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Augmenting visual art in art galleries can be an effective Audio Augmented Reality (AAR) application for indoor exploration. In the current study, eight paintings from four genres were augmented with audio through their sonification. Basic Audio was generated using a sonification algorithm by identifying the major colors of the paintings, and Enhanced Audio was generated by a musician enhancing the Basic Audio; these were presented with the paintings to compare against No Audio. Twenty-six participants viewed each painting in all three conditions; eye gaze metrics, and qualitative data were collected. Results showed that Enhanced Audio led to significantly greater engagement and positive sentiments, compared to Basic Audio. Thematic analysis showed semantic and syntactic relationships of the audio with the paintings, and a tendency to guide users’ gaze over time. Findings from this study can guide future AAR developments to improve auditory display designs to enhance visual experiences.

INTRODUCTION
Since the inception of the concept of Augmented Reality (AR) in 1957 (Azuma et al., 1997, 2001; Shamsuddin et al., 2010), noticeable efforts have been made to better define the concept. The Virtuality-Reality continuum was proposed in 1994, which consisted of a spectrum with the Real Environment on the left end, and a Virtual Environment on the right end (Milgram & Kishino, 1994). The space in between the two ends was described as Mixed Reality (MR), composed of a mixture of real world elements along with virtual elements. Speicher et al. (2019) described a MR framework consisting of the number of environments and users, level of immersion and virtuality, and degree of interaction. The space within the subset of MR, and closer to the Real Environment end of the spectrum, was described as AR. Milgram and Kishino (1994) defined AR as the augmentation of the real world by means of virtual objects. Further requirements for AR applications were the overlaying of digital content on top of a user’s physical reality, and allowing for interactions between the digital content and reality (Azuma et al., 1997, 2001; Shamsuddin et al., 2010). Another differentiation between AR and MR was where the digital graphics were displayed – if the graphics were presented on visual displays, it would be AR, but if the graphics were presented over the physical environment, it would be MR (Skarbez et al., 2021). This topic was revisited a few years later due to advancements in emerging technology such as AR and VR, and a modified version of the Virtuality-Reality continuum was proposed (Skarbez et al., 2021). The new continuum, however, continued to define AR in a manner similar to the original definition (Milgram & Kishino, 1994).


