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Abstract: Eye tracking is commonly used for usability testing to investigate for example software or web design, however it has not been adopted for e-learning applications to a large extent. Moreover most studies apply eye tracking as a non-iterative session. Hereby recorded eye data is used to identify usability issues, however findings in general are not being re-investigated, because testing with eye tracking causes extensive effort of time and resources. In this paper a first step is taken to address this gap by reporting the results of a study which was designed to investigate the potentials of iterative eye tracking. To be able to draw fairly valid conclusions a complex methodological approach was designed in order to keep data comparable between iteration cycles. The results of the study not only outline benefits and challenges of iterative eye tracking tests but also contribute to the development of graphical user interfaces in order to increase e-learning platform’s usability in general. 
1 Introduction

Educational software used within online learning scenarios should provide a graphical user interface (GUI) that is not only intuitive, but also ease learners’ interactions as well as navigation in order to enable students to concentrate on the learning process itself. Agreeing to (Costabile et al, 2005) the usability of GUIs takes a key role as it significantly affects learning. Subsequently, failures of GUI development not only impair the usability of the e-learning platform, but also may interfere with students’ learning processes.
In order to enhance the effectiveness of GUIs mainly usability testing is applied. There are plenty of different approaches, methods and paradigms for usability testing, listed e.g. in (Lee, 1999), however agreeing with (Costabile et al, 2005) there is no consolidated respectively standardized evaluation methodology within the special context of e-learning so far, as most methods fail to consider mental processes within evaluation. Eye tracking however has the potential to close this gap, as this research area seems to be especially appropriate to link users’ navigation to cognitive processes. Eye tracking research in general is based on the assumption, that there is a relationship between eye movements and cognitive processes (Just & Carpenter 1976). This implies that those elements on the GUI are fixated which attract the user's attention. From the observation of gaze the researcher can draw fairly valid conclusions on the learner’s thought processes. Subsequently, eye movements may be regarded as valuable indicators for specific cognitive conditions e.g. attention, interest, complexity, etc. that may occur during learning (Bente, 2005). However, as other evaluation methodologies, also eye tracking is limited. As (Holmqvist et al, 2011) point out, it is not possible to measure cognitive processes directly. However they can be captured by making manipulations in the visual stimulus and measuring changes in user behavior.
In numerous cases not only the development of graphical user interfaces are carried out as an iterative approach, but also usability testing itself is carried out as a repetitive process. According to (Lee, 1999) iterative testing is adopted to identify problem areas by extracting specific elements as well as information causing difficulties, weaknesses or uncertainties at users. Findings are used for further development of the e-learning software, which again serves as the new test object for the upcoming iteration cycles. (Bailey, 1993) on the other hand mentions three major challenges of iterative testing. Firstly comparability of results within each iteration cycle is difficult to guarantee. Secondly the test design has to ensure that not only no new problems are introduced but also no old issues are uncovered. Thirdly investigators have to deal with distinguishing between usability problems and effects due to individual differences among participants. Iterative tests are frequently adopted in usability testing however there is no related work within the context of eye tracking. In this paper the first step is taken to address this gap by reporting the results of a study designed to investigate the potentials of iterative usability evaluation by the eye tracking methodology.
2 Methodological approach
2.1 Theoretical basis and procedure
Within the context of e-learning, testing only single functions – for example the access to e-learning resources or exercise uploads - is not enough. To be able to investigate the platform’s navigation interface from a more holistic perspective, it is necessary to design test cases on a system-wide range. Therefore the test cases have to cover all the fundamental aspects of learning as well as core functions of a learning management system (LMS). The following areas can be regarded as essential functions of an LMS: management of learning content (e.g. resources), tools for exercising (e.g. activities), evaluation and assessment (e.g. tests), administrative functions (e.g. course overview, access, personalization, help, group enrollment) as well as communication tools (e.g. forums, chat). On the basis of these fundamental criteria 16 test cases were designed (listed within the yellow box in Fig.1) - each covering a different core function of the e-learning platform. The first ten test cases were designed as rapid fire tasks with an exact duration of ten seconds, whereas the last six cases were applied as open end tasks, in which participants were neither limited by time nor by specific pages of the platform. This approach enables to investigate eye movements both during rapid visual search and open visual exploration.
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Figure 1: Flow diagram of the iterative eye tracking test

