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Abstract: Mental rotation (MR) is an important aspect of cognitive processing in gaming since transformation and manipulation of visuospatial information are necessary in order to execute a gaming task. This study provides insights on saccadic characteristics in gaming task performance that involves 2D and 3D isomorphic objects with varying angular disparity. Healthy participants (N = 60) performed MR gaming task. Each participant was tested individually in an acoustic treated lab environment. Gaze behavior data of all participants were recorded during task execution and analyzed to find the changes in spatiotemporal characteristics of saccades associated with the variation in angular disparity and dimensionality. There were four groups with unique combination of angular disparity and dimensionality, each with fifteen participants randomly assigned. Results indicate that the spatial characteristics of the object affect the temporal aspect of saccade (duration), whereas the spatial aspect of the saccade (amplitude) is influenced by the objects’ dimension. A longer saccade duration indicates a prolonged suppression of spatial information processing during the MR tasks with objects at convex range angular disparities. Therefore, the MR tasks with convex angular disparity become more complex to process compared to the tasks with reflex angular disparity. MR process is faster and more accurate with 3D objects compared to the 2D objects. There is an interaction between angular disparity and dimensionality in terms of mental demand, such that the MR processing with 2D objects in reflex angular disparity was more mental demanding than that of convex angular disparity; however, this trend was absent in case of 3D objects. Hence, during the MR task, the longer saccade duration implies that the tasks with convex angular disparities become comparatively more challenging. Also, the lower saccadic amplitude for 2D objects indicates difficulties in processing due to deficient visual features. The findings could help in framing the computer-based game (or videogame) concerning MR abilities for training or rehabilitation purposes.
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1  Introduction

Visuospatial information processing involves transformation and manipulation of information. One of its essential aspects is MR, a process through which rotation of mental representations of two-dimensional (2D) and three-dimensional (3D) objects/images is achieved [1]. In general, it is established that individuals are able to allocate that two 2D images portray objects of the same 3D shape even when objects are represented in different orientations [2]. However, what remains relevant from the perceptive of eye-tracking research is to examine the saccadic activities involving angular disparity aspect of dimensionality in MR. Considering saccades are rapid eye-movements involved in shifting the foveal orientation to objects of visual interest [3], understanding saccadic activities pertaining to visuospatial relationship among the chunks of stimuli is important in order to gain better insight about MR. In this effort, the study experiment reported in this paper was designed to explore saccadic characteristics of gaze behavior by developing an MR gaming task. Such visually guided task provides an ideal platform to perform a scientific inquiry in a controlled environment (see Fig. 1) as well as the prospect of future remote gaming tasks facilitated by internet of things (IoT). This has potential for application in developing cognitive training modules for individuals who need visual attention training, and the training effects can be assessed in real-time through neurophysiological measures via the internet of medical things (IoMT) [4]. Further, for investigating the long-term training effects, the heavy-sized measurements can be transferred to the analysis server followed by encrypting and compressing them via various advanced techniques such as chaos-based encryption and compression [5].
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Figure 1: MR process of finding a match of the target from objects A and B

Performing an MR task requires moving visual representation of an object to understand what they are (appearance) and where they belong (space). In a typical MR task, the successive processes followed by a participant are—creating a mental image of the presented object, rotating the mental image until it is comparable to imagery or physical target, comparing, and finally making the decision [6,7]. Fig. 1, illustrates a typical MR process where a participant tries to find the match of the target from the given 3D objects A and B. The participant first selects the object A and mentally rotate it via successive rotations for checking if it matches with the target object and makes the decision. The same is then repeated for object B.

Issues concerning angular disparity and dimensionality in MR have gained attention of various lines of research. Seminal work of [8] reported a study that investigated response time (RT) while the subjects were judging whether the multiple pairs of 3D, cubed, or asymmetrical lined objects were matching with each other. The results revealed that the RT linearly increases from 1 s at 0° to 4–6 s at 180° of angular disparity (orientation difference between two objects). When the angular disparity exceeded 180°, it was reported that the RT did not continue to increase monotonically but started decreasing up to 360°. The authors interpreted the result as a process of mental simulation of the physical world. Physically rotating an object 20 degrees takes less time than rotating it 120 degrees, and the same is true for the MR process. In 1978, [9] also conducted an experiment using similar objects and showed significant sex-based differences in the MR ability, with better performance in the male group. In last two decades, neuroimaging studies have shown an association between specific brain regions with MR. It has been observed that there is rotation-dependent neural activity in dorsal areas, which indicates the spatial nature of the MR process [10,11]. Harris et al. [12], using positron emission tomography (PET) imaging technique, found the right posterior parietal lobe activation during the MR task. Gogos et al. [13] in a functional magnetic resonance imaging (fMRI) study investigated differential activation of regions within the parietal region and their functional sub-specialization by examining the effects of varying the angular disparity.

