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Abstract—This paper presents the results from two studies which used a dual-task methodology to measure an audience’s 

experience of immersion while watching video under typical television viewing conditions. Immersion was measured while 
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participants watched either a high dynamic range, wide color gamut video or a standard dynamic range, standard color gamut 

video, in high definition or ultra-high definition. Other video parameters were carefully measured and controlled.  

 The study found that high dynamic range, wide color gamut video is significantly more immersive than standard dynamic range, 

standard color gamut video in the chosen configuration. However, there was no evidence of significant differences in immersio n 

between high-definition and ultra-high-definition resolutions. 

 

1 INTRODUCTION 

High dynamic range (HDR) television systems allow a much greater range of luminance levels to be represented 

than conventional standard dynamic range (SDR) systems. The human visual system can perceive a huge luminance 

range, with estimates as large as from 10-6 cd/m2 to 108 cd/m2 (247:1 or 47 stops) if the eye is given time to adapt 

[1]. However, this range is not all visible in a single adaptation state; the simultaneous sensitivity range of the 

human visual system is about 14 stops [1, 2]. SDR television, as standardized in Recommendation ITU-R BT.709 [3], 

is limited to about 6 stops of dynamic range [4], so it cannot recreate the experience of viewing many natural scenes 

and hence the luminance range must be limited or compressed. In contrast, both approaches to HDR detailed in 

Recommendation ITU-R BT.2100 [5] allow a range of luminance levels greater than 14 stops to be represented, so 

they are capable of producing a visual impression that is much closer to that from viewing a natural scene. HDR 

television also uses a wider set of color primaries that encompass almost all real surface colors [6, section 3.2.6], 

which means that more saturated colors can be represented than is possible with ITU-R BT.709 SDR. HDR images 

can therefore look much more striking than ITU-R BT.709 SDR images, because the ranges of luminance levels and 

colors cover a high proportion of the range visible by the human eye.  

The better matching of HDR content and displays to the human visual system’s capabilities might be expected to 

have an impact on the immersive experience of viewers at a psychological level. However, there are no reported 

psychological studies that measure the quality of an audience’s immersive experience with high dynamic  range 

video under typical television viewing conditions. Experimental paradigms used previously [7, 8] tend to use very 

short video clips as stimuli, with no audio, which are not representative of the home viewing experience and can 

only measure short-term visual quality. In order to measure immersion throughout a more typical viewing session, 

this paper investigates whether HDR improves the audience experience of watching a complete 50-minute 

television program, including audio. We treat the extent to which a subject’s attentional resources are devoted to 

the viewing experience as an indicator of immersion in the program. A dual-task approach is used, with the time 

taken to respond to a secondary task taken as a measure of the attention devoted to the primary task.  This 

experimental paradigm is well-established in the field of cognitive psychology [9, 10, 11, 12], and complements 

existing engineering studies that measure HDR quality using more conventional objective or subjective ratings [7, 

8, 13]. 

 This paper builds on earlier work by in prior work [9] that validated the dual-task methodology as a method for 

measuring the contribution of technology to participants’ levels of immersion while watching film. This method is 

a very different kind of measurement to traditional subjective ratings, since it measures  the viewer experience in 

a more objective and automatic manner. The contributions of the current paper are two-fold. First, it shows the 

application of the dual-task methodology as a method for measuring the contribution of technology to participants’ 

levels of immersion while watching professionally-produced audio-visual broadcast content. Second, for high 
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dynamic range video, it demonstrates the power of this format to produce immersion, independent of spatial 

resolution.  

The remainder of the paper is structured as follows. Section 2. provides an overview of related work. Section 3. 

details the general experimental methodology and the use of the dual-task methodology.  Section 4. describes the 

two experiments using this method. Section 5. is a discussion of these findings and section 6. outlines the 

conclusions. 

 

2 RELATED WORK 

Video quality is conventionally measured either using objective metrics such as Peak Signal-to-Noise Ratio (PSNR) 

or Structural Similarity (SSIM) [13]; or reference-based subjective assessments such as those described in 

Recommendation ITU-R BT.500 [14], e.g. [7] and [8].  This latter methodology requires participants to judge the 

subjective quality of a set of short video clips, typically 10 s or less [15] in length, each of which consists of carefully-

selected content which has been processed using parameters of interest, viewed under controlled test conditions. 