Visual AR Applications
Vision-based AR applications gained traction in the field of manufacturing and industrial engineering (Fiorentino et al., 2002; Kim et al., 2020; Mourtzis et al., 2020). Such applications have also been used in the medical field to display areas that are directly not visible, such as in laparoscopic and orthopedic surgeries (Arena et al., 2022; Bajura et al., 1992; Pietrzak et al., 2006; State et al., 1994, 1996; Verhey et al., 2020; Vogt et al., 2006). Further developments include the entertainment industry, with games such as “Pokémon GO” as one of the most popular AR based games (Rauschnabel et al., 2017). As the technology matures (Li et al., 2017; Streitz & Markopoulos, 2017), the need for improved visualizations in AR also increases (Zollmann et al., 2021).  In terms of utilizing visual augmentations for visual artworks, AR augmentations to provide additional information were effective for paintings such as the Mona Lisa, and The birth of Venus (Serio et al., 2013; Dieck et al., 2018). Such efforts that utilize visual AR, or dynamic auditory displays to increase immersion have also been found to increase users’ willingness to pay for the experience (He et al., 2018). 
Advantages of Auditory Displays
A common theme across the above examples is the fact that AR applications have only been considered with the visual modality, meaning all overlaid information has been presented using a visual display. This does not mean that augmentations to reality cannot be made via other modalities, such as hearing. There are benefits to using auditory displays to augment reality. Wickens’ multiple resource theory suggests that when an alternate modality is used to display information to the user for a secondary task, it can lead to improved dual task performance, as long as the information for the secondary task is presented using a modality that does not compete for the same mental resources as the information for primary task (Wickens, 2008). Consider the example of fault detection and repair jobs (Fiorentino et al., 2002; Kim et al., 2020; Mourtzis et al., 2020); if workers were provided an auditory display together with the visual AR display, it could allow for a potentially less cluttered visual display, while simultaneously providing auditory input of easier fault detection. For better utilization of limited screen estate, early phone makers were interested in offloading certain information to sound and haptic modalities to improve cognitive activation, and create an emotionally richer experience when interacting with the phone interface; this led to the combination of auditory-haptic feedback (Chang & O’Sullivan, 2005). Another advantage of using audio to augment reality is the fact that human hearing is omnidirectional, and the human ear can use interaural time and intensity differences between the left and right ear to localize sound sources in the azimuth and elevation planes (Algazi et al., 2001; Asano et al., 1990; Dobreva et al., 2011; Middlebrooks, 1992; Middlebrooks & Green, 1991). Researchers have used the same concept in vision-based AR through attention funnels to reduce search times, and improve consistency in performance (Biocca et al., 2006). 
Audio Augmented Reality (AAR)
Despite these advantages, it has been challenging to systematically explain what  AAR is. Only recently has the concept been realized through a grounded theory study. The most recent work on a taxonomy for AAR presents three overlapping aspects that best describe true AAR experiences (Dam et al., 2024). Together, these aspects define the concept of AAR as, “augmented auditory stimuli that are goal-directed, immersive, but distinct from real sounds, and adapted to users’ context” (Dam et al., 2024).
Environment Connected. This aspect describes users’ ability to sense an alternate environment through the augmenting audio, while maintaining awareness and interaction with their immediate physical environment. The augmenting audio should also be distinguishable from any audio already present in the physical space.
Goal Directed. This describes the extent of assistance users receive from the augmenting audio to accomplish their primary goal(s). The augmenting audio must be semantically recognizable, directly relevant to users’ goal(s), and sufficiently salient as other modality cues to be helpful to users.
Context Adapted. This aspect describes the extent of adaptation of the augmenting audio in response to changes in users’ immediate reality over time. The augmenting audio must also allow for social interaction, without isolating users socially. Further, instead of always providing additional auditory cues, AAR applications should be able to transform existing sounds in users’ environment to augment their reality.
RELATED WORK
Audio AR Applications 
Given the advantages of human hearing, and the recent work in defining the concept of AAR, it is sensible to utilize this knowledge to develop AAR applications. An auditory game where the user must coincide their location with moving virtual sound sources in a physical space to defeat “Eidola” creatures was developed as a prototype to demonstrate how auditory displays could be used to develop AAR games (Moustakas et al., 2009). Adaptive mixing of virtual sounds with real world sounds has also been shown to improve overall immersion, and localization performance in AAR games (Moustakas et al., 2020). Another method of using AAR has been the augmentation of real world objects with spatialized virtual sound sources to provide immersive interactions (Yang & Mattern, 2019). Although not described as AAR, the use of spatial audio has been shown to reduce task completion times, and be rated as more ‘useful’ for searching and navigating tasks (Rumiński, 2015). Further, the use of auditory displays has been cited as an integral part of reaching inconspicuous user interfaces, especially in social context, and in multimodal interfaces (Krevelen & Poelman, 2010). In an outdoor exploration study, users were provided with auditory cues in the form of earcons and speech based on their distance from certain landmarks inside a park to assist in increasing users’ exploration times, and engagements with landmarks present in the outdoor space; the earcons for each landmark were arbitrarily chosen to be animal sounds, and the speech content included factual description about the landmark (Vazquez-Alvarez et al., 2012). In a similar indoor exploration task in an art gallery-like setup, a top sonification layer and an interactive secondary layer of auditory displays were tested for each artifact (Vazquez-Alvarez et al., 2016). The top sonification layer presented “chattering voices” to attract users’ attention, and the interactive secondary layer displayed element-related earcons. The interactive secondary layer allowed users to cycle through ‘water waves’ sounds to represent deeper interpretations from the artist, ‘open crackling fire’ sounds to represent warmth and excitement as reported by non-experts, and ‘stormy winds’ sounds to represent negative feelings, also reported by non-experts. Another indoor exploration study developed and tested the LISTEN system, where it was possible to display augmenting audio sources based on users’ preferences and motion, as they viewed an art exhibition by August Macke (Zimmermann & Lorenz, 2008); the audio consisted of descriptions about the contents of the visual objects, and their relations to the physical space. The goal of the LISTEN system was to increase visitors’ knowledge on the exhibit items, improve comprehension of semantic relations, and also increase considerations of the social context when visiting museums and exhibits (Zimmermann & Lorenz, 2008). Yet another indoor exploration study utilized a mobile device to recognize the paintings, and augment visitors’ experiences by providing descriptions, analysis, interpretation, and judgement through comparisons with similar paintings in efforts to enhance visitors’ learning effectiveness (Chang et al., 2014).
Sonification-based Audio AR Applications 
The topic of sonification has not necessarily been considered a form of AAR, yet. Sonification has  been defined as, “transformation of data relations into perceived relations in an acoustical signal for the purposes of facilitating communication or interpretation” (Barrass & Kramer, 1999; Kramer et al., 2010; Walker & Nees, 2011). One could interpret this definition to closely match the Goal Directed aspect of the AAR taxonomy,  since the audio should be designed to provide enhanced interpretation of said quantity, and the quantity is mapped to custom acoustic elements for the goal of improving users’ understanding of the data. Similar overlaps have also been discussed by Hermann (2008) among sonification, and music and media arts, which could be used to create AAR experiences.  Jeon et al. (2012) utilized users’ input, and animal movement in an aquarium to enhance cognitive and affective aspects of the user experience, by mapping animals’ height in the tank, and their swimming speed to pitch and tempo, respectively. The resulting audio was customized for children, and visually impaired users, and produced an engaging immersive experience when viewing the animals in the aquarium. Such sonification-based approaches to provide navigational cues by mapping orthogonal spatial dimensions to perceptual hearing qualities have also been used in surgical use cases where a target may not always be visible directly  (Ziemer & Schultheis, 2019; Ziemer, 2023). As a way of informing passing pedestrians of the city’s air quality, a three level musical sonification algorithm was proposed to create a sonic atmosphere with considerations for peripheral and focused listening experiences (Rönnberg & Löwgren, 2021). Here, the considerations for an appropriate sonic atmosphere, and the need to adapt the sonification for peripheral and focused listening are akin to the AAR aspects of Environment Connected, and Context Adapted (Dam et al., 2024), respectively. Musical sonification to convey data and emotion simultaneously has also been studied, with the results indicating that musical sonification may not be sufficient to convey as much information, but may be better suited to communicate positive steady affective states instead (Rönnberg, 2021). Dancers’ movements may also be sonified in real time by translating dancers’ movements and physiological bio signals to sound to expand the aesthetic components of a dance performance (Jeon et al., 2015). Another example of using sonification as a form of AAR has been the sonification of energy consumption in a kitchen to provide users with feedback to encourage more sustainable lifestyle choices  (Groß-Vogt et al., 2018). With regard to visual art, SOVIA plays music and nature sounds corresponding to different areas of Monet’s landscape paintings, based on where the user places the cursor (Gayhardt & Ackerman, 2021). If the cursor was placed on flowers, soft wind chime sounds were played, thus allowing users to interact with the art for an immersive viewing experience. Photone, an interactive installation, allowed users to hear sonifications of images, based on where and how they moved the cursor, or their finger across the spatial area of the image (Rönnberg & Löwgren, 2018).  Musical Vision was a graphics-based user interface that allowed users to create different sonifications from images, with a great sense of control over mapping the red, blue, and green channels from the processed image to chords and instruments (Polo & Sevillano, 2019). Further work include the sonification of viewer’s movement to generate sound as a means to provide a more holistic viewing experience that takes into account the viewer’s distance from the painting and movement patterns (Kapsali, 2020). Attempts have also been to made to provide users with a completely virtual museum or art gallery experiences, in which the paintings may be sonified through the addition of auditory icons or soundscapes based on the different contents within the paintings; the choices for these sounds could be manmade or even generated through AI programs (Baratè et al., 2023; Furferi et al., 2022). There have been efforts to investigate the different sound-based strategies necessary to adequately convey dynamic fish or animal movement to the visually impaired population  (Bruce & Walker, 2010).  Although paintings were not sonified, a musification approach was adopted to translate fish movement in an aquarium to four different types of soundscapes to provide visually impaired users with an aesthetically pleasing accessible experience at an aquarium (Walker et al., 2007). Here, the sonification did not require interaction from the viewer, but they were simply presented with an additional auditory display to enrich the viewing experience. Mapping visual qualities such as brightness, color, or complexity of the percentage of the major hues in a visual image to different sound qualities such as pitch, timbre, and tempo has been a popular method to sonify images (Margounakis & Politis, 2006). This approach has also been used in generating music through musification algorithms as well as to support musicians’ creations to accompany different visual scenes in video games to provide a well-rounded multimodal experience (Politis et al., 2017). 
The Current Study and Hypotheses
The current work is unique compared to the past studies in the following ways. First, we considered the use of the hearing modality to augment reality, so as to not clutter users’ view of the paintings with any additional information through the use of visual augmented reality displays. This allowed users to focus solely on the painting without any additional visual displays. Using an alternate modality, which does not compete for the same attentional resource, to display information also supports dual task performance, as has been shown through the Multiple Resources Theory (Wickens, 2008). Although viewing paintings in an art gallery may not necessarily be a performance oriented task, by presenting complementing information through an alternate non-competing modality, users are able to experience a more harmonized audio-visual display.  Second, two types of audio were generated from the visual artworks; the first (Basic Audio) was generated from the visual artwork using an algorithm by mapping the percentages of the major hues of the painting to pitch, and the second (Enhanced Audio) was generated from the sonification through further enhancements curated by a musician, or sound expert. This auditory information was designed to provide a sense of immersion in an alternate environment, allowing participants to develop a deeper diverse understanding of the artwork. Also, the audio was displayed through a pair of bone conduction earphones that allowed participants to remain aware of their social and physical surroundings. These qualities demonstrate key considerations of the aspects of the latest AAR taxonomy – Environment Connected, Goal Directed, Context Adapted (Dam et al., 2024). To avoid the risk of identifying patterns in the results that are specific to one type of paintings, these sounds are tested on two paintings each from four different genres of art as a means to observe generalizable effects across different art styles. For example, the great level of detail present in Renaissance and Realist paintings may offer participants the opportunity to deeply inspect different areas of the painting. Renaissance paintings also tend to contain multiple human subjects which have been shown to be influential in directing viewer’s gaze and duration (Massaro et al., 2012). On the contrary, Impressionist and Abstract paintings tend to lack clearly depicted subjects, and are generally characterized by broad brush strokes which reduced the granularity of the visual information (Fuchs et al., 2011). Based on the above, the current study presents the following hypotheses to test.
H1. Enhanced Audio will lead to the highest engagement, followed by Basic Audio, and No Audio. 
H2. Enhanced Audio will lead to the most positive sentiments, followed by Basic Audio, and No Audio.
H3. No Audio will lead to the most negative sentiments followed by Basic Audio, and Enhanced Audio.
METHODS
Experimental Design
The study followed a within-subjects 3 (AAR Condition – No Audio, Basic Audio, Enhanced Audio) x 4 (Painting Genre – Abstract, Impressionist, Realist, Renaissance) design with two paintings for each painting genre, for a total of 24 trials per participant. All participants experienced all three AAR conditions for each painting. Between two viewing conditions, participants would return to the researchers’ table to provide their thoughts, feelings, and comments about the painting-audio pair they just experienced; their feedback was audio recorded, and took between 3 – 5 minutes. Before moving to the next painting-audio pair, eye-tracker calibration was completed, which took another 1 – 2 minutes. The time of 4 – 7 minutes was considered sufficient to refresh and prepare participants for the next viewing to avoid any learning effects. The order of presentations was completely randomized across participants. The ‘No Audio’ condition served as a baseline; the Basic Audio included audio generated through a sonification algorithm, and the Enhanced Audio consisted of the Basic Audio that had been further enhanced by a musician to create curated music for each painting. Four genres of paintings were selected to explore and generalize the effects of AAR audio across different styles of paintings. The experiment had been reviewed and approved the Institutional Review Board (IRB).
Painting Selection
The set of paintings for this study were selected for a variety of reasons related to their stylistic uniqueness, their fame, and their emotional presence. First, we wanted to have a distinction in styles between painting genres, because the music generated would express and exhibit different characteristics. Second, each of chosen the paintings are reasonably well known, at least to the degree of them being exhibited at highly reputable institutions, with the exception of "Napoleon Crossing the Alps", which is housed at a museum, the Chateau de Malmaison (Parenti, 2024; Pollitt, 2024; Sofia, 2024; The Persistence of Memory 1931, 2024; The Return, 1837, 2024; Water Lilies and Japanese Bridge, 1899, 2024; Woman with a Parasol - Madame Monet and Her Son, 1875, 2024; VATICANI, 2024). Third, each of these paintings have historical influences, and represent powerful emotions of the time. "Guernica", for instance, discussed the horrors of war, and has a strong streak of emotions related to horror and suffering (Sofia, 2024). Two paintings from four genres were selected, for a total of eight paintings. The first genre was Impressionism (“Woman with a Parasol”, and “Water Lilies and Japanese Bridge”). Since both paintings had the same style of painting, but focused on different subjects – a person, and nature respectively, they were selected to be good representations of Impressionism for the current study. The second genre was Realism, comprising of a Classical and a Romantic style painting (“Napoleon Crossing the Alps”, and “The Return”, respectively); aesthetically, these two paintings were similar, in that they sought to romanticize a particular image, be it of a military general, or of a landscape. The third genre of paintings was Abstractionism, comprising of an Abstract and a Surrealistic painting (“The Persistence of Memory”, and “Guernica”, respectively); both paintings were from the same time period, and both took their imagery to abstract and surreal levels, which was a departure from the other painting genres. While their images depict different things, such as the change of time, and the horrors of war, respectively, the techniques by which they attempted to capture those emotions were very non-traditional for the time. The fourth and final genre was from the Renaissance period (“The Birth of Venus”, and “The School of Athens”). Both artworks were of Italian origin, and common paintings used to represent that period. The subject matters cover the mythic and the enlightened, respectively, capturing that meaning and style aesthetically; it should be noted that “The School of Athens” is a Fresno, but was treated as a painting in this study. Table 1 shows the paintings used in the current study, and Appendix A includes the sources for each painting.
Table 1. Paintings selected for the study
	Genre
	Paintings