2.2 Enhance comparability of iteration cycles
To be able to compare eye tracking results it is important to minimize differences from one iteration cycle to another. As user testing is susceptible to participant variability, it is important that not only user-related variability – such as memory effect or learning effect (in-between-tasks) – is decreased, but also the technical setting, methodological design as well as testing scenario remain unmodified. The following factors were enforced to enhance comparability: The same participants were recruited for each iteration cycle (see section 2.5). To minimize participant’s memory effect a break of three months was planned between the tests. To decrease the influence of the investigator written task instructions were developed and directly embedded into the eye tracking test session. To minimize learning effect (participants become better towards the end of the experiment) as well as order effect (order of presentation biases eye movements) the sequence of tasks was randomized. As the tests were carried out as a within-subject-design all the participants had to do all test cases. As network latencies and rendering problems may interfere with visual search, the usability tests were carried out locally on campus within the intranet network on a PC with high computational power. Furthermore precise synchronization between all 16 test cases was achieved by triggered events.
2.3 Eye tracking data analysis within each iteration cycle
Analysis of visuals: Heatmaps were used to investigate the spatial distribution of eye movements. For heatmap calculation gridded areas of interest (AOI) of both fixation and raw samples were used. Hereby only the count of fixations (absolute number for each participant) was considered, fixation durations were disregarded. Analysis results, which were saved to the database, include identification of competing GUI elements as well as a list of highly fixated screen areas of rapid fire tasks. Furthermore ignored blocks over all test cases were to be identified. Heatmap evaluation was jointly applied with cluster analysis in order to match detected hotspots with absolute percentages of participants’ fixations. Afterwards gazeplot analysis was adopted. Gazeplots represent the temporal order of eye movements. For gazeplot comparison fixation strings were computed. In doing so fixations - within AOIs - were denoted to letters and sequences of these were combined to strings as a representative for each viewing path. Furthermore dwell strings based on (Brandt & Stark, 1997) were applied, where repetitive fixation string elements are merged together. Manual analysis of the strings enables the identification of in-block regression (returns to GUI elements), sweeps (sequence of saccades in one direction) or stimulus-specific viewing paths (Holmqvist et al, 2011).
Evaluation of eye tracking metrics: In order to quantify gaze data widely accepted eye tracking parameters were evaluated. Its values were calculated based on the 16 AOIs, corresponding to the GUI elements of the 16 test cases. To limit the scope of the study merely the following metrics were considered: time to first fixation, first fixation duration, fixation count (number of fixations within an AOI), observation count (visits and re-visits to an AOI), and time from first fixation to click. The interpretation of these eye movement metrics is based on a combination of the author’s understanding and the framework of (Ehmke & Wilson, 2007).
Analysis of psychological questionnaires: In order to investigate the change of participants’ opinions within each iteration cycle, an embedded questionnaire was carried out. The survey was separately conducted for both rapid fire tasks and open end tasks (see Fig.1). Three test items on a seven-level Likert scale were utilized where students could reflect their subjective judging on simplicity of tasks, subjective cognitive load (during solving the test cases) and their confidence of success. Level one of the Likert scale stood for simple tasks, no cognitive load and high confidence in succeeding.
Retrospective analysis: The retrospective analysis was carried out at the end of each eye tracking session as a structured interview with 20 open-end questions based on both the 16 test items and general usability aspects of the e-learning platform. Furthermore they were synchronized to the gaze replay’s content. This qualitatively conducted review aimed to collect and discuss usability issues together with the participants. The outcomes were subsumed as a list of usability improvements and afterwards uploaded to the database.
3 The Study

Each iteration cycle of the eye tracking test was carried out on the e-learning system of Vienna University of Technology (TUWEL). It is based on Moodle (version 1.9.9+) and has been established as the central e-learning platform during summer term of 2006. Currently, TUWEL serves 30.000+ users within more than 450 courses per semester, dealing with an average of more than 6.000 logins per day. The graphical user interface of TUWEL is a special development (see Fig.2). To conduct the eye tracking investigation an e-learning course was created consisting of commonly used activities (e.g. forums, assignments, quizzes) as well as learning resources. Due to prior studies by (Rakoczi, 2010) layout and course design have a significant influence on students’ gaze paths. To ensure an effective learning environment, the layout of an e-learning award-winning course of Vienna UT was adopted for the arrangement of the course-elements.
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	Figure 2: TUWEL on course level (1st iteration)
	Figure 3: TUWEL on course level (2nd iteration)


Agreeing with (Nielsen & Pernice, 2010) participants had to be selected according to strict rules. This aims to reduce heterogeneity as well as subsequently narrows variation within the eye tracking data. For this study, ten officially enrolled students were recruited, who had to meet the following exclusionary demands. First, participants had to be ‘regular’ users of TUWEL, that means their frequency of use should be at least once a week for half an hour. Secondly, they had to be full-time students for the last four semesters. As known from prior eye tracking tests (Nielsen & Pernice, 2010), University freshmen - or novice users in general - have significantly different visual behavior, so they would generate varying gaze data. This study is focusing on regular users’ eye movements. At last, to ensure university-wide validity, students were recruited from various faculties as well as fields of studies. For collecting gaze data the Tobii X50 eye tracker was used. This stand-alone binocular device measures eye movements by two infrared cameras capturing the coronal reflection of the eye. No chin rest was used as freedom of head movement had to be enabled. For gaze analysis and statistical evaluation Tobii Studio (version 2), SPSS (version 16) as well as Microsoft Excel 2007 were utilized.
4 Findings