What is interesting is the growing understanding of the mechanisms underlying MR through the diverse approaches driven by the interest the topic of MR has generated. Among several theories of how a cognitive system deals with a visuospatial stimulus, the piecemeal strategy [14] has been able to attract attention of various researchers and is widely discussed. The emphasis of piecemeal strategy lies in the way a person visually perceives the individual segments of the stimuli. The piecemeal approach in MR process involves segmentation of the mental image into pieces (e.g., the objects’ arms shown in Figs. 3c and 3d), then mentally rotating one piece to align the target object, and then apply the same rotation to the remaining pieces of the objects to see whether they match [14,7]. In the context of eye-tracking approach of understanding MR, eye fixation sequences are considered to suggest a piecemeal strategy during MR tasks [15,16]. As individuals’ fixations maintain the gaze on a single location, MR is closely related to our ability to visually encode spatially distributed information [17,18]. While there are studies [7,16,19–22], that have reported the changes in gaze metrics during the MR tasks, saccadic characteristics require attention of researchers. Irwin et al. [20] suggested that there is suppression of the MR process during the saccadic eye movements. According to Larsen [22] the length of the remaining trials rose linearly as a function of angular disparity until the first saccade switched between the stimulus object, while the original processing time was approximately unchanged until the first saccade switched between the stimulus object. Balaj [22] showed that the number of fixations increases, and their frequency decreases with the increase in rotation angles of the object in an MR task. It suggested that an increase in rotation angle links with an increase in cognitive engagement and increasing task difficulty. Xue et al. [7], using machine learning, showed that the gaze metrics possess the necessary information for determining the processing strategy during an MR task.

With the increase in accessibility to computers, computer-games have become a common engagement for entertainment in the society. This is also being facilitated by the rapidly growing accessibility to gaming apps for the users through handheld devices. A distinctive feature of computer-based gaming task is that it is comprised of complex visuospatial information and a speedy response is required. Therefore, spatial abilities such as MR plays a key role while executing the task efficiently. Increasingly computer-games are also gaining popularity as useful platforms for learning and training including therapeutic purposes aimed at enhancing cognitive skills e.g., 2D and 3D computer-based MR tests [23]. Oei et al. [24] suggested that frequent training of a specific cognitive ability in a video game improves performance in the tasks that share common underlying demands. Meneghetti et al. [25] also found the transfer effects of MR training in the task requiring spatial skill.

This paper emphasizes on the variations of object characteristics i.e., angular disparity and dimensionality. The investigators consider that in an MR task, angular disparity and dimensionality are crucial for identifying the similarities between two objects [26,22]. Angular disparity is a measure of orientation and it represents the spatial aspect of an object, whereas dimensionality (whether 2D or 3D), represents its appearance. Since changes in angular disparity and dimensionality will bring variation in the MR processing strategies, which in turn, is expected to affect task performance. With respect to gaze behavior, the point is that the saccades interfere selectively with cognitive processes that rely on the dorsal stream (also known as where-pathway), such as judgments of object orientation [27] and the image or object size shows the correlation with saccadic amplitude during the scene perception [28]. In general, while individuals perform MR task faster with 3D objects as they hold additional information as compared to the 2D objects, this study makes an attempt to examine how the spatial characteristics (angular disparity) of the object and dimensionality (2D/3D) affect temporal aspect of the saccade and spatial feature of the saccade respectively. The matter of focus is that this study expects— (a) longer saccadic duration involving convex angular disparity as compared to reflex angular disparity and (b) higher saccadic amplitude for 3D objects as compared to 2D objects.

2  Materials and Methods

2.1 Gaming-Task Design

In this study, investigators have used objects with multi-arms block-and-line similar to Shepard et al. [2] and Vandenberg et al. [9] by redrawing them in Blender's Python API (https://www.blender.org). The isomorphic pairs of 2D and 3D objects with two categories of angular disparity ranges, i.e., convex angle: 0°–180°, and reflex angle: 180°–360° were utilized in the tasks. The gaming tasks were designed using the Unity 3D game engine (https://unity.com/) to identify the best matching object from a given group of similar-looking objects as soon as possible. The gaze metrics—saccade duration, saccade amplitude, saccade velocity, and pupil size were acquired while participants were performing the gaming tasks using a desktop mounted eye-tracker.