	Impressionist
	Water Lilies and Japanese Bridge (Claude Monet, 1899)
[image: A bridge over a pond with water lilies

Description automatically generated]

	Woman with a Parasol 
(Claude Monet, 1875)
[image: A person and child walking in a field

Description automatically generated]

	Realist
	Napoleon Crossing the Alps (Jacques-Louis David, 1801) 
[image: A painting of a person riding a horse

Description automatically generated]

	The Return 
(Thomas Cole, 1837)
[image: A painting of a castle with horses and a horse

Description automatically generated]

	Abstract
	The Persistence of Memory (Salvador Dalí, 1931)
[image: A painting of a table with a clock and a table with a table and a clock

Description automatically generated with medium confidence]

	Guernica 
(Pablo Picasso, 1937)
[image: A painting of a person holding a torch

Description automatically generated]

	Renaissance
	The School of Athens 
(Raphael, 1509)
[image: A painting of people in a room

Description automatically generated]
	The Birth of Venus 
(Sandro Botticelli, 1485)
[image: A painting of a person in a shell

Description automatically generated]




Basic Audio
The Basic Audio was generated from a sonification algorithm. This sonification algorithm was created in Jython Music (Manaris et al., 2016) in a prior work that sought to create and validate this algorithm (Nadri et al., 2022). They followed a systematic approach that involved interviews with visual art, sonification, and psychoacoustic experts. Experts identified visual parameters such as structure, color, and lightness, auditory parameters such as tempo, pitch, amplitude, rhythm and timbre, and contextual parameters such as artist’s background and time period as important considerations when developing a sonification algorithm. Based on the interviews, it was determined that generating audio based on the most visually salient regions of the visual artwork was recognized as a novel way to create a naturalistic gaze behavior, but in the auditory modality (Nadri et al., 2022). This approach could be considered musification, where visual data is auralized to create a musical performance (Baratè et al., 2023; Visi et al., 2014), designed to provide viewers with a multimodal immersive experience so as to engage the viewer to a greater extent. The first step to creating the Basic Audio out of the paintings was to conduct a visual parameter analysis; this was done at https://www.geotests.net/couleurs/v2/. Image files of the paintings were uploaded to the website, and default settings were used except for the following – “Working color space” was changed to “HSL”, and the “Threshold of color difference” was adjusted to produce a .csv file with no more than 60 rows of unique hue values. The .csv file contained the color palette information of the painting. Next, in a new column in the .csv file, the percentage of each hue (cumulative distribution) was calculated, by dividing the ‘number of pixels’ in each row by the sum of the ‘number of pixels’. In a separate column, the cumulative sum of the hue percentages was then calculated. Finally, the top hues that cumulated to at least 80% of the number of pixels in the painting were selected to be fed to a sonification algorithm, thus ensuring at least 80% of the area of the painting was sonified. This approach could be considered similar to the sonification method in Photone (Rönnberg & Löwgren, 2018), but instead of one main hue, the current method identified multiple main hues presented in the paintings. In the current work, the algorithm was adapted from the Nadri et al., (2022) work. The top hues, which comprised at least 80% of the painting area, were mapped to pitch, or notes. Additionally, two lists of chords were also generated on four octaves each, with the lower note of a chord being the same note as the one for the corresponding hue. Using a loop, a random function was used to generate numbers and convert them to percentages; this value was compared to the hue percentages to identify the closest corresponding hue and play the corresponding note. If the percentage value was the same for two hues, the corresponding note would be more likely to play (Nadri et al., 2022). Appendix B shows the Python code for the sonification algorithm for the painting, “Water Lilies and Japanese Bridge”. In this manner, it was anticipated that the audio would reflect the similar manner in which a viewer might view the painting, by focusing their gaze on the most salient objects and colors. Other musical parameters consisted of Aeolian Scale, pitch range of 12 – 60 in MIDI note numbers, note duration range of 0.75 – 2.0 in seconds, and volume range of 30 – 40 in MIDI note numbers. The output MIDI files which were played with two grand pianos to manage a broad range of notes and dynamics, and one percussion instrument (SoCal) through GarageBand software on a 2021 MacBook Pro 16”. The pianos and percussions were selected as default instrument options following the same options as used in the past work from which the algorithm was adapted (Nadri et al., 2022). Further, these instruments are relatively simpler instrument options which provide greater equity and access to those who are new to sonification, students, early researchers, and young practitioners. In addition, the piano instrument is also the default instrument option in Jython application for sonifying visual art (Manaris et al., 2016).
Enhanced Audio
To enhance the musical quality of the obtained MIDI files, and to engross users in the artwork, Ableton Live 11 was used to design the sonification according to the following principles. These principles indicate how the characteristics of each painting genre, the content of the paintings, and the overall atmosphere depicted in the paintings were mapped to musical parameters. Color in artwork could be considered similar to tone color in music, which is the timbre of an instrument, and it tends to vary according to the type and range of the instrument used (Adams, 1995). Furthermore, musical meaning, structures and elements have a significant relationship with culture, era, and genre (Vadén & Torvinen, 2014). Given this perspective, the instruments were chosen for each painting genre by considering each genre’s characteristics to enhance the emotion felt when viewing paintings for each genre. For example, Abstract paintings characteristics are considered to be the opposite of Realistic paintings (Sparks Gallery, n.d.), which leads the use of electronic instruments for Abstract paintings to express a surreal mood. On the other hand, classical instruments could be used to create sonification that gives a relatively more traditional mood for Renaissance, Realism, and Impressionist paintings. In the context of the painting, the overall mood of the sonification was changed by considering the color combination within the painting itself and assessing whether the brightness was high or low, which led to a choice between a major or minor scale. To provide a more detailed explanation of the characteristics specific to each genre, sonification was designed using the following criteria. In terms of instrument selection, electronic instruments were used for abstract paintings, while classical instruments were chosen for other genres. 1) Impressionism was characterized by the movement of light and color, often using bold brushstrokes and vibrant colors (Callen, 2000). To recreate the dreamy-like feeling expressed in the painting through sonification, a soft and warm instrument was used, along with major chords and reverb effects to create a smooth and surreal sonification. 2) For the Realist paintings, which focused on depicting the real world (“Characteristics of Realism Art,” The Artchive, n.d.), the sonification was designed to aid in realistic depictions. For instance, in the painting “Napoleon Crossing the Alps”, rhythmic patterns reminiscent of a marching atmosphere were used to emphasize the heroic feeling of war, and the horn instrument related to calling out the horse was incorporated to enhance the painting’s realistic ambience. 3) For the Abstract paintings, electronic instruments were used to emphasize the unreal feeling depicted in the artwork, and various sound effects were applied to enhance a transcendent sensation. For instance, in the painting “Guernica”, given its limited color palette, electronic instruments were used to express the absence of varied timbral sensation. Additionally, spatial qualities were applied to the sonification to portray the multiple viewpoints expressed in the painting (Ginev, 2020). 4) Regarding the sonification of Renaissance paintings, the sonification aimed to assist in understanding the story of the painting. The focus was more on highlighting the symbolic and religious meanings within the painting (Hope, 1986). For example, in “The School of Athens”, to depict the scene where many scholars gathered and engaged in discussion, it was intended to express murmuring sound coming from various places. To convey the seriousness and profundity of their conversation, the overall notes were lowered by one octave to represent the weight of the dialogue. Additionally, to portray the sensation of voices resonating from the dome, an echo effect was used, creating an immersive experience for the audience as if they were inside the dome.
[bookmark: OLE_LINK1]	Considering the two different sonification approaches utilized in the current study to provide a more immersive experience designed to enhance viewers’ understanding and engagement with visual artwork, the current study occupies a similar sonification space as the work presented in (Baratè et al., 2023; Ludovico & Presti, 2016). On average, the Basic and Enhanced Audio files were 46.9 seconds (SD = 0.6 s), and 52.9 seconds (SD = 6.7 s) long, respectively. These files were looped to create longer versions of the same, which on average, where 229.1 seconds (SD = 3.4 s), and 308.3 seconds (SD = 15.2 s) long for Basic and Enhanced Audio, respectively. This was done under the assumption that no participant would want to view the paintings for any more than 310 seconds. Nonetheless, when the audio files were played for participants during the experiment, they were looped continuously until the participant indicated they were done viewing the painting. For a complete list of the Enhanced and Basic Audio files for each painting, please visit this link. 
Apparatus
The AAR audio was presented using a pair of wireless bone conduction earphones (Aftershokz Bluez; Figure 2). Bone conduction earphones were used because it affords users the ability to hear sounds in their environment through their open ears while perceiving auditory content; the ability to remain aware of one’s environmental sounds, or engage in social interactions is a key consideration for AAR experiences (Dam et al., 2021, 2024; Spain et al., 2023). The audio was stored and triggered from the researcher’s laptop wirelessly through Bluetooth. Wizard of Oz method was used for the AAR playback process (Dahlbäck et al., 1993; Green & Wei-Haas, 1985). Once a participant was positioned in front of a painting, and the cover was removed, the AAR audio was triggered by a researcher; the researcher would also note when the participant had finished viewing and had started to turn their gaze away from the painting, and would stop the audio playback accordingly. This method gave participants the impression of automatically hearing the audio when their gaze rested on the painting. Additionally, an eye-tracker (Tobii Pro Glasses 2; Figure 3) was used to record participants eye gaze data while viewing the paintings. Tobii Pro Controller software was used to record the eye-tracker video, and Tobii Pro Lab software was used to generate the eye tracking data from the videos.
	[image: A black headphones on a wooden surface
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	Figure 2. Bone conduction earphones
	Figure 3. Eye-tracker glasses


