learn from neuroscience and what were the current challenges for 

NeuroIS at that time. A research commentary [12] illustrated the potential of cogni-

tive neuroscience for IS research, especially when it comes to localizing  the neural 

correlates of IS constructs, capturing hidden mental processes and challenging as-

sumptions and enhancing IS theories. Vom Brocke and Liang [13] also contributed to 

the discipline with a set of guidelines for NeuroIS studies. Those guidelines are de-

signed to help researchers better understand phases typical for NeuroIS research and 

to guide NeuroIS research through the emerging standards of the discipline. Tams et 

al. [6] used a technostress study to illustrate the holistic effects that come from using 

neurosciences and self reported data in tandem.  Tams et al. improved our understand-

ing on triangulating different sources of quantitative data by showing the scenario in 

which different measures can constitute alternatives and/or complements in the pre-

diction of theoretically-related outcomes. Specifically, Tams et al. demonstrated that 

physiological and psychological measures can actually lead to divergent findings.  

Furthermore, Gregor et al. [14] developed a nomological network with an overarching 

view of relationships among emotions and common constructs of interest in NeuroIS 

research. Finally,  Müller-Putz et al. [15] ventured deeply into the foundations, meas-

urements and application of  electroencephalography  in IS. By publishing their work, 

Müller-Putz et al. equipped prospective NeuroIS researchers with solid methodologi-

cal foundations for conducting EEG based research. 

3  NeuroIS Tools: Clinical and Consumer Grade Devices 

Although NeuroIS continues to prove its value by expanding the knowledge on 

multiple IS related phenomena; and although sound theoretical and methodological 

foundations of NeuroIS have been laid out, many IS researchers can still feel reluctant 

to venture into NeuroIS topics. Some are turned away by significant resources re-

quired to conduct a NeuroIS study [16], while others are discouraged by the sheer 

breadth of non – IS and highly technical knowledge required to successfully conduct a 

state of the art NeuroIS experiment [15]. In general, NeuroIS research requires re-

searchers to select a proper instrument and equipment that will adequately detect all 

elicited aspects of researched phenomena, create and maintain all required parameters 

for the instrument to operate optimally and finally to analyze the readings from the 

clinical grade neural interfaces [6], [13], [15]. Few IS researchers are properly trained 

to conduct those studies and some can be deterred by administrative hurdles required 
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to conduct medical-grade research on human subjects. All those factors combined 

prevent NeuroIS from becoming one of the dominant areas of IS research. 

Additionally, a preconceived notion of complexity, ambiguity and dangers [4, 5] of 

neural instruments may also be one of the culprits for a relatively low proliferation of 

neural technologies outside the academia. Specifically, it has been known for four 

decades that the human brain can communicate directly to computers via brain-

computer interfaces [1], yet proliferation of those interfaces never happened. Compa-

nies like  Emotiv, Neurosky and Microsoft are known to work on BCIs [11] and mul-

tiple BCIs are even available to a wide consumer audience – but to no avail. Organi-

zations and individual users are still reluctant to include BCIs into their IS infrastruc-

ture.  

That situation on the ground can perplex IS researchers: Why is it that despite 

growing research momentum, wide use of BCI did not happen? This research posits 

that a wide proliferation of BCIs did not happen because the consumer side of Neu-

roIS is still largely unexplored.  In order to explain our reasoning, an overview of the 

most common NeuroIS tools with accompanying acronyms is presented below (Fig-

ure 1). In this figure, the most commonly used NeuroIS tools are classified based on 

two dimensions: Ease of use (x axis) and Resource requirements (y axis). Ease of use 

is to be understood as the level of efforts required to use a NeuroIS tool: on the one 

hand, fMRI requires extensive efforts to set up and run, and considerable efforts to 

process the outputs of the device. On the other hand, a SCR requires significantly 

lower amount of efforts, since its use is much more natural to both experimenters and 

participants. The resource requirements scale should be perceived as the amount of 

resources (i.e. financial resources, infrastructure, manpower and time) required to 

successfully use a NeuroIS tools. For the purposes of illustration let us compare a 