RT was recorded for each trial during the experimental task. Simultaneously, the gaming scores were also recorded to find variation in task performance. National Aeronautics and Space Administration-Task Load Index (NASA-TLX) (Android version 1.0.1. BackGateEducation, https://play.google.com/store/apps/details?id=org.texoft.nasa_tlx) was used to measure the variation in the cognitive workload (CWL) of the participants.

For the gaming task, 2D and 3D objects with multi-arms were designed using Blender's Python API. In this study, 2D and 3D objects were isomorphic in nature. The 2D objects were obtained by removing the depth of their 3D counterparts. The game was developed for the Windows platform and presented on a 24 inches display with a 1920X1080 screen resolution (Tobii TX300). The participant had to fill the personal information at the beginning of the game that included personalized user log files. In each trial of the game, a player had to identify a multi-arms object presented on the left side of the monitor and from a group of five look-alike objects (distractors) on the right side. The distractors were rotated on a fixed angle. Based on the angle of rotation and dimensionality of the objects presented, the complete game was divided into four sections:

(i)   2D objects with convex angular disparities,

(ii)   3D objects with convex angular disparities,

(iii)   2D objects with reflex angular disparities,

(iv)   3D objects with reflex angular disparities.

The four convex type angular disparity conditions for sections (i) and (ii) were AD1CA (=40°), AD2CA (=80°), AD3CA (=120°), and AD4CA (=160°) whereas, the four reflex type angular disparity conditions for sections (iii) and (iv), were AD1RA (=320°), AD2RA (=280°), AD3RA (=240°), and AD4RA (=200°). The angles for AD#RA were the reflection of their convex counterparts from AD#CA across the 0° line in Fig. 2. The objects were rotated in XY-plane (the plane of the monitor screen), considering Z-axis normal to the plane.

Note: AD= angular disparity, CA= convex angle, RA= reflex angle, ‘#’ represents the index of the rotation.
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Figure 2: Angular disparity conditions for convex angle (CA) and reflex angle (RA) ranges in the experiment

The location of the correct answer was randomized, and the player had to identify the match and click by the mouse button as soon as possible to proceed to the next trial. The trials were not time-limited so that a player could take time to respond as per his/her convenience, and the time was recorded as RT. One score for each correct answer was accumulated and displayed on the right upper corner of the screen throughout the gaming task. Figs. 3a and 3b show the setting window, and login window of the game while c–d show the snapshots of the task at any arbitrarily chosen time point during the game for a 2D and a 3D section. We also integrated event-markers at the start and endpoints of each session to identify the synchronized eye-tracking data for the corresponding sessions.

2.2 Experimental Design

This study is a 2(AD: Convex Angle vs. Reflex Angle) × 2(D: 2D vs. 3D) between-groups design. There were four groups and, in each group, objects from four categories of the varying number of arms (4, 5, 6, and 7 arms) were presented twice for each of the four angles of rotation. Therefore, each of the four groups included 32 (4: arms × 2: repetitions × 4: angular disparities) trials altogether. Tobii TX300 (Tobii Tech, Sweden) eye tracker monitor was used as a gaming console, and participants’ gaze data during the gameplay was recorded simultaneously.
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Figure 3: a) Game monitor setting window, b) Participants log in window, c) 2D representation of objects in the tasks and d) 3D representation of objects in the tasks

2.3 Participants and Experimental Setup

After the Institute Human Ethics Committee of the Indian Institute of Technology Indore approved the study, 72 healthy adults were recruited for their voluntary participation in the experiment. Due to issues related to eye-tracker calibration, few participants were not included in the study. Finally, 60 participants (51 males and 9 females; all right-handed; M = 21.6 years; SD = 3.13; range = 18–29 years; with no history of mental disorders) were included in the study.

Each participant had individual experimental session. Informed consent was obtained from each of the participants before starting the experiment, and they were randomly divided into four groups, 15 participants in each group. Each of these four groups was assigned one of the four sections of the gaming tasks.