A typical comparison might be between different coding schemes at different compression bit rates. Participants 

are usually asked to compare videos against a reference (either explicit or hidden), using a scale that represents 

subjective quality or subjective impairment. The scale can be converted to numerical values, from which a Mean 

Opinion Score (MOS), or Differential Mean Opinion Score (DMOS), is then derived.  

Subjective rating test results have shown that UHD resolution offers limited benefit compared to conventional HD 

video [16, 17, 18]; supported by a number of informal demonstrations [19]. This has led to a focus on developing 

high dynamic range systems, in order to bring a more significant benefit to the viewer. Rating scale methodologies 

have been also used to judge preferences for displays with different peak luminance levels, using automatic down-

conversions of the dynamic range of short clips [20]. A similar approach was used with images to show that spatial 

resolution, wider color gamut and high dynamic range all have a positive impact on high level factors such as 

whether the content looks “delicious”, “beautiful” or “real” [21, 22].  While such approaches can be powerful, they 

cannot (due to time demands) be used in more typical situations where an audience watches a complete TV 

program at home, nor are they intended to measure overall engagement. 

There exists a large body of work related to HDR imaging and the associated challenge of tone-mapping (dynamic 

range reduction) [23, 24, 25], and compression formats [26, 27, 28], as well as the more recent work that specifically 

addresses HDR television systems [4, 29]. The majority of these studies explain that the human visual system is able 

to perceive a much larger range of luminance levels than could be displayed using conventional technology and 

hence it is clear, without further testing, that increased dynamic range leads to increased detail in the image. A study 

by Akyüz et al. [30] asked participants to arrange HDR and tone-mapped low dynamic range images in order of 

preference and confirmed that there is a strong preference for HDR. It also showed that viewers tend to prefer 

bright images.  

Work is also ongoing to create objective video quality metrics for HDR that best match subjective ratings [31, 32], 

but these currently focus on predicting the subjective quality of HDR with distortions such as compression artefacts 

or noise rather than comparing SDR and HDR content directly. Other studies have developed methods for evaluating 

tone-mapping operators on static images [33, 34, 35]. 
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It is recognized that there is more to optimizing the viewer experience than simply minimizing distortion, and hence 

a significant amount of research into measuring overall Quality of Experience has been conducted [36]. This work 

aimed to embrace any and all factors affecting the viewer’s enjoyment of the experience. This included the technical 

quality of media, audio-video synchronization issues and length and frequency of buffering events [37]. A number 

of test methodologies have been reported, including measurements of network characteristics, viewing time, and 

traditional subjective ratings [38], and physiological measurements [39]. For HDR quality assessment, visual 

attention and naturalness have also been identified as important factors [40]. Visual attention can be monitored 

using eye tracking devices [41], but it is difficult to measure naturalness using objective methods.  

 Collecting audience feedback after trial broadcasts can give an indication of viewer preferences in real viewing 

scenarios, as has been done for recent BBC trials [42]. This approach is helpful for collecting qualitative judgements, 

but quantitative analysis of free-form feedback is difficult. Methods exist for refining free text descriptions, but these 

have so far only been applied to short test clips as part of controlled experiments [43]. 

A methodology that does allow quantitative measurement of immersion for an audience watching full-length TV 

programs is the Dual-Task Method presented by in pior work [9]. The dual-task paradigm [9, 10, 11, 12] requires 

participants to carry out two tasks concurrently, usually labeled the primary and the secondary tasks, and 

fluctuations in performance in the secondary task are taken as evidence that attentional resources are being focused 

on the primary task to the detriment of the secondary task. As a consequence, the more demanding the primary 

task, the worse the performance on the secondary task due to a deficit in remaining resources. This paradigm was 

used in early pioneering experiments in cognitive psychology to study a wide range of tasks such as mental 

arithmetic, reading, and human-computer interface design, and has found applications with screen-based media 

[10, 12]. The specific method presented by in prior work [9] takes the reaction times of participants to audio tones 

(secondary task) during the program viewing (the primary task) as a measure of immersion in the program. 

Reaction times have been found to give a measurement of audience immersion that relates to both narrative and 

low-level audio-visual parameters [9].  In sum, slower reaction times, represent higher attentional engagement in 

the content and higher immersion. This is the methodology used in the current study to investigate the effects of 

dynamic range on audience immersion. 

Research into virtual reality systems has long explored the concept of “presence”, or a “sense of being there”, 

typically measured with questionnaires [44]. Many factors are known to contribute to or be correlated with a sense 

of presence, including the media format and the amount of attention paid to the media rather than the surrounding 

environment [45]. We would therefore expect the reaction times, a measure of attention, to be correlated with the 

sense of presence elicited by the media, even though our experiment does not measure presence directly. 