PET and SCR on this scale: a PET requires a clinical level of infrastructure and comes 

with large upfront and running costs, which dwarfs the resource requirements for 

SCR1. The listed NeuroIS tools in Figure 1 are grouped together into clusters: Clinical 

cluster represent those devices which are mostly employed in a clinical settings; Lab 

cluster is positioned between the Clinical and Office cluster since most of the devices 

that populate this cluster are commonly used in laboratory settings; Office cluster 

consists of those devices that can be easily used in regular office settings. Surgical 

cluster is populated with invasive BCIs which tend to stay outside the reach of non 

medical disciplines [4]. Finally, the Plug & play area depicts all NeuroIS tools which 

require little to no special conditions and which are ready to use with little or no diffi-

culties.  

Clinical, Lab and Office clusters have been extensively used within the NeuroIS 

literature and the available body of knowledge that originates from those clusters is 

expanding. However, the Plug & play area represents uncharted waters for NeuroIS 

and for potential organizational and individual users of BCIs. Noninvasive BCIs are 

cheap and easy to use, but little is known about their research or usage potentials. 

Apart from few pioneering studies (e.g. [17, 18]) NeuroIS has not employed consum-

er grade noninvasive BCI extensively.  

                                                                 
1Dimensions of  “Resource requirements” and “Ease of use” were adapted from Riedl et al. [11] 

and Dimoka et al. [16] 
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Figure 1. An overview of NeuroIS tools 

In order to further explore the Plug and play cluster, which is exclusively populated 

by noninvasive BCI devices, this research provides a concise and non exhaustive2 

overview of different consumer grade BCIs. According to their respective manufac-

turers, those devices are able to compliment NeuroIS research and organizational 

needs at relatively low resource demands, while being easy to use. One device from 

this cluster (Emotiv Epoc) was used in the previously mentioned studies [17, 18]. 
Table 1. A non-exhaustive overview of consumer grade BCIs 

 
EEG - Electroencephalogram, EMG - Electromyograph,  

ECG - Electrocardiogram , EOG – Electrooculograp; adapted from [20] 

4  Mindwave Neurosky Pilot Experiment 

With that in mind and with an intention to test a consumer level BCI, a pilot study 

with one of the devices from Table 1 was conducted. The selected device, Neurosky 

Mindwave headband (highlighted in Table 1; headband in the following text), was 

used to gather data from a group of 12 test subjects3. Neuro Experimenter software 

v3.28 was used to access the API of the headband and to record EEG based BCI data 

[21]. All participating subjects of this pilot study were healthy PhD students at a me-

dium-sized private university in the southern part of the United States. All subjects 

were right handed, and between the ages of 27 and 35. Two participants were female. 

                                                                 
2 Please consult [19] for a more exhaustive overview of wearable EEG sensors and interfaces. 
3 All recorded data is available for download from here: https://goo.gl/bOcDGt 
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All recordings were gathered in a standard office environment, while subjects were 

working on light office tasks that required them to use a computer (e.g. checking 

email inbox, browsing the Internet and arranging files etc.).  

According to software manufacturer’s specification, the headband and the software 

used in this pilot study records brainwave readings every 500ms, via a “cluster sen-

sor” positioned on the participant’s forehead and targeted at the prefrontal cortex 

(PFC). PFC is known to be the executive center of the human brain [12], [16], [23], 

where decision actions (e.g. calculations) are performed. Descriptive statistics of the 

gathered data are presented in Table 2. In depth analysis of gathered data (e.g. outliers 

and ERPs) was omitted as a result of technical constraints of this venue of publica-

tion.  
Table 2. Descriptive statistics of the data collected from Neurosky Mindwave headband 

 
Number of observations – 16217, blinks – 2551, Data points with an error/missing recording 

- 394 

To sum, this pilot study continues a research direction set by previous  studies [23], 

[24] by demonstrating that a consumer grade BCI recording only one single channel 

(Fp1) can be used to collect EEG signals in a regular office environment. Naturally, 

spatial and temporal resolutions of the recordings are not identical to the standards 

that are generally employed in clinical level EEG studies [15], [23] – instead of doz-

ens of simple sensors, the headband used in this pilot study has only one “clustered 

sensor”; and instead of the recommended 200ms temporal resolution this system (i.e. 

the headband and the employed software) is capable of recording only 500 ms inter-

vals. However, according to criteria presented in Kübler et al. 2001 [1], the headband 

used in this study fits all the requirements for a BCI because it successfully detected 

the  electrophysiological  activity  of  the  user's  brain, recorded the signals at 97.62% 

accuracy (which is above the proposed 70% threshold) and bypassed most of the 

stated limitations.   