4.1 First Iteration

In this chapter only the most important results are presented, furthermore at this stage there has been no data for comparison. Firstly, the evaluation of the heatmap as well as cluster analysis showed that all TUWEL blocks in the right navigation column were less considered for solving the tasks. Secondly dwell strings analysis yielded some interesting results, as three TUWEL specific navigation paths could be detected which frequently occurred during participants struggling with solving the task. The first path represented circular sweeps from the left navigation blocks to those on the right – skipping hereby the central content block – and returning for in-depth investigation of the elements on the left. This exhaustive review occurred system wide on different pages of TUWEL. The second path revealed significant in-block regressions between two specific blocks containing elements where participants struggled to distinguish their functionalities. The third path showed commonly appearing monotonous linear search within the block ‘course menu’ pointing out, that its elements are difficult to remember due to missing hierarchical or semantic order.
Evaluation of the eye tracking metrics after the first iteration cycle was limited as there was no reference the data could be compare to. Only the results of open end task number 1b pointed out some irregularity as all parameters of the task showed increased values (see Table 1). Also the evaluation of the psychological questionnaire was not informative so far. All evaluation methods of section 2.3 together resulted in 87 usability issues, which were used as a basis for GUI development. Six major design improvements and a numerous of small bug-fixes were implemented to overcome the aforementioned issues. The newly developed GUI of the e-learning platform (depicted in Figure 3) was used as stimulus for the second iteration cycle.
4.2 Second Iteration


Due to eliminating TUWEL blocks on the right fixations on the left increased from 75% to 83%, as cluster analysis revealed. Furthermore the heatmap analysis of the second iteration cycles pointed out that elements of the course menu block (visually) compete to elements of the new top bar navigation’s items. All these elements are arranged in the top left quadrant of the screen increasing hereby the complexity of this area (see Figure 4a). However, compared to the first iteration participants who are searching for a specific TUWEL element do not have to search the whole page, as now the top left area covers all the core functions.

Furthermore heatmap analysis of the second iteration enabled to identify further rarely used functions. Therefore these elements will be moved into the top bar navigation within the next software development cycle. Also gazeplot analysis showed this effect (see Figure 4b). As fixation strings indicated there was a significant increase of sweeps between the course menu and both the top bar navigation as well as the content area. However, the length of these sweeps is rather short compared to the time-intensive circular sweeps occurring within the first iteration cycle. This might be interpreted as a step towards more efficient visual search.
Compared to the first iteration monotonous linear search has significantly increased within the content area (see an example in Figure 5). Gazeplots’ results go along with participant’s feedback during retrospective analysis. Due to elimination of the blocks on the right, the content area became larger covering the majority of the screen. Therefore students often started their processes there as they knew that they will find all the elements needed for learning. They shifted their attention to the left TUWEL elements only in case they had remembered a faster way to navigate.
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	Figure 4: Overall fixation intensities increased in the top left quadrant of the screen as heatmap (a) and gazeplot (b) reveal
	Figure 5: Monotonous linear search in the content area.