All the participants received a token of thanks with a T-shirt for their participation in the study. During the experiment, Tobii TX300 eye-tracking system was used for acquiring participants’ gaze behavior data at a sampling rate of 300 Hz. The participant was seated on a comfortable chair facing towards the monitor and ∼65 cm apart from the eye-tracker (Fig. 4b). The eye-tracker calibration with every participant was done at the beginning of the gaming session. To synchronize the eye tracker system with the trials of the gaming task, a Stim tracker system (Cedrus Corporation, USA) was used. The experiment was conducted in an isolated sound proof experimental room which was acoustically treated and specially designed for performing research involving human participants. The room had a proper lightening and ventilation to provide a comfortable environment during the experiment. The room as well as all the utilized instruments were properly sanitized before each session.
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Figure 4: a) Experimental workflow; b) Schematic diagram of the experimental setup (A: Tobii TX 300 Eye-tracker; B: Data acquisition computer; C: Task monitor)

2.4 Task Execution and Data Acquisition

The experimental task was presented using Tobii Studio (version 3.3.2). Prior to the commencement of the experiment, the experimenter explained the instructions for the task execution in details to each participant. After the calibration of the eye-tracker, a practice session with four trials was provided to the participant to get familiar with the task. The task used for the practice sessions was similar but not part of the actual experimental task. After the practice session, each participant started to execute the actual gaming-task assigned to the group. A photodiode attached on the monitor and Stim tracker was used for marking each trial to get the task-synchronized eye-tracker data. The gaming scores, response accuracy, and RT were saved as an output log file of the game. After the gaming- task session ended, the CWL experienced by the participants during the experimental task was measured by administering NASA-TLX. Fig 4a shows the experimental workflow and Fig. 4b shows the experimental set-up.

2.5 Data Analysis

2.5.1 Computation of Parameters of Gaze Behavior

Saccadic duration: It is the time taken to complete a saccade and lies within a few tens of milliseconds. The visual information takes ∼75 ms to reach the visual cortex, which is usually faster than the saccade duration; therefore, the saccades cannot be modified during the transmission of visual information. The duration of saccade has been suggested as a period with no visual intake [29,30] and cognitive processing suppresses [19] during saccades. The investigators computed average saccadic duration (in millisecond) for each of the four groups.

Saccadic amplitude: Saccadic amplitude (or saccadic length) is the size of the saccade; it is the visual angle between two consecutive fixations usually measured in degrees or minutes of arc. A higher saccadic amplitude means the eye has travelled a greater distance during the saccade. In this study, average saccadic amplitudes were computed for each group in degree.

Saccadic velocity: Saccadic velocity is the ratio of saccadic amplitude and duration, and it is usually reported in degree per second. Velocity level can change along with eye movement; therefore, the average of the velocity is usually computed. Saccadic velocity has been used as a measure of cognitive activation level, often called arousal level. Low vigilance decreases saccadic velocity [31], and so does tiredness [32]. However, McGregor and Stern [32] suggested that the saccadic velocity change as an index of ‘fatigue’. The decrease in saccadic velocity indicates mental fatigue (tiredness) [33].

Pupil size: Another important and widely used measure of gaze behavior is pupil size, usually measured as pupil diameter (in mm). The pupil dilates with the increasing complexity of the task [22] and its size instantly responds to the changes in the CWL [34].

2.5.2 Computation of Parameters of Game Performance

RT: To measure the participant performance during the MR task, the RT is an important parameter. It is the elapsed time between the task/trial presented, and the response provided. Mean RT for the four groups were calculated.

Gaming task score: The MR task was presented in the form of a computer-based game, and the participants were rewarded by one mark for each correct answer. Accumulated score at any point of time was displayed on the right upper corner of the monitor throughout the session. After completion of a task, the total marks scored were used as another measurement of performance in the study. The gaming scores, response accuracy, and time were saved as an output log file of the game.

CWL: CWL of each participant was measured using the android-based application of NASA-TLX. The test was done on all participants when they completed the computer-based gaming task. The participants answered the questionnaires of NASA-TLX by rating each of the six subscales (mental demand, physical demand, temporal demand, performance, effort, and frustration level) according to the CWL they experienced during the task execution. The rating scale ranged from very low to very high for all dimensions except for the performance, which varies from perfect to failure. After rating, the CWL for each subscale and the overall CWL were automatically calculated by the application.

3  Results

The data were analyzed offline using MATLAB®, Version 2010b (MathWorks, USA) and SPSS® Version 22 (IBM Corporation, USA). Tobii Studio provided eye-tracking data for each participant. The investigators first extracted the saccadic parameters and pupil size for each of the 60 participants and averaged these metrics within the four groups for further statistical analysis. Using the distribution within each group and their group average, we further conducted the statistical analysis.