5 Future Research: How Can Consumer Grade BCIs Help in 

Detecting Information Overload?”  

This pilot study paves the way for using BCIs in NeuroIS to better understand and 

detects one of the growing technostress phenomena known as information overload 

(IO). IO can be defined from two perspectives. On the one side, IO occurs on organi-

zational levels when the amount of input to a system exceeds its processing capacity 

[25] and thus causes negative or unwanted effects for the organization and its em-
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ployees. On the other side, individuals experience IO as state in which a vast amount 

of information is readily available, almost instantaneously, without mechanisms to 

check the validity of the content and the potential risk of misinformation [32, 33]. In 

short, IO can be understood as a state in which there is just too much information to 

cope with [34]. Thus, it follows that IO puts a tremendous strain on individuals and on 

individual cognitive performances – especially on the short term memory function of 

the human brain and on the executive center of the brain located in the pre frontal 

lobe [12], [42, 43, 44].   

In previous research, a set of clinical grade instruments, such as FMR scan or EEG 

were used to further the understanding of the human brain [12]. However, IO would 

be difficult to induce in a clinical/lab environment and potential results might be un-

usable for practitioners (i.e. it is not practical to regularly monitor employees with a 

FMR scanner). Therefore, if we are to detect and treat IO in real-life organizational 

scenarios a more mobile and wearable technology is needed. Consumer grade BCIs 

seems to fit into that description perfectly. With that in mind, a study with two differ-

ent consumer grade neural interfaces (Epoc Emotiv and Neurosky Mindwave) and 

real-life tasks is proposed. Ideally, the author hopes that the mentioned study will 

provide additional insights about detection and prevention of IO overload through the 

use of BCIs. 

6 Contributions 

This research brings multiple contributions. Firstly, it provides a concise and non-

technical insight into the current state of the NeuroIS field. Secondly, a classification 

of commonly used neural tools is proposed (Figure 1). In it, different neural tools are 

grouped on the basis of resource intensity and ease of use, which lead to the creation 

of five distinct clusters. Thirdly, special attention has been given to one cluster which 

was not used as widely as the other clusters and an overview of different noninvasive 

consumer grade BCIs has been provided (Table 1). Fourthly, this research conducted 

a preliminary study in which a BCI system is used to collect and process brainwave 

readings. And finally, this research proposed a potential study in which BCIs can be 

used to detect, prevent and better understand a rampant problem of information over-

load.  

7 Conclusion 

In conclusion, this research might on the one hand encourage the novice and pro-

spective IS researchers to consider joining the growing NeuroIS community by add-

ing neural tools from the resource light and easy to use Plug & play cluster into their 

research instrumentarium. That should allow novice researchers to circumvent seem-

ingly overwhelming technical and medical demands imposed by the sheer complexity 

of neuroscience. On the other hand, I hope that this research might point the attention 

of NeuroIS veterans and practitioners to a promising and partially neglected phenom-

enon of noninvasive consumer grade BCIs. 
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Abstract. Research in Neuroscience Information Systems aka NeuroIS has 

gained considerable momentum in the past decade. The purpose of this study is 

to examine thelandscape of research conducted in the emerging discipline of 

NeuroISin order to track the progression in the field. Our analysis is based on a 

systematic review of 59 papers published in high impact conferences and jour-

nalsover the past five years (2011 to 2015 inclusive). It offers a bird eye view to 

the upcoming researchers who intend to pursueNeuroIS research. 