An art gallery room was set up with the paintings hung on three walls (Figure 4). The paintings were printed on 2’ x 3’ sized paper, attached to pieces of cardboard cut to the same size, and then hung on the walls. Another piece of cardboard was used to keep the paintings covered, and only one painting was revealed to the participants in each trial. 
[image: A room with a desk and a chair
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Figure 4. Art gallery setup
Dependent Variables
Both quantitative and qualitative data were collected in the study. Participants’ eye gaze was recorded as quantitative data, using a Tobii Pro Glasses 2 eye-tracker. Eye tracking metrics such as number of fixations, and total duration of fixations were analyzed; these metrics served as the measure of engagement participants had with the paintings. The number of fixations represented the number of points on the painting that a participant focused their gaze on; a higher number of fixation points would indicate increased focus on different areas of the painting. Total duration of fixations served as the total amount of time participants focused on the painting; a longer total duration would indicate increased interest to keep viewing. As part of qualitative data, participants were asked to provide their ‘thoughts and feelings’ after viewing the painting in each trial. This was audio recorded and transcribed. The transcripts were then used to perform Sentiment and Thematic Analyses. 
Participants
A total of 26 (M = 11; F = 15) participants were recruited for the study. Participant’s average age was 23.4 years (SD = 4.1 years). The sample size was determined based on a power of 0.80, a significance level of 0.05, and a medium effect size (ηp2 = 0.06). To qualify, participants had to be above 18 years, have no hearing issues, and possess normal, or corrected to normal vision. Of these participants, 3.5% (n=1) went to art galleries weekly, 7.5% (n=2) visited monthly basis, 31% (n=8) frequented art galleries quarterly, 12% (n=3) visited art galleries biannually, 31% (n=8) visited them annually, and 15% (n=4) had never been to an art gallery. Twenty-seven percent (n=7) of them reported generally viewing paintings for 0 – 30 seconds, 23% (n=6) viewed them for 30 – 60 seconds, 31% (n=8) viewed them for 1 – 3 minutes, 3% (n=1) viewed them for 3 – 5 minutes, 8% (n=2) viewed them for 5 – 10 minutes, and another 8% (n=2) for over 10 minutes. When asked if they considered themselves an art enthusiast,  15% (n=4) answered as “Strong Yes”, 50% (n=13) answered as “Mild Yes”, 23% (n=6) reported being “Neutral”, 12% (n=3) answered as “Mild No”, and 0% (n=0) answered “Strong No”.
Procedure
After participants arrived at the experimental room that had been setup to mimic an art gallery, they reviewed and signed the consent form. Next, they filled out a demographic questionnaire. Once completed, they were given a brief description of the study, and their task. They viewed one painting in each trial while wearing the pair of eye tracking glasses, and bone conduction earphones. Participants approached the assigned painting and kept their eyes closed until instructed to open their eyes. After a short countdown from one researcher, a second researcher removed the cardboard used to conceal the painting. The participant opened their eyes, and viewed the painting for as long as they liked. The first researcher simultaneously started the video recording on the eye-tracker, and also triggered the audio playback in trials that included audio. When participants were done viewing the painting, they made a thumbs-up gesture with their hand to indicate that they were done viewing. At this point, the video recording from the eye-tracker, and audio playback on the bone conduction headphones were stopped. Participants then returned to the researchers’ table, and provided their thoughts and comments about the experience; their feedback was audio recorded. Before each trial began, the eye-tracker glasses were calibrated for each participant. Calibration was done by asking participants to fixate their gaze on a dot inside a target circle presented on a card, that was held at arm’s length, and at eye height of the participant.
RESULTS
Two factors, AAR Condition and Painting Genre were analyzed in this study. AAR Condition consisted of three levels – No Audio, where no sound was displayed, Basic Audio, where algorithm generated sonification audio was displayed, and Enhanced Audio, where the sonification was further enhanced by a musician. Painting Genre consisted of four painting styles – Impressionist, Realist, Abstract, and Renaissance. Engagement was measured through eye-tracker metrics such as, number of fixation and total duration of fixations. Participants’ sentiments were measured through sentiment analysis of their subjective feedback.
Engagement Analysis Results
A repeated measures ANOVA was conducted on the number of fixations. Sphericity was violated for both AAR Condition and Painting Genre, and therefore, the Greenhouse-Geisser correction was applied. Both AAR Condition [F(1.53, 35.17) = 5.27; p = 0.016; ηp2 = 0.186] and Painting Genre [F(2.30, 52.97) = 4.18; p = 0.016; ηp2 = 0.154] showed significant main effects; no significant interactions were observed. For AAR Condition, post-hoc paired samples t-test with the Bonferroni correction (⍺ = 0.05/3 = 0.017) showed Enhanced Audio (M = 104.4; SD = 12.1) had significantly greater number of fixations than Basic Audio (M = 83.7; SD = 8.3) (p = 0.013). No other significant differences were observed between pairs No Audio and Basic Audio, and No Audio and Enhanced Audio. For Painting Genres, post-hoc paired samples t-test  with Bonferroni correction (⍺ = 0.05/6 = 0.008) showed no significant differences between the Painting Genre levels since the results did not reach the conservative significance level with the adjusted alpha. 
Repeated measures ANOVA was also conducted on the total duration of fixations; Sphericity was violated for only Painting Genre, and therefore, the Greenhouse-Geisser correction was applied to Painting Genre, but not to AAR Condition. Once again, both AAR Condition [F(2, 46) = 5.13; p = 0.010; ηp2 = 0.182] and Painting Genre [F(2.35, 54.10) = 11.01; p < 0.001; ηp2 = 0.324] showed significant main effects; no significant interactions were observed. Results of the post-hoc paired samples t-test with the Bonferroni correction (⍺ = 0.05/3 = 0.017) for AAR Condition did not reach conservative significance level with the adjusted alpha, but Enhanced Audio (M = 28.0; SD = 3.5) tended to show greater total fixation duration compared to Basic Audio (M = 22.7; SD = 2.4) (p = 0.039). For Painting Genres, post-hoc paired samples t-test with Bonferroni correction (⍺ = 0.05/6 = 0.008) showed significant differences between Impressionist (M = 22.6; SD = 2.9) and Realist (M = 28.9; SD = 3.6) paintings (p < 0.001), and between Impressionist (M = 22.6; SD = 2.9) and Renaissance (M = 30.3; SD = 3.2) paintings (p < 0.001). Renaissance paintings (M = 30.3; SD = 3.2)  tended to show greater total fixation duration compared to Abstract (M = 25.0; SD = 2.6) paintings, but the difference did not reach conservative significance level with the adjusted alpha (p = 0.018). Figure 5 shows the number of fixation metric, and Figure 6 shows the total duration of fixation metric for the four painting genres in the three AAR conditions.

Figure 5. Mean Number of Fixations. Errors bars represented standard errors.