To infer the statistical significance, the investigators used alpha level 0.05 throughout this paper. Fig. 5 shows the major steps in the study for analyzing the gaze data from the eye-tracker, task performance measures from the MR gaming-tasks, and CWL scores from the NASA-TLX test (Tab. 3).
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Figure 5: Framework of different sets of data

3.1 Gaze Behavior

Analysis revealed a significant main effect of angular disparity on saccade durations i.e., convex angular disparity had longer time duration than reflex angular disparity see Fig. 6a and Tab. 1. There was no significant main effect of dimensionality on saccade durations; see Tab. 1. There was no significant interaction between angular disparity and dimensionality for their interactive effect on saccade durations; F(1, 56)=0.496, p = .484. The two-way ANOVA test on saccadic amplitude for 2(AD: Convex Angle vs. Reflex Angle) × 2(D: 2D vs. 3D) between-groups design showed a significant main effect of dimensionality i.e., there was higher saccadic amplitude for 3D objects as compared to 2D objects. see Fig. 6b and Tab. 1. The analysis revealed no significant main effect of angular disparity on saccadic amplitude, although convex angular disparity range has higher saccadic amplitude than the reflex range; see Tab. 1. There was no significant interaction between angular disparity and dimensionality for their interactive effect on saccadic amplitude, F(1, 56) = 0.215, p = .645. Further, a two-way ANOVA on saccadic velocity for 2(AD: Convex Angle vs. Reflex Angle) × 2(D: 2D vs. 3D) between-groups design showed a significant main effect of dimensionality. 3D objects had higher saccadic velocity in contrast to 2D see Fig 6c Tab. 1. There was no significant interaction between angular disparity and dimensionality concerning their interactive effect on saccadic amplitude, F(1, 56) = 0.005, p = .941 see Fig. 6d and Tab. 1. The boldface in Tab. 1 represents a significant p-value.

3.2 Task Performance

3.2.1 Response Time

A two-way ANOVA for 2(AD: Convex Angle vs. Reflex Angle) × 2(D: 2D vs. 3D) between-groups design was performed in order to examine variation in RT. Neither AD nor D showed a significant main effect on RT. Also, there was lower RT for 3D as compared to 2D; see Tab. 2 and Fig. 7c. There was no significant interaction between angular disparity and dimensionality concerning RT.

The correlation test was performed to investigate the correlation between task RT and gaze behavior. The correlation test was performed to investigate the correlation between task RT and gaze behavior. The result showed a significant negative correlation between RT and saccade duration r(60) = –.330, p< .05, 2-tailed. Similar trend was observed between RT and saccadic amplitude as well r(60) = –.376, p <. 05, 2-tailed. Fig. 7a shows the negative correlation between RT and saccadic duration while Fig. 7b demonstrates the negative correlation between RT and amplitude of the saccades.
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Figure 6: Overlapped box-violin plots a) Saccade duration for convex and reflex angular disparities, b) Saccade amplitude for 2D and 3D object dimensionalities, c) Saccade velocity between 2D and 3D object dimensionalities, and d) Pupil size between 2D and 3D object dimensionalities
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3.2.2 Gaming Task Score

The analysis showed a significant main effect of dimensionality on gaming task-scores with lesser value for 2D than the 3D, but no significant main effect of angular disparity was found for the same; see Fig. 7d, and Tab. 2. The test revealed no significant interaction between angular disparity and dimensionality concerning their interactive effect on the score of the task, F(1, 56) = 0.106, p = .746. A significant positive correlation between the score of the task and the pupil size was found r(60) = .280, p <. 05). Fig. 8a shows the correlation plot between the task-score and pupil size.

3.3 CWL

A two-way ANOVA for 2(AD: Convex Angle vs. Reflex Angle) × 2(D: 2D vs. 3D) between-groups design was performed in order to examine CWL. The results showed no significant effect of angular disparity, F(1, 56) = 0.531, p = .469 as well as dimensionality, F(1, 56) = 0.108, p = .744 on the overall CWL. We also did not find a significant interaction between the angular disparity and dimensionality, F(1, 56) = 0.383, p = .539. However, there was a significant interaction between angular disparity and dimensionality, F(1, 56) = 4.601, p = .036, (see Fig. 8d) in terms of mental demand subscale, in such a way that the MR processing with 2D objects in reflex angular disparity was more mental demanding than that of convex angular disparity; however, in the case of 3D objects, this pattern did not exist. Also, there was a significant negative correlation between mental demand and pupil size r(60) = –.278, p <. 05); see Fig. 8b.
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Figure 7: Correlation between a) Saccadic duration and average RT, b) Saccadic amplitude and average RT, c) Average RT for two angular disparity and the two dimensionality conditions, and d) Mean gaming scores for two angular disparity and the two dimensionality conditions
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Figure 8: a) Correlation between pupil size and task score, b) Correlation between pupil size and mental demand index, d) Overall CWL index for all the four groups, d) Interactive effect of angular disparity, and dimensionality on mental demand