Keywords:NeuroIS ∙Literature Review∙ Topical Analysis 

1 INTRODUCTION 

Information Systems (IS) studies typically rely on traditional methods of research, 

primarily surveys and experimental setups. Recently researchers have drawn interest in 

Cognitive Neuroscience (CN) discipline to address the very issue of decision making 

(DM) in IS users. The issue of DM has been researched not only in neurosciences but 

also in IS [1, 2].Many popular IS theories like theory of reasoned action, Technology 

Acceptance Model, and effort accuracy framework have been used for the said purpose 

[3]. The IS community is witnessing a growing interest in applying theories, methods 

and tools in neuroscience to inform IS research [4]. For this purpose, the use of brain 

imaging tools in the CN discipline has provided a useful model.  

This phenomenon has given rise to the sub-field of “NeuroIS”, which has consist-

ently gained momentum over the past 5 years. This sub-field employs brain imaging 

tools to inform its research. Most popular tools in this regard are fMRI, EKG, and EEG. 

These CN tools can be used along with traditional IS tools like questionnaires, and 

surveys. Also, triangulation of measures provides greater validation across measures 

thus enhancing the ecological validity of IS studies [4]. A dedicated conference on the 

subfield of “NeuroIS” has been held on an annual basis for the last several years. It is 

called the “Gmunden Retreat on NeuroIS”.  

Given this interest in this sub-field of IS, the goal of this work is to review and report 

publications in this area over the past five years. This essentially establishes a strong 

                                                           
* The term NeuroIS was first coined by Angelika Dimoka in the year 2007. 
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ground for its acceptability in the IS research community and provides a consolidated 

overview of avenues where aspiring NeuroIS researchers can aim to publish their work. 

Table 1. Considered publication outlets 

Name Type 

European Journal of Information Systems (EJIS) journal 

Information Systems Journal (ISJ) journal 

Information Systems Research (ISR) journal 

Journal of Association of Information Systems (JAIS) journal 

Journal of Information Technology (JIT) journal 

Journal of Management Information Systems (JMIS) journal 

Journal of Strategic Information Systems (JSIS) journal 

Management Information Systems Quarterly (MISQ) journal 

International Conference on Information Systems (ICIS) proceedings 

Americas Conference on Information Systems (AMCIS) proceedings 

Pacific Asia Conference on Information Systems (PACIS) proceedings 

Mediterranean Conference on Information Systems (MCIS) proceedings 

European Conference on Information Systems (ECIS) proceedings 

 

 

The rest of the paper is organized as follows. In the next section we discuss the re-

search methodology and study overview. Results are mentioned in section 4. Section 5 

presents a discussion of the results and we conclude with a summary in the end. 

2 STUDY OVERVIEW 

This paper systematically reviews NeuroIS literature being published in high-impact 

journals (AIS approved “Basket of 8”) and conferences (recognized by AIS) during the 

period from 2011 to 2015. Table 1 list sources used to elicit the articles and their type 

i.e. journal or conference proceedings. The general purpose of this paper is to integrate 

the literature published in this domain in the past 5 years. What enhances the rigor of 

this study is its validity and reliability [5]. Validity in the sense that the databases cov-

ered are the registered ones provided on the Association for Information System’s (AIS) 

website. Moreover, the keywords pertain to the exact terms being used in such studies, 

whereas, the period covered is essentially the one that contains a lower bound from 

where the specific studies actually started to get published [6] and until the last year. It 

is reliable in the sense that it documents the above mentioned procedure in enough 

detail to be replicated. Accordingly, the directorial research question of this study is, 

“Whether the NeuroIS subfield of IS has proven its mark as an established and viable 

area of research in Information Systems?” The keyword used for this search was “neu-

rois”. The reason behind using this keyword only is the idea that if there is an article 

that necessarily reports this particular kind of research then it will, somewhere in the 

article, mention this term. This is so because “neurois” is the only keyword that defines 
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work in this field. Moreover, the keywords were searched on the AIS website 

(http://aisel.aisnet.org/), therefore the results included the related terms (for e.g. fMRI, 

HCI, trust, brain, emotions etc.) automatically. 