Eye tracking metrics of both iteration cycles are summarized in Table 1. The values represent the arithmetic average of the eye tracking data. Cells colored red represent results that have more than 3.29 standard deviation. According to (Tabachnick & Fidell, 2000) these data should be excluded from the evaluation process as the high variance among participants avoids valid conclusions. Furthermore, the eighth rapid fire task (RFT8) as well as the second and sixth open end tasks (OET2 and OET6) were excluded from the interpretation, because due to changes in the software architecture an identical testing scenario could not be ensured.
The analysis of eye tacking metrics showed, that only the parameter ‘time to first fixation’ has general validity for TUWEL. It clearly pointed out that participant’s attention to find the required GUI elements significantly decreased during the second iteration cycle. This improvement in search efficiency is fairly remarkable as students saw the layout of the new graphical user interface for the first time. In contrast to this all other eye tracking metrics cannot be used to draw valid conclusions for the entire e-learning platform. However, the evaluation of the data on task level enabled the investigation of TUWEL functions in particular. There are significant improvements within the iteration cycles for the rapid fire task 5 and 9 as well as for the open end tasks 1a, 1b and 5. The results for these tasks clearly pointed out that the elements were easy to locate, its complexity decreased and so the visual noticeability and the general strength of element improved. It is important to say that these findings go along with participant’s feedback given during the retrospective analysis.
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Table 1: 
The table shows the data comparison of eye tracking metrics for rapid fire tasks (RFT) and open end tasks (OET). Hereby, ‘IT’ labels the number of iterations whereas Δ indicates the change within them.
Conclusions
It has to be stated that comparison of eye tracking metrics should always be treated with caution as its results are heavily influenced by participant variance. Eye tracking metrics are easy to compute and give a fast overview of the test scenarios. Identification of statistical outliers and consequently the detection of evident usability issues are among its main benefits. The subsequent verification within the next iteration cycle enables in-depth investigation of the findings providing further feedback for the enhancement of the e-learning platform’s user interface. As an example the parameter ‘time to first fixation’ has to be mentioned as it significantly indicated improvement in TUWEL’s search efficiency. However, other statistical metrics could not be applied, especially not for identifying minor changes within iteration cycles. Hereby, change within data cannot be unambiguously concluded to usability modifications as variance among participants is throughout high within eye tracking.
As a general result is has to be pointed out that iterative eye tracking is highly sensitive to any (minor) changes of the stimulus impairing hereby the comparability of the results. Minimal changes on the graphical user interface - such as modifications on layout, screen position, color, shape or contrast of the GUI objects - might imply considerable changes of visual exploration. Therefore applying software improvements by the developer team was always a balancing act how far changes on the user interface might go. This requirement however, contributes to consistency in software development decreasing hereby users’ dissatisfaction with the new GUI. One fundamental disadvantage of iterative eye tracking is that it has a highly time and resource-consuming character. Due to increase comparability a break of three months was planned between the iteration cycles decreasing hereby participants’ memory effect. This condition was necessary as extensive time for analysis and software development for the next GUI was needed. The methodological approach of iterative eye tracking turned out to be fairly valid, however it is inapplicable in regards to practical use for business companies as it might have a poor cost-benefit ratio. 
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Tabelle1

				time to first fixation (sec)						first fixation duration (sec)						fixation count (#)						observation count (#)						time from first fixation to click (sec)						overall sucess rate (%)

				IT1		IT2		Δ		IT1		IT2		Δ		IT1		IT2		Δ		IT1		IT2		Δ		IT1		IT2		Δ		IT1		IT2		Δ

		RFT01		1.390		2.471		-1		0.682		0.426		1		6.1		1.9		1		2.4		1.2		1		2.001		2.328		-1		100		90		1

		RFT02		1.251		3.633		-1		0.469		0.323		1		4.3		5.6		-1		2.4		2.6		-1		2.447		1.481		1		80		50		1

		RFT03		4.321		2.477		1		0.267		0.251		1		0.8		1.1		-1		0.7		0.7		-		1.646		2.506		-1		50		20		1

		RFT04		2.964		3.184		-1		0.423		1.073		-1		3.4		6.0		-1		2.1		2.7		-1		2.769		2.417		1		0		100		-1

		RFT05		2.231		2.141		1		1.071		0.766		1		2.4		2.2		1		1.7		1.4		1		3.272		1.394		1		50		100		-1

		RFT06		4.578		3.788		1		0.390		0.479		-1		0.8		1.4		-1		0.8		1.1		-1		1.754		3.267		-1		50		50		-1

		RFT07		5.145		0.284		1		0.199		0.304		-1		2.4		6.2		-1		0.8		2.5		-1		2.535		2.839		-1		20		40		-1

		RFT09		4.186		2.286		1		0.155		0.359		-1		1.6		0.9		1		0.9		0.9		-		1.979		0.925		1		40		100		-1

		RFT10		5.715		2.769		1		1.065		0.777		1		3.3		3.0		1		1.3		1.5		-1		2.692		2.080		1		70		60		1

		OET01a		0.958		0.905		1		0.518		0.491		1		5.1		2.1		1		1.7		1.2		1		2.131		2.942		-1		100		100		-

		OET01b		37.106		7.850		1		0.371		0.278		1		9.4		4.2		1		6.4		2.8		1		55.282		4.350		1		50		90		-1

		OET03		5.251		4.808		1		0.211		0.315		-1		3.4		5.1		-1		2.8		3.1		-1		11.841		6.139		1		100		100		-

		OET04		5.599		8.985		-1		0.851		1.012		-1		1.8		1.4		1		1.2		1.6		-1		4.558		2.905		1		100		100		-

		OET05		3.218		1.812		1		0.621		0.234		1		2.8		1.3		1		3.8		2.2		1		4.580		2.915		1		100		100		-

																																		65		79		-1