4  Discussion

Visuospatial information processing in MR gaming task relies on perceiving, analyzing, manipulating, and transforming visual patterns. While looking at objects in order to perform the gaming task, human eyes are bombarded with various aspects of visuospatial information eye-tracking system is a useful tool to analyze gaze behavior of the users.

This study demonstrates that the spatial characteristic (angular rotation) of an object in the MR task influences the temporal characteristics (saccade duration). The significant effect of angular disparity on saccade duration implies a prolonged suppression of spatial processing [19,20]. The longer saccade duration indicates an elongated suppression of spatial information processing during the MR tasks when the object's angular disparity was in convex range. It is important to note that RT increases monotonically from 0° to 180° of angular disparity but decrease from 180° to 360° by identifying a shorter path using structural properties independent from the object's orientation [35]. Object view similarity often varies in response to increased angular disparity. Images/objects differing by a large angular disparity might be more similar to those with a smaller rotation difference [36]. When object rotates with a reflex angular disparity, it starts turning towards the reference object's orientation which eases the object recognition. Thus, with increasing angular disparity the comparison gets easier and RT decreases in reflex angular disparity range in contrast to the increasing RT with rotation in convex angular disparity. Thus, the complexity and time-consuming nature of convex range rotation are higher than the reflex which leads a longer saccade duration in convex range [37,38]. Increasing saccade duration shows the decreasing processing capacity in convex range than reflex range [39]. Interestingly, however, it is possible only in the case a participant chooses the shortest path to rotate an object from 180° to 360° range in the opposite direction because saccade duration would be higher in terms of the travelled path for rotation in convex range than the reflex. A negative correlation was found between saccade duration and fixation count that means higher fixation count in reflex angle range than convex. Since the number of saccades between stimuli decreases with experience, participants encode more complete representations, requiring fewer encode–rotate–compare iterations [40,21]. The cognitive emphasis on the angles or major feature of the visual stimulus has significant contribution in the creation of an internal representation of the stimulus, and when an original stimulus is perceived and interpreted by matching, similar fixation pattern is used on the matched stimuli. Subjects fixate on the same points, edges, or angles of the paired object in the same order as they did when encoding the previous stimulus [41]. In this case, the RT is possibly also affected by object features, e.g., the number of arms and dimensionality, rather than being influenced by angular disparity only. It can provide an external cue to anticipate the object, which might help the participant to make a correct decision. Thus, the RT can also be affected by anticipation and reinforcement learning. The participants might have applied different strategies apart from MR and found this strategy right for finding correct answers. If this strategy succeeds in the coming trials, it gives confidence to the participant to continue the same approach, which worked in each group, and that is why there is no significant difference in terms of RT either in case of angular disparity or dimensionality. According to Van Duren et al. [42] Van Duren and Sanders, target classification and response selection may also occur during a saccade. They hypothesized that during saccades, perceptual processes like stimuli encoding could be suppressed, but post-perceptual processes like target classification and response selection might not. Though the previous studies [2,35,27] expected to rotate the object in the same direction for both angular disparity ranges, we are not sure about the path participants followed to rotate and match the objects. Since the statistical test did not show a significant effect of angular disparity on RT, we can assume that the participants matched the arms of the target with the options instead of mentally rotating them.