Table 2Frequency of NeuroIS publications in AIS recognized Journals and Conferences 

Year 2011 2012 2013 2014 2015 others Comments 

EJIS 0 0 0 0 0 1 

2015 online publication; yet to be 

included in forthcoming issues 

ISJ 0 0 0 0 1 - only 1 editorial in 2015  

ISR 1 0 0 0 0 - - 

JAIS 0 1 0 4 1 - 2014 special issue 

JIT 0 0 0 0 0 - -  

JMIS 0 0 1 7 1 - -  

JSIS 0 0 0 0 0 - -  

MISQ 0 2 1 0 0 - - 

Total 1 3 2 11 3 1 Total = 21 

ICIS 3 4 3 5 4 - -  

AMCIS 1 0 0 2 7 - -  

PACIS 0 0 0 1 0 - -  

MCIS 0 1 0 0 0 - -  

ECIS 1 1 1 1 3 - -  

Total 5 6 4 9 14 - Total = 38 

Total  6 9 6 20 17 -  21+38 = 59 

 

3 RESULTS 

 

Table 3. Summary of NeuroIS topics and respective methods and tools 

Topic Methods & Tools 

EJIS 

Forthcoming 

User's perception and response to security messages. [C] 5 ET 

ISJ 

2015 

editorial on exploring potential of NeuroIS in IS research [O] 2 Editorial 

ISR 

2011 

exploring potential of NeuroIS in IS research [O] 3 Research commentary 

JAIS 

2012 

historical analysis [O] 3 Review paper 
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Topic Methods & Tools 

2014 

NeuroIS research methodology [O] 3 Methodological paper 

NeuroIS for reporting Technostress studies [O] 5 Methodological paper 

Users' disregard  of security warnings [D] 4 EEG 

Application of EFRP to IS research [O] 7 Methodological paper 

2015 

Emotions(arousal) and bidding behavior in e-auctions [E] 3 SCR, HR 

JMIS 

2013 

Emotional regulation in financial decisions [E, D] 5 Conceptual and design paper 

2014 

understanding and assessment of emotions in IS [E] 5 EEG 

understanding information processing bias [D] 5 EEG 

Trust and mentalizing in human-avatar interaction [S] 5 fMRI 

User engagement in online gaming [C] 4 EEG 

Social influence in group-buying [S] 3 EEG 

Perceived ease of use and usefulness [C] 3 EEG 

Guidelines for neuroscience studies in IS research [O] 2 Conceptual paper 

2015 

Role of self-control in information security violations [C] 3 EEG 

MISQ 

2012 

Use of Neurophysiological tools for developing NeuroIS agenda 

[O] 14 Conceptual and review paper 

how to conduct fMRI studies [O] 1 Methodological paper 

2013 

IS research and behavioral economics [O] 1 Editorial 

ICIS 

2011 

Emotions (arousal) in electronic markets (auctions) [E] 4 Methodological paper 

Online payment method choice [D] 2 ET 

Trust and mentalizing in human-avatar interaction [S] 5 fMRI 

2012 

Consumer's online cognitive scripts [C] 4 EEG 

Connectivity analysis in NeuroIS research [O] 5 Methodological paper 

Emotions in online financial markets wih humans and agents [E] 3 Conceptual paper 

Startle reflex modulation for measuring affective information pro-

cessing [O] 2 Methodological paper 

2013 

Effect of arousal and valence on mouse interaction [E] 3 Mouse cursor movement 

Trust in social networking sites [S] 5 fMRI 

Experience and pressure in IS usage behavior [C] 7 ET 

2014 

Habituation to security warnings [C] 5 fMRI 

Consumer impulsiveness in online trust evaluations [S] 4 fMRI 

Variance and process types of IS research [O] 2 Methodological paper 

Emotions and Aesthetics in ICT Usage [E] 2 EEG 
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Topic Methods & Tools 

Content familiarity in web design [E] 1 Conceptual paper 

2015 

Emotion, attention and behavioral control [E] 2 fEMG 

System un-related emotions in adoption of IS [E] 2 Conceptual paper 

Information avoidance behavior [C] 1 Conceptual paper 

Enterprise Resource Planning (ERP) system design [E] 1 Conceptual/behavioral paper 

AMCIS 

2011 

NeuroIS research methods [O] 2 Review paper 

2014 

Cognition in online shopping markets [C] 2 fMRI 

Trust [S] 3 Conceptual paper 

2015 

Privacy paradox [D] 2  Conceptual paper 

Technostress and users' response to security warnings [E] 5 Hormone (saliv. str.) 