Figure 6. Mean Total Duration of Fixations. Errors bars represented standard errors.
Sentiment Analysis Results
Audio recorded qualitative feedback collected from each participant in each condition was transcribed and organized into a 24 (participants) x 24 (audio-painting conditions) matrix. The matrix was analyzed using VADER, a rule-based model for general sentiment analysis in Python (Hutto & Gilbert, 2014). The SentimentIntensityAnalyzer library produced a negative, neutral, positive, and a compound score for each cell of the matrix by classifying each word, based on polarity and intensity. Negative, neutral, and positive sentiment scores were rated on a scale from ‘0’ (weak sense) to ‘1’ (strong sense); compound scores are rated on a scale of ‘-1’ (extreme negative) to ‘+1’ (extreme positive). Compound scores were not analyzed since it measured a normalized weighted composite score, and did not provide the granularity needed to understand the nuances in participants’ feedback. Furthermore, a paired samples t-test showed there was a significant difference in the positive and negative scores, with participants expressing greater positive sentiments (M = 0.32; SD = 0.19) than negative sentiments (M = 0.11; SD = 0.16) across all the conditions [t(575) = 17.3, p < 0.001]. This indicated the need to further study the effect of Painting Genre and AAR Condition on positive and negative sentiments. Positive and negative sentiments were analyzed using repeated measures ANOVA. 
For positive sentiment scores, Greenhouse-Geisser correction was applied to Painting Genre but not to AAR Condition, since sphericity was violated for Painting Genre. AAR Condition [F(2, 46) = 12.43; p < 0.001; ηp2 = 0.351] and Painting Genre [F(2.32, 53.26) = 7.04; p < 0.001; ηp2 = 0.234] both had significant main effects on positive sentiment scores; no significant interactions were observed. Post-hoc paired samples t-test with the Bonferroni correction (⍺ = 0.05/3 = 0.017) for AAR Condition showed significantly greater positive sentiment scores for Enhanced Audio (M = 0.373; SD = 0.019) than for Basic Audio (M = 0.277; SD = 0.016) (p < 0.001). Enhanced Audio (M = 0.373; SD = 0.019) tended to show greater positive sentiment scores compared to No Audio (M = 0.315; SD = 0.022), but the results did not reach the conservative significance level with the adjusted alpha (p = 0.022). For Painting Genres, post-hoc paired samples t-test with the Bonferroni correction (⍺ = 0.05/6 = 0.008) showed significantly greater positive sentiment scores for Impressionist (M = 0.369; SD = 0.018) paintings compared to Abstract (M = 0.273; SD = 0.019) and Renaissance (M = 0.309; SD = 0.019) paintings.
Negative sentiment scores were also analyzed similarly; once again, both AAR Condition [F(2, 46) = 10.25; p < 0.001; ηp2 = 0.308] and Painting Genre [F(3, 69) = 18.01; p < 0.001; ηp2 = 0.439] had significant main effects, and no significant interaction effects were observed. Post-hoc paired samples t-test with the Bonferroni correction (⍺ = 0.05/3 = 0.017) showed Basic (M = 0.147; SD = 0.018) generated significantly higher negative sentiment scores compared to No Audio (M = 0.096; SD = 0.014) (p = 0.004), and Enhanced Audio (M = 0.091; SD = 0.014) generated significantly lower negative sentiment scores compared to Basic Audio (M = 0.47; SD = 0.018) (p = 0.002); no other significant differences were observed. Furthermore, Abstract (M = 0.205; SD = 0.026) paintings generated significantly higher negative scores compared to Impressionist (M = 0.066; SD = 0.011) (p < 0.001), Realist (M = 0.096; SD = 0.013) (p = 0.001), and Renaissance (M = 0.080; SD = 0.020) paintings (p < 0.001). Figures 7 and 8 show the mean positive and negative sentiment scores, respectively, for the four painting genres in the three AAR conditions.

Figure 7. Mean Positive Sentiment scores. Errors bars represented standard errors.

Figure 8. Mean Negative Sentiment scores. Errors bars represented standard errors.
Thematic Analysis Results
In addition to quantitative analysis of participants’ feedback, qualitative analysis was also performed on participants’ transcribed feedback using the method of Thematic Analysis (Nowell et al., 2017). The 24 (participants) x 24 (audio-painting conditions) matrix was first reviewed by one researcher who highlighted relevant details in each cell. The highlighted text included any comments that were considered relevant to the viewing experience, consisting of details pointed out in a painting, discussion on the aspect of matching the audio with the painting, or expressing their general feelings they had when viewing the paintings. Once the researcher had completed reviewing each cell and highlighting the pertinent comments, the highlighted data were used to create a smaller denser matrix. This matrix was then used to generate themes. Similar data were grouped together to create a theme. This process was continued until each highlighted data cell of the matrix had been assigned to a theme; at this stage nine themes were identified across the data. The process was repeated by another researcher to review the generation of the nine themes before proceeding further. The themes were then reviewed and discussed by the research team together to further combine similar themes, but also segregate all unique themes generated from the data. Through an iterative process, five unique themes were generated from the qualitative data. The thematic analysis process is shown in Figure 9.
 