In the current study, investigators did not find a significant effect of dimensionality on saccadic duration. The saccades interfere with the visual information which is processed by dorsal pathways (where pathways), such as judgments of object orientation [27]. The spatial characteristics of the object get suppressed during saccade in an MR task. Here, in this study, the angle is the parameter, which is affecting objects’ spatial orientation or location, whereas dimensionality reflects objects’ physical appearance. This could be the reason that saccade duration was unaffected by dimensionality. It is well known that during saccadic eye movements, exposure to visual stimuli is decreased, a phenomenon known as “saccadic repression” [43,44]. The suppression of visual sensitivity during saccades is primary because of visual masking [45]. The intake of objects’ visuospatial features is masked while planning to make the saccade, during which the brain sends signal to suppress the visual pathways [46]. Though the subject focuses on the target during saccades, the suppression in perceiving angular disparity affects individual's performance in MR. Suppression of cognitive processes during saccades might be expected to occur only when limited processing resources must be shared [19]. According to the dual-task theory, cognitive processing can be suppressed during saccades only when shared processing structure are used. While a diverse network of brain structures is involved in the generation of saccadic eye movements, the frontal (and supplementary) eye fields and the posterior parietal cortex tend to be the most important cortical regions [47]. Thus, dual-task hypothesis suggests that during saccades, cognitive processes that include these same brain regions will be suppressed. As suggested by several neurophysiological studies (e.g., [48–50], MR is one such process that involve parietal region. It was also thought that perceptual memory gets updated during saccades so that information gathered across fixations can be processed.

There was significant effect of dimensionality on saccadic amplitude and velocity. The lower saccadic amplitude and velocity were found for 2D objects, indicating that the tasks were more challenging and attention demanding than the 3D objects. The reason behind higher amplitude and velocity of saccades in the case of 3D objects can be understood in terms of how the brain anticipates the three-dimensional consequences of eye movements because of the depth perception of the objects [51]. Saccadic amplitude has been found directly proportional to the stimulus (image) size and dimension [28]. As the saccadic amplitude increases, it means that a greater portion of the object is being interpreted and a more complete representation of the object is being formed [40]. Surface depth gradients are followed by saccadic eye movements during random exploration of visual images/objects. Thus, surface orientation has a major impact on eye movements regardless of the task, when viewing stimuli in three dimensions [52]. The type of stimuli influences even simple eye movement properties. Furthermore, saccade dynamics vary when viewing 3D images vs. 2D images as the saccade velocity increases with the addition of 3D depth cues. More comprehensive images are explored faster i.e., the duration of fixations is decreased for images containing more information [53]. Angular disparity did not significantly affect saccadic amplitude and saccadic velocity. The possible reason behind this could be the reflexive nature of these saccades and dealing with the ventral stream, also known as what stream. A surprising and swift route connects visual processing in the ventral pathway (stream) with saccadic eye movement programming [54]. In this case, the object's appearance (dimensionality) influences on the effects of the spatial characteristics (angular disparity). The saccade velocity is mathematically closely connected with the amplitude, so the effect of dimensionality on saccade velocity was observed similar to the saccade amplitude. For rising saccade amplitude, not just the mean but also the maximum velocity increases. The amplitude of the saccade is a regulated quantity in the saccadic movement of the eyes on which the clear reception of the required visual information depends. Each saccadic eye movement is performed at maximum velocity, allowing for the necessary precision to be achieved. Therefore, when a participant scrutinizes an object, the saccadic amplitude gets shorter than during overview scans, which often happens if the task difficulty and complexity increases.

It is interesting to see a significant effect of dimensionality on the gaming task score. The lower scores under the 2D objects category reflect that the participant faced more challenges while mentally rotating the 2D objects as compared to the 3D (i.e., speed-accuracy trade-off). This trend was present in case of saccadic amplitude as well. The findings of the current study are in agreement with reports of Neubauer et al. [55] that claimed higher RT and a lower score of tasks for 2D presentation mode in MR. Though few previous studies suggested that 3D objects are more challenging in terms of correct responses as well as RT. However, those studies compared different non-isomorphic 2D and 3D objects. In the current study, the 2D objects were isomorphic to the corresponding 3D object obtained by removing the depth (Z-axis). 3D objects have comparatively more detailed information, so the brain may start anticipating the consequences of their rotation before the saccadic eye movement starts [51]. This phenomenon makes the MR process faster and reduces RT in an active task. Though, there was insignificant effect of dimensionality on RT, however, the mean RT was found lower for 3D objects as compared to 2D objects. The lower mean RT and high gaming task score collectively support the point that 3D condition can provide an external cue for anticipation, which may help the participant to make correct decisions and execute the task more efficiently in contrast to 2D condition [56].