Human-Information-Processor Model View of e-Government [C] 

2 Conceptual paper 

Organizational Memory [C] 2 Conceptual paper 

TAM [C] 1 Conceptual paper 

Technostress [O] 1 Methodological paper 

Visual aesthetics [E] 4 GSC, fEMG, behavioral paper 

PACIS 

2014 

Metacognition in e-commerce [C] 2 fMRI 

MCIS 

2012 

Technology acceptance [C] 5 EEG 

ECIS 

2011 

Emotions (regret) in electronic markets (auctions) [E] 4 SC 

2012 

Human centered design [O] 3 Methodological paper 

2013 

Emotional regulation in financial decisions [E, D] 3 Conceptual and design paper 

2014 

Emotions (arousal) in electronic markets (auctions) [E] 3 EEG, SCR, HR 

2015 

Emotional regulation in financial decisions [O] 4 Methodological paper 

Job Strain Information System Service (JSISS) [E] 9 Conceptual and design paper 

Technostress [O] 3 Methodological and design paper 

 

Acronyms: EEG electroencephlography, ET eye-tracking, fEMG facial electromyogra-

phy, fMRI functional magnetic resonance imaging, GSC Galvanic skin conductance, 

HR heart rate, saliv. str.salivary stress, SC skin conductance, SCR skin conductance 

response. Code for paper categorization: [C]=cognitive processes, [E]=emotional pro-

cesses, [S]=social processes and [D]=decision-making processes. The code is followed 

by the number of authors of the papers.  
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Fig. 1.NeuroIS paper categorization (N=59) [8-66] (y-axis: absolute no. of papers) 

 

 

 

Table 41. Methods and tools used in NeuroIS research 

Method/Tool 2011 2012 2013 2014 2015 

Forth-

coming 

Abso-

lute 

Relative 

(%) 

Papers (total) 6 9 6 20 17 1 59 100 

EEG 0 2 0 8 1 0 11 19 

fMRI 1 0 1 5 0 0 7 12 

SC, SCR, GSC 1 0 0 1 2 0 4 7 

ET 1 0 1 0 0 1 3 5 

HR 0 0 0 1 1 0 2 3 

fEMG 0 0 0 0 2 0 2 3 

Mouse cursor move-

ment 0 0 1 0 0 0 1 2 

Hormones (saliva) 0 0 0 0 1 0 1 2 

Miscellaneous 3 7 3 6 12 0 31 53 

 

                                                           
1 Miscellaneous includes both conceptual and methodological paper and the 

“Relative” category doesn’t sum up to 100 as some papers have adopted more than one 

method and tool. 
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Fig. 2. Popularity of methods & tools in NeuroIS research 

4 DISCUSSION 

The articles published in above mentioned outlets pertain to significant contributions 

in different kinds of mental processes like cognitive, emotion, social and decision pro-

cesses [6, 7]. An insight into the overall progression is presented drawing on the results 

mentioned above, and following implications could be made from each. 

A consistent rise has been observed in the past 5 years in the number of publications 

within the NeuroIS domain as far as the emotional processes and their impact is con-

cerned. Whereas cognitive processes stands second in place. A dearth has been ob-

served in exploration of social and decision-making processes and hence calls for more 

contributions in these areas. On the basis of our sample (N=59) [8-66], Fig.2 shows that 

EEG is the most popular tool in NeuroIS studies followed by fMRI and eye-tracking.   

5 CONCLUSION 

This literature review indicated the importance of neurosciences in IS and how the 

field of NeuroIS is establishing its grounds in the research community thereby proving 

its mark as an established field of research. It reported the progress in the field in terms 

of number of publications pertaining to cognitive, emotional, social and decision-mak-

ing processes, thereby gauging its popularity. As an outlook, we see that more NeuroIS 

contributions are needed in order to report studies involving social and decision-making 

processes. Thus, the IS community can benefit from incorporating the neurosciences 

tools, methods and techniques by exploiting its inter-disciplinary nature. 
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