Figure 9. Thematic analysis process.
Theme 1. The first unique theme to emerge was that of an increased sense of immersion when viewing paintings with Enhanced Audio. This theme described how participants experienced being within the painting, or feeling as though they were part of the painting. For example, for the Impressionist painting “Water Lilies and Japanese Bridge”, participants felt “being on the bridge”, and “made me actually sort of more in the painting, almost as if I was like in a boat on the river” when they viewed it with Enhanced Audio. Similarly, for the other Impressionist painting, participants reported “feeling the wind, rustling of wings, wind rushing to her face”. For Abstract painting “Guernica”, participants described their feelings as, “song just amplified the pain”, “heart rate jumped up a little bit as well”, “especially with the music, little eerie, a shadow comes over me”, and “makes me sad, almost like watching an old movie about people having to leave each other, and start to see those scenes in my head”. For Realist painting “The Return”, comments ranged from, “I can just step right into the painting again” and “got me engaged in the painting” to “puts you right in that place in that spot”. One participant said, “echo that came in the music, feel like I was standing in that cathedral” when viewing the Renaissance painting “The School of Athens”, and others said, “very calming, wind is blowing” and “very ocean-y like” for “The Birth of Venus”. These comments show that when the paintings were overlaid with a layer of auditory information curated for the paintings, participants’ experiences were enhanced and experienced a greater connection with the paintings.
Theme 2. The second unique theme to emerge was how the Basic Audio led to an increased focus on darker imagery, and negative valence within the paintings. Darker imagery refers to areas on the paintings with darker hues and low brightness, and negative valence refers to feelings of fear, anxiety, sadness, distress, anger, and loss (Bradley & Lang, 1994; Russell, 1980). When viewing the relatively brightly painted “Water Lilies and Japanese Bridge”, comments such as, “music feels a bit of a scary painting, bit of dark music”, “looked like a disaster happened there”, “felt more ominous, place where something bad happened” were reported. For the other Impressionist painting, “Woman with a Parasol”, participants reported, “made me think they’re looking at something scary”, “noticed the shadows a lot more, took away the happy breezy”, “thought there was some danger for the child”, “as soon as I heard the music, I noticed the storm clouds”. Similarly, for the Realist paintings, participants commented, “horror movie”, “facial expression of the person riding the horse and the horse itself look a bit terrified”, “music makes it feel darker than what it seems”, and “feel like somebody is trying to hide something bad”. The Renaissance paintings also reflected comments such as, “tone of the notes, make it seem darker”, “triggers your attention to negative symbols”, “male characters look angry”, “music made me focus on darker parts of the painting”, “ominous, foreboding”, and “feels angry, disappointed, fake people”. For Abstract paintings, however, Basic Audio led to a more accurate experience since the paintings were indeed describing darker imagery and negative valence emotions. Participants had the most to say for the painting “Guernica” with comments such as, “very deep and dark, focus on the dark parts”, “feeling of suspension”, “felt scary, disorienting”, “music makes it creepy”, “kind of feel dead”, “deserted, lonely”, “isolated”, “music gave the painting a much more negative connotation”. For “The Persistence of Memory”, participants described the experience as, “music just feels very dark, depressing; associated with black and darker colors”, “mainly thinking of darkness and chaos”, “ominous music, a little more horrific”, “fear and sadness”, “scary, depressed, and don’t want to be a part of it”. 
Theme 3. The third theme described the perceived quality of mapping between the audio and the paintings in terms of general feelings associated with the paintings. This was seen for both Enhanced and Basic Audio conditions. With Enhanced Audio, for Renaissance painting “The School of Athens”, participants reported, “music kind of fell incongruent to what seems like scholarly social dynamics”, “they were in a cathedral, didn’t make it sound like the most friendly atmosphere”, “music was very futuristic”. This shows how participants associated certain feelings and emotions based on the visuals of the painting, and compared the audio to match the depicted visual information. Their comments described the need to match the Enhanced Audio with the general emotions derived from the painting which were awe, wonder, and a sense of community. Participants also noted how Enhanced Audio contributed to be “distracting, or “crackling” that did not match the peaceful nature of Impressionist paintings. Similarly, Realist paintings also received comments that describe general disdain for the music compared to the depicted feelings – “upbeat, doesn’t quite fit into this scene”, or “happy and celebrating, but the painting is depicting a war”. Abstract paintings also received similar comments – “like an alarm clock”, “post-apocalyptic sense of things”, or “echoing gunshots, very abstract”, but participants’ comments inherently described an accurate understanding for paintings such as “Guernica” and “Persistence of Memory”. With Basic Audio, participants expressed a greater need for improved mapping between the audio and the overarching theme of the painting. Such comments included, “music doesn’t go in sync with the painting”, “there should be a lot of music playing, variety of different instruments, seemed too general”, “kind of contrast”, and “didn’t think the sound quite matched the majestic feel” for Renaissance paintings. Basic Audio was perceived as “distracting and sharp”, and that if the “frequency gets higher, gets more annoying” for Impressionist paintings. For Abstract paintings, the music was considered “a little too structured for the piece”, and “even more disturbing”. Basic Audio for the Realist painting, “Napoleon Crossing the Alps” was perceived as too slow, or “pauses the hectic moment”, and for “The Return” was perceived as “destructive” that was “very intense and confusing” for the “serene surroundings”. 
Theme 4. Similar to the third, the fourth theme also focuses on the quality of mapping between the audio and the painting, but with regards to specific details and objects depicted in the paintings. With Enhanced Audio, for example, the Impressionist painting “Water Lilies and Japanese Bridge” received comments such as, “classical music would go better with the earthy type setting”, and “Woman with a Parasol” was characterized by, “she has a sad face, thought the music should give a sad vibe”, and “music made it seem playful midday, could have been more whimsical to match the strokes”. For the Realist painting, “The Return”, participants said, “music was darker, but happy like painting, sun in the background”, and “music made the painting more dark, but the sun was rising, daytime”. Renaissance paintings were described as, “very bright open space, music made it feel not old time-y but more modern”, and “matched the darker tones of the painting; staccato music, like the scales and dotted details at the bottom”. Basic Audio also generated similar comments related to specific details in the paintings. Impressionist paintings received comments such as, “didn’t think the music matched the nature aspect”, or the “music didn’t seem old time-y, too rushed”. Renaissance paintings were described as, “painting had a lot of light colors, but the music was more ominous and metallic”, “blowing wind on her face, flower falling, and fast wind, but the music is not matching up to what you are seeing”, or “the colors were too light and pastel for the music”.
Theme 5. The fifth and final theme was how the presence of audio cues guided participants’ visual focus to different areas of the painting over time. Participants described having a more temporal experience, and less of a spatial experience when viewing the artwork. This was evident more so with Basic Audio than with Enhanced Audio. With Basic Audio, one participant noted, “whenever there was a beat, my eye would change the frame, which really changed the way I was viewing the picture” for “Guernica”. Another comment was, “even if I try to look at the background, the focus always foes to the prince and the horse” for “Napoleon Crossing the Alps”. With “The Persistence of Memory”, one comment was, “with the music, I had to move my frame every time there was a beat, thought a little fast”, and “more focused on the water, everything else kind of fades out in the background, brings out the water” in “Water Lilies and Japanese Bridge”. The need to change their perspective with the Basic Audio was also characterized as “sort of tiring”. Similarly, with Enhanced Audio, participants claimed, “the steady beat was associated with the bridge, but other beats of varying loudness and pitch, associated with other parts of the painting”, “confused, wasn’t really sure what to focus on” for “The School of Athens”, and “drawing your eyes towards what you’re supposed to see, because of the music I guess I noticed more” when viewing “The Return”. In “Guernica”, Enhanced Audio led to “see more of the softer edges, rather than earlier (Basic Audio) with the choppy music, I saw kind of the sharp edges”. For Abstract painting, “The Persistence of Memory”, one participant commented, “very choppy music, definitely made me focus on the ants, and sharp rocks”, and other participants commented on focusing on the horse’s eyes, tail, and even soldiers in the background for the painting “Napoleon Crossing the Alps”. 
DISCUSSION
The primary goal of the current study was to evaluate the effectiveness of sonification-based AAR cues in enhancing users’ viewing experience in an art gallery-like setting. To that extent, Basic Audio and Enhanced Audio were generated from eight different paintings, belonging to four different genres of art – Abstract, Impressionist, Realist, and Renaissance. The No Audio condition served as the baseline, or control condition. Twenty-six participants viewed each painting in each of the three AAR conditions. 
Regarding H1 (“Enhanced Audio will lead to the most engagement, followed by Basic Audio, and No Audio”), the results partially supported this hypothesis. Enhanced Audio led to significantly greater number of fixations, compared to Basic Audio, but not compared to No Audio. Although not significant, No Audio had higher, and similar number of fixations compared to Basic Audio, and Enhanced Audio, respectively. This indicates a temporal effect of the AAR cues, where the presence of the audio caused participants to shift their attention faster as they observed the paintings. Considering the total duration of fixations, although not significant, Enhanced Audio generally had higher duration than Basic Audio, and No Audio had similar or greater duration compared to Enhanced, and Basic Audio, respectively. These results are further supported by the fifth theme that emerged from the thematic analysis – presence of audio cues guided participants’ visual focus to different areas of the painting over time. It is likely that the beats in Basic Audio caused participants to shift their gaze more frequently, leading to lower number and duration of fixations; this effect was less pronounced in Enhanced and No Audio conditions, which is further reflected in the objective results. In the Chang et al., (2014) study, AR and audio-guided groups spent longer durations viewing the paintings, compared to the non-guided group. However, because the AR and audio guides contained detailed descriptions of the paintings, it is not possible to say if the longer viewing durations were indeed due to participants’ interest in the painting, or simply due to the length of auditory cues. Compared to that, the current study demonstrates that when participants are able to view and hear the painting simultaneously, they tend to spend a similar amount of time viewing the painting as they would when only viewing the painting. Overall, this indicates a more natural viewing experience. It is possible that if the Enhanced or Basic Audio had greater diversity or spatialization that changed more rapidly, it might cause participants to view a painting for a longer time. Such observations were seen in Vazquez-Alvarez et al., (2016), where the participants knew there were three different types of spatialized earcons, thus, leading to longer viewing durations compared to their baseline condition, with no spatialization of the earcons.
With regard to H2 (“Enhanced Audio will lead to the most positive sentiments, followed by Basic Audio, and No Audio”), the results partially supported this hypothesis. Participants expressed significantly greater positive sentiments for Enhanced Audio, compared to Basic Audio; Enhanced Audio also led to more positive sentiments being expressed by participants in comparison to No Audio, even though the difference was not significant. These results are similar to the engagement results from H1, and could be explained by similar reasons. Basic Audio tended to cause participants to shift their attention with the music (Theme 5), possibly before they were ready to, which could have tended to show a generally less positive experience for them. On the other hand, Enhanced Audio was similarly, if not better, received than No Audio because of the more melodic and smooth listening experience. Furthermore, the positive sentiments expressed for Enhanced Audio are further supported by the first theme – an increased sense of immersion, where participants reported feeling being part of the painting when viewing it with Enhanced Audio. This suggests a positive experience overall. Although significant differences were not observed in a related study (Yang & Sörös, 2019) that used spatialized auditory icons to augment paintings, similar results were found in that study, where participants reported feeling more engaged with the paintings, and remembering more objects within the paintings, suggesting an increased positive experience. Additionally, the use of verbal cues to augment museum artifacts have been shown to increase participants’ willingness to pay more (He et al., 2018); this observation was explained by a positive increase in visitors’ aesthetic experience and decision making. This supports findings from the current study that that the use of the hearing modality to augment viewing experiences can indeed lead to more positive experiences. Furthermore, it has also been seen that the novelty effect of using new technology can sometimes deter participants from having as positive an experience as expected; in a study by Dieck et al., (2018), the control group participants, who had no form of augmentations provided to them regarding the viewed paintings, remembered more details about the paintings, and had a more relaxing and inspirational experience. These results might explain why participants of the current study had more positive things to say about the No Audio condition, than the Basic Audio condition.
The third hypotheses, H3, (“No Audio will lead to the most negative sentiments followed by Basic Audio, and Enhanced Audio”) was also partially supported. The results showed that Basic Audio led to the most negative sentiments, followed by No Audio, and Enhanced Audio. While this result did not directly match our expectations, it still shows how the Basic Audio could be used to its best potential. It should be noted that although the Basic Audio led to associations with negative affect, that does not necessarily mean that participants’ viewing experience was not enhanced. In fact, it was previously shown that the algorithm for the Basic Audio was perceived to be a better match for Abstract paintings (Nadri et al., 2022). In the current study, the combination of Abstract paintings with Basic Audio received the most negative sentiments because of the relatively darker subject matter portraited in those paintings (Guernica and Persistence of Memory). This combination was best able to elicit negative emotions in participants. Combined with the second theme – increased focus on darker imagery, and negative aspects within the paintings, it could be concluded that the Basic Audio is best paired with darker imagery that depicts more serious, forlorn subject matter. The fact that Basic Audio led to greater negative sentiments compared to No Audio, especially for the Abstract paintings with dark colors such as black and grey, also supports the findings that darker colors are better associated with negative emotion (Hemphill, 1996).
LIMITATIONS
A number of limitations should be noted for the current study. First, participants were only allowed to view one painting at a time. They were not given the freedom to view multiple paintings simultaneously, or move about the room. This provided for greater control within the experiment, but resulted in reduced ecological validity. It is possible that by increasing the ecological validity of the experimental setup, longer viewing durations could have been observed (Carbon, 2017). Second, the study did not include a condition where painting were paired with audio consisting of randomly generated notes unrelated to the painting. Therefore, conclusions such as the use of Basic Audio might be better suited for dark visual content depicting serious and negative affects, is only based on comparison with No Audio and Enhanced Audio conditions; further research might be necessary to corroborate this finding. Third, it should be acknowledged that participants were also asked to stand as still as they could, and minimize neck or head movements when viewing the paintings. This was done to assist in the analysis of the eye-tracker data, since increased head and neck movements make it challenging to generate the fixation data. Fourth, no physiological responses, such as pupil size, were collected. While such measures are often affected by a myriad of factors beyond the control of the researcher, it is possible that pupil size could have provided further insights to the results of the study. Another limitation would be that only a single Area of Interest (AOI), encompassing the entire painting area, was utilized in the analysis. This was done since it was not possible to justify the creation of specific AOIs for each painting given the differences in genre and subject matter. Lastly, it should be noted that in the current work, the intention behind the sonification was to provide a more enjoyable experience for art gallery visitors. Given this intention, both the Basic and Enhanced Audio were designed in that manner following the guidelines provided in Nadri et al., (2022), and through a musician. However, this approach may have certain limitations such as, other developers having a different intention, thus wanting to utilize the algorithm in a modified manner to generate the Basic Audio ; another limitation would be that in the current work only a single musician was involved in developing the Enhanced Audio, and the inclusion of multiple musicians or sound experts might lead to different kinds of Enhanced Audio being generated despite having the same intention. Nonetheless, the current approach demonstrates how an algorithm based sonification method can be used to augment artwork, and how musician may further be able to enhance the sonifications for the purposes of providing unique, curated, immersive art gallery viewing experiences.
FUTURE WORK
Future work on this domain should focus on creating a more ecologically valid, or naturalistic study setting. This way, participants would be able to move about the room, and view multiple paintings at once. However, this would require greater hardware requirements such as improved tracking, and more natural audio triggering capabilities. In addition, studies should include a condition that presents random audio that has no relation to the visual information to serve as a secondary baseline; this would provide added validity to the results observed with conditions where the audio is indeed generated from the visual information. Furthermore, future work should also place emphasis on affective states induced in participants after viewing a painting with AAR cues. Given the findings from the current study where Basic Audio and paintings such as Guernica were able to increase participants’ focus on negative affect, it is possible that the right combination of AAR cues and visual subject matter can be used to induce specific affective states. The effectiveness of such methods should be evaluated in future work, and could potentially serve as an alternate affect induction method. Similar efforts have been undertaken, but not with sonification-based approach (Joseph et al., 2020; Zhang et al., 2014). A systematic approach to affect induction through sonification based AAR cues and paintings or visual imagery would allow for better replication of induction procedures, and also pave the way for creating affect inducing sonification algorithms. Finally, future work should consider modifying the algorithm to generate audio with a different intentionality, as well as incorporate the views of multiple musicians to generate audio that may provide even more diverse results.
CONCLUSION
In the current study, the effectiveness of sonification-based AAR cues was evaluated when presented with different painting genres in an art gallery-like setting. The intention behind these efforts were to enhance art gallery viewer’s experiences by providing them with a more multimodal immersive viewing experience, designed to improve their understanding of the paintings, as well as feel the emotions as depicted in them. Subjective data such as participants’ ‘thoughts and feelings’, as well as objective data such as eye-tracker metrics were recorded to measure participants’ overall feelings about the experience, and engagement with the paintings, respectively. Two types of audio were tested – Basic Audio which was generated from a sonification algorithm, and Enhanced Audio which was generated from the sonification through curated enhancements done by a single musician; both audio could be considered musifications to provide users with a more pleasant listening experience  for a natural viewing experience. The results of the current study indicate that the use of musically curated sonification-based AAR cues (Enhanced Audio) can lead to greater engagement, and focus on different areas of the painting. Such audio can also provide viewers with more positive and immersive user experiences, thus increasing their interest in the arts, and possibly increasing their willingness to revisit art galleries in the future. Furthermore, it was seen that algorithm generated sonification-based AAR cues (Basic Audio) might be better suited for use with visual art that depicts negative emotions, or darker, somber, and forlorn imagery. Both the Basic and Enhanced Audio had advantages which would support their use in future studies. The Basic Audio was adapted from prior work which had validated the algorithm for sonifying paintings; in the current work it was adapted for the selected paintings which provided new results. While the algorithm presents a generally standardizable way to sonify visual art that anyone could perform, it also presents a way for new designers and developers to modify the algorithm based on their own intentions to produce new sounds; this resonates with the conclusions of (Politis et al., 2017) in that algorithm generated music could serve as a repository, which could then be utilized by musicians and composers to define certain themes and motives to support the visual information. In the current work, the Enhanced Audio took a similar step where a musician enhanced the Basic Audio to improve upon the sounds for a more traditional listening experience to compliment the selected artworks. Finally, the current study evaluated a single application of AAR. It is anticipated that future AAR applications will consider the recent AAR taxonomy (Dam et al., 2024) to understand how sound could be used in multimodal display designs to augmented reality. This work expects to demonstrate how auditory displays can be used as a tool to provide AAR experiences. As newer immersive forms of AAR experiences are developed, similar evaluation studies should be conducted to assess user experiences, and further improve the AAR applications.
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APPENDIX B
from music import *
from image import *
from random import *
from math import *