Angular disparity as well as dimensionality did not significantly affect the overall CWL. Result showed a significant interaction of angular disparity and dimensionality for mental demand sub-scale of NASA-TLX in such a way that the MR processing with 2D objects in reflex angular disparity was more mental demanding than that of convex angular disparity; however, this trend was absent in case of 3D objects. Interestingly, lesser pupil size has been found in the case of the 2D object than 3D. Here, pupil size is getting affected by depth perception of the object. The basic act of recollecting the information will cause the pupil to dilate.; however, when the brain has to store and process the information at a faster pace than it can handle, the pupil contract [57]. Depth perception is helping the participant to match the target object with the given option. That is why we have found a negative correlation between pupil size and mental demand. The lesser pupil size in 2D means higher mental demand in 2D compared to 3D.

5  Conclusion

The study analyzed gaze behavior and task performance during a computer-based MR gaming task and investigated the effect of the angular disparity and dimensionality on user performance while executing the task. The isomorphic 2D and 3D images were used to minimize the other confounding factors than the dimension differences. The findings reveal correlations among objects’ spatial and appearance characteristics, gaze metrics, and task performances. The study showed that the spatial characteristic of the object, i.e., angular disparity, affects the temporal aspect of the saccade, i.e., saccade duration. In contrast, the spatial aspect of the saccade, i.e., the saccade amplitude and velocity, gets influenced by the objects’ dimension. More suppression of MR processing during convex angular disparity is making it more effort seeker, than the reflex one. The study also reveals that MR may occur faster and more accurately with 3D objects as they hold additional information, such as depth. As the 2D objects include less object information, a prolonged search for object features may delay the response. The interaction between angular disparity and dimensionality for mental demand in the gaming task indicated that they together could turn the task more challenging, which may increase the RT. Though the study has a few limitations, the findings enlighten the association of dependent and independent parameters in the MR task, which can be considered for making the strategies for improving the performance in a task involving spatial manipulation. Future studies will benefit if 2D objects are completely free from possible cue of depth. In the current study 2D objects were generated by removing the depth effect from the 3D objects. The results may also help in planning the structure of a computer-based game (or videogame) to train MR abilities for training or rehabilitation purposes. However, encountering the limitations would undoubtedly provide more confidence and possibly other significant effects of variations in angular disparity and dimensionality.
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Table 1: Saccadic metrics and their significance for different angular disparity and dimensionality
groups (M: mean, SD: standard deviation)

Saccade duration
(ms)

Saccade amplitude
(deg.)

Saccade velocity
(deg./s)

Pupil size
(mm)

2D 3D
M=32, M=33,
SD=3.7 SD=3.6
F(1, 56)=0.535, p=.468

M =6.809, 637,
SD=1257 SD=1.103

F(1, 56)=7.541, p=.008

M=212.24, M=233.84,
SD=29.33 SD=26.81
F(1, 56)=8.562, p=.005

M=3.323, M =3.528,
SD=0.368 SD=0.445

F(1, 56)=3.693, p=.060

Convex Reflex

M =34, M=31,
SD=3.38 SD=3.1
F(1, 56)=6.289, p=.015

M =17.499, M =6.948,
SD=1.362 SD=1.068
F(1, 56)=3.342, p=.073
M=223.53, M=22255,
SD=32.14 SD=28.05
F(1, 56)=0.017, p=.895

M =3.408, M=3.443,
SD=0.444 SD=0.395

F(1, 56)=0.104, p=.748
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Table 3: NASA-TLX CWL scores and significance of differences between groups with different
angular disparity and dimensionality (M: mean, SD: standard deviation)

Overall
CWL

Mental
demand

2D 3D

M=47. 7577, M =49.0533,
SD=14.1115 SD=16.1126
F(1, 56)=0.108, p=.744

M=58.57, M=60.57,
SD=2295 SD=19.748

F(1, 56)=0.143, p=.706

Convex Reflex

M=469666, M =49.8444,
SD=14.71099  SD=15.4571
F(1, 56)=0.531, p=.469
M=5507, M=64.07,
SD=23.11 SD=18.523
F(1, 56)=2.901, p=.094
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Table 2: Gaming-task performance and significance of differences between groups with different
: standard deviation)

angular disparity and dimensionality (M: mean, SD:

2D 3D
Averaged M=32631, SD= M=26318, SD=
response/RT 17.863 12.973
(s)
F(1, 56)=2.508, p=.119
Gaming M=1643, M=21.67,
task score  SD=3.540 SD=3.546

F(1, 56)=32.119, p=.001

Convex Reflex
M=25.860, SD= M=33.090, SD=
16.237 14.743

F(1, 56)=3.290, p=.075

M=19.47, M=18.63,
SD=4.091 SD=4.709

F(1, 56)=0.814, p=.371
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