##### define data structure
soundscapeScore = Score("Water_Lilies", 80)
soundscapePart  = Part("Piano", 2, 0) 
soundscape2Part  = Part("Piano2", 2, 8)
soundscape3Part  = Part("Percussion", 0, 9)  
 
##### define  musical parameters
scale = AEOLIAN_SCALE
 
minPitch = 12        # MIDI pitch (0-127)
maxPitch = 60
 
minDuration = 0.75   # duration (1.0 is QN)
maxDuration = 2.0
 
minVolume = 30       # MIDI velocity (0-127)
maxVolume = 40



i=0
Hue=[113,112,118,83,110,67,124,127,107,139,134,142,142,150,117,57,98,116]
Perc=[0.16,0.27,0.37,0.45,0.51,0.56,0.61,0.66,0.70,0.74,0.78,0.82,0.86,0.89,0.92,0.95,0.97,1]

   
pitch=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]

pitch[0]=mapScale(Hue[0], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[1]=mapScale(Hue[1], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[2]=mapScale(Hue[2], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[3]=mapScale(Hue[3], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[4]=mapScale(Hue[4], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[5]=mapScale(Hue[5], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[6]=mapScale(Hue[6], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[7]=mapScale(Hue[7], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[8]=mapScale(Hue[8], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[9]=mapScale(Hue[9], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[10]=mapScale(Hue[10], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[11]=mapScale(Hue[11], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[12]=mapScale(Hue[12], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[13]=mapScale(Hue[13], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[14]=mapScale(Hue[14], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[15]=mapScale(Hue[15], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[16]=mapScale(Hue[16], 0.0, 252.0, minPitch, maxPitch, scale)
pitch[17]=mapScale(Hue[17], 0.0, 252.0, minPitch, maxPitch, scale)


count=0
Chord_C=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Cm=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_D=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Dm=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_E=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Em=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_F=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Fm=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_G=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Gm=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_A=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Am=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_B=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]
Chord_Bm=[(0,0,0),(0,0,0),(0,0,0),(0,0,0)]

ivalues=[12, 36, 48, 60]
i=12
count=0
while i<60:
   Chord_C[count]=[i, i+4, i+7]
   Chord_Cm[count]=[i, i+3, i+7]
   Chord_D[count]=[i+2, i+6, i+9]
   Chord_Dm[count]=[i+2, i+5, i+9]
   Chord_E[count]=[i+4, i+8, i+11]
   Chord_Em[count]=[i+4, i+7, i+11]
   Chord_F[count]=[i+5, i+9, i+12]
   Chord_Fm[count]=[i+5, i+8, i+12]
   Chord_G[count]=[i+7, i+11, i+14]
   Chord_Gm[count]=[i+7, i+10, i+14]
   Chord_A[count]=[i+9, i+13, i+16]
   Chord_Am[count]=[i+9, i+12, i+16]
   Chord_B[count]=[i+11, i+15, i+18]
   Chord_Bm[count]=[i+11, i+14, i+18]
   count=count+1
   i=i+12

Chordlist=[Chord_C[1],Chord_D[1],Chord_E[1],Chord_F[1],Chord_G[1],Chord_A[1],Chord_B[1],Chord_Cm[1],Chord_C[3],Chord_D[3],Chord_E[3],Chord_F[3],Chord_G[3],Chord_A[3],Chord_B[3],Chord_Cm[3]]

Chordlist2=[Chord_C[0],Chord_D[0],Chord_E[0],Chord_F[0],Chord_G[0],Chord_A[0],Chord_B[0],Chord_Cm[0],Chord_C[2],Chord_D[2],Chord_E[2],Chord_F[2],Chord_G[2],Chord_A[2],Chord_B[2],Chord_Cm[2]]

#count=0
#element1=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
#element2=0
#element3=0
#for count in range(16):
#   element1[count], element2, element3=Chordlist[count]
#element4=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
#element5=0
#element6=0
#count=0
#for count in range(16):
#   element4[count], element5, element6=Chordlist2[count]
def closest(lst, K): 
     
   return lst[min(range(len(lst)), key = lambda i: abs(lst[i]-K))] 

#element7=[0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0]
#element8=0
#count=0
#for count in range(22):
#   element7[count], element8=Perc[count]

newPerc=[0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
newPerc = [int(i * 100) for i in Perc]
print(newPerc)
#print(element1.index(thingie))
timeDisplacement = [EN, QN]
count=0
phrase=Phrase()
initialpitch=0
for count in range(60):
   probsm=random()
   prob=int(probsm*100)
   number=closest(newPerc,prob)
   index=newPerc.index(number)
   print(index)
   pitchused=pitch[index]
   prob2=randint(1,6)
   startTime = float(count)   # phrase start time is a float
      
   startTime = startTime + choice( timeDisplacement )
       
   phrase = Phrase(startTime)   # create phrase with given start time  
  

   if prob2==1:
      phrase.addChord(Chordlist[randint(0,15)], QN)
      
   elif prob2==2:
      phrase.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
         
   elif prob2==3:
      if index>15:
         phrase.addChord(Chordlist[randint(0,15)], QN)
      else:
         phrase.addChord(Chordlist2[index], choice([HN, QN, EN]))
      
   elif prob2==4:
      phrase.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
      
   elif prob2==5:
      
      phrase.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   else:
   
      phrase.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   
   initialpitch=pitchused
   soundscapePart.addPhrase(phrase)

phrase2=Phrase()
for count in range(60):
   probsm=random()
   prob=int(probsm*100)
   number=closest(newPerc,prob)
   index=newPerc.index(number)
   print(index)
   pitchused=pitch[index]
   prob2=randint(1,6)
   startTime = float(count)   # phrase start time is a float
      
   startTime = startTime + choice( timeDisplacement )
       
   phrase2 = Phrase(startTime)   # create phrase with given start time  
   if prob2==1:
      phrase2.addChord(Chordlist[randint(0,15)], QN)
      
   elif prob2==2:
      phrase2.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
         
   elif prob2==3:
      if index>15:
         phrase2.addChord(Chordlist[randint(0,15)], QN)
      else:
         phrase2.addChord(Chordlist2[index], choice([HN, QN, EN]))
      
   elif prob2==4:
      phrase2.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
      
   elif prob2==5:
      
      phrase2.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   else:
   
      phrase2.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   
   initialpitch=pitchused
   soundscape2Part.addPhrase(phrase2)
   
phrase3=Phrase()
for count in range(60):
   probsm=random()
   prob=int(probsm*100)
   number=closest(newPerc,prob)
   index=newPerc.index(number)
   pitchused=35
   prob2=randint(1,6)
   startTime = float(count)   # phrase start time is a float
      
   startTime = startTime + choice( timeDisplacement )
       
   phrase3 = Phrase(startTime)   # create phrase with given start time  
   if prob2==1:
      phrase3.addNote(choice([pitchused, REST, REST]), choice([QN, EN, SN]))
      
   elif prob2==2:
      phrase3.addNote(choice([pitchused]), choice([QN, EN, SN]))
         
   elif prob2==3:
      
      phrase3.addNote(choice([pitchused, REST, REST]), choice([QN, EN, SN]))
      
   elif prob2==4:
      phrase3.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
      
   elif prob2==5:
      
      phrase3.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   else:
   
      phrase3.addNote(choice([pitchused, REST]), choice([QN, EN, SN]))
   
   initialpitch=pitchused
   soundscape3Part.addPhrase(phrase3)
soundscapeScore.addPart(soundscapePart)
soundscapeScore.addPart(soundscape2Part)
soundscapeScore.addPart(soundscape3Part)




Write.midi(soundscapeScore, "Water_Lilies.midi")

Relevant Data Highlighting


Data Grouping


Theme Comparison


Unique Themes


Raw Data


Mean Number of Fixations

No Audio	3.5001860069621284	3.3678765702728168	1.7440789381769939	3.9752971659827634	3.5001860069621284	3.3678765702728168	1.7440789381769939	3.9752971659827634	Impressionist	Realist	Abstract	Renaissance	95.291666666666671	119.125	108.16666666666666	117.10416666666666	Basic Audio	2.279330750238203	4.3541832801384102	0.14433756729740646	0.15035163260146367	2.279330750238203	4.3541832801384102	0.14433756729740646	0.15035163260146367	Impressionist	Realist	Abstract	Renaissance	73.4375	85.833333333333343	82.833333333333329	92.6875	Enhanced Audio	0.35482985293945685	2.9408779336846567	3.2415811988876051	1.7079945463526425	0.35482985293945685	2.9408779336846567	3.2415811988876051	1.7079945463526425	Impressionist	Realist	Abstract	Renaissance	94.520833333333343	101.39583333333333	107.60416666666666	114.08333333333334	



Mean Total Duration of Fixations

No Audio	0.48673634725337467	0.97035139461395248	0.74298965579400755	1.7049153449169652	0.48673634725337467	0.97035139461395248	0.74298965579400755	1.7049153449169652	Impressionist	Realist	Abstract	Renaissance	24.856354166666666	33.272562499999999	27.124916666666664	32.191708333333338	Basic Audio	0.40249132047412212	0.78630295411384488	3.9692831006786777E-2	0.58795306632068089	0.40249132047412212	0.78630295411384488	3.9692831006786777E-2	0.58795306632068089	Impressionist	Realist	Abstract	Renaissance	18.543895833333337	24.272541666666665	21.050583333333332	26.845229166666662	Enhanced Audio	0.30280818805935028	0.35172659524256361	0.60609148727772189	0.95998916009504509	0.30280818805935028	0.35172659524256361	0.60609148727772189	0.95998916009504509	Impressionist	Realist	Abstract	Renaissance	24.430624999999999	29.039124999999999	26.912187500000002	31.775083333333335	
Seconds




Mean Positive Sentiment Scores

No Audio	1.323094366892899E-3	4.5887318269967128E-3	2.7303856480426093E-3	6.417007679430535E-3	1.323094366892899E-3	4.5887318269967128E-3	2.7303856480426093E-3	6.417007679430535E-3	Impressionist	Realist	Abstract	Renaissance	0.37808333333333333	0.33243750000000005	0.26049999999999995	0.28802083333333328	Basic Audio	1.4764530321463871E-2	1.5035163260146533E-3	2.1283777111063374E-2	1.0157756298554928E-2	1.4764530321463871E-2	1.5035163260146533E-3	2.1283777111063374E-2	1.0157756298554928E-2	Impressionist	Realist	Abstract	Renaissance	0.30777083333333333	0.31420833333333331	0.2290208333333334	0.25810416666666669	Enhanced Audio	2.6943012562182455E-3	1.7104001724742617E-2	4.5586615004764236E-3	9.8149545762236546E-3	2.6943012562182455E-3	1.7104001724742617E-2	4.5586615004764236E-3	9.8149545762236546E-3	Impressionist	Realist	Abstract	Renaissance	0.41991666666666666	0.35945833333333332	0.32916666666666661	0.38191666666666668	



Mean Negative Sentiment Scores

No Audio	1.3050521709807163E-3	5.2021664880106903E-3	2.1380002155928318E-2	1.521558521926825E-3	1.3050521709807163E-3	5.2021664880106903E-3	2.1380002155928318E-2	1.521558521926825E-3	Impressionist	Realist	Abstract	Renaissance	4.4687500000000005E-2	0.10047916666666666	0.18214583333333334	5.8145833333333334E-2	Basic Audio	6.3328107651737051E-3	6.8319781854105774E-3	2.5764255762587042E-2	9.1654355233853121E-3	6.3328107651737051E-3	6.8319781854105774E-3	2.5764255762587042E-2	9.1654355233853121E-3	Impressionist	Realist	Abstract	Renaissance	0.10860416666666667	0.10204166666666664	0.25349999999999995	0.12395833333333334	Enhanced Audio	4.5105489780439536E-3	4.1436909944963648E-3	1.1168119269636815E-2	8.6181555807159776E-3	4.5105489780439536E-3	4.1436909944963648E-3	1.1168119269636815E-2	8.6181555807159776E-3	Impressionist	Realist	Abstract	Renaissance	4.3291666666666666E-2	8.61875E-2	0.17797916666666669	5.781250000000001E-2	
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