One of the most difficult aspects of measuring quality for any test methodology is the lack of suitable test data. A 

number of test databases have been developed for research purposes [46, 47, 48, 49], but these tend to be either 

clips that are only a few seconds long, or still images, and so they are not representative of real viewing scenarios. 

Professionally-produced, full-length HDR programmes were much more difficult to obtain at the time the 

experiments were conducted. This study used some of the earliest professional HDR content: episodes from the 

BBC natural history series Planet Earth II and Blue Planet II.  
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3 METHODOLOGY 

3.1 Overview 

Two experiments are reported that investigate the effect of both dynamic range and resolution on viewer 

immersion while watching professionally-produced audio-visual content. The reason for running two independent 

experiments with two different pieces of content were two-fold: to satisfy the scientific needs for replication, and 

to demonstrate that the  effects replicate across  different content. The content for both experiments was a 50-

minute episode of a natural history documentary, produced by the BBC Natural History Unit.  The content for 

Experiment 1 was the first episode from the series Planet Earth II, “Islands”, and the content for Experiment 2 was 

the sixth episode from the series Blue Planet II, “Coasts”. The Blue Planet II episode included an additional 10-

minute “making of” piece, tracking the crew as they shot the footage for the main program. These two programs 

include a wide range of different luminance levels and dynamic contrast across scenes, and feature scenes with a 

range of land and coastal settings. They also include a strong narrative element that tells the stories of the featured 

wildlife. The choice to use a small number of long episodes rather than many short clips was driven by our aim of 

measuring immersion in a realistic home viewing setting. It was critical that the experimental stimulus was long 

enough and engaging enough for the test subjects to become immersed, in the same way that viewers at home would 

typically watch a whole episode in one sitting. Although this restricted the range of genres it was possible to test, 

the overall content length vastly exceeded that of more conventional comparative rating tests, where subjects 

quickly become fatigued.  

 Experiment 1 was designed to measure whether upgrading the technical parameters of a piece of television content 

from one broadcast format to another would produce a measurable increase in audience immersion in a typical 

living-room situation. The two formats tested were: (1) High Definition (HD, 1920x1080 pixels), Standard Dynamic 

Range (SDR), standard color gamut (hereafter referred to as HD-SDR), as standardized in Recommendation ITU-R 

BT.709 [3]; and (2) Ultra-High Definition (UHD, 3840x2160 pixels), High Dynamic Range (HDR), wide color gamut 

(hereafter referred to as UHD-HDR), as standardized in Recommendation ITU-R BT.2100 [5]. The content was HEVC 

encoded, wrapped as mp4 and played on a UHD television via USB. The bit rate was high (details in section 4.1.1) 

so that coding artefacts were not significant. A built-in display mode was used, with no further calibration, as might 

occur in a typical home set-up. Within the display mode, the TV was able to switch between SDR and HDR based on 

signaling in the content files. The two versions of the content were derived from independent color grades of the 

same edit. A measurable increase in immersion would provide good evidence to content producers and distributors 

that upgrading their systems to UHD-HDR would bring a benefit to the audience. 

Experiment 1 allowed differences in immersion between HD-SDR and UHD-HDR to be measured, but it was not 

possible to separate the effects of resolution and dynamic range. This was addressed in Experiment 2. Here, four 

versions of the test content were created from the same UHD-HDR original, using automatic down conversion to 

UHD-SDR, HD-HDR and HD-SDR. This gave a two-by-two design, testing dynamic range and resolution in all 

combinations (HD-SDR, HD-HDR, UHD-SDR and UHD-HDR). Using the same source for the four versions allowed 

any effects caused by different artistic choices from different colorists to be excluded. In this case the content was 

encoded as ProRes LT (between broadcast and production quality compression), so any compression artefacts 

would again be negligible. It was played from a solid-state drive (SSD) video player over HDMI to the same television 

as Experiment 1. The display settings were adjusted to achieve the best match possible between the standardized 

display transfer functions and the measured display response.   
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The experimental predictions were as follows: 

Experiment 1: the high dynamic range version (UHD-HDR) of the program would be more immersive than the 

standard dynamic range program (HD-SDR). This would correspond to slower dual-task secondary reaction-time 

responses during viewing.  

Experiment 2: the high dynamic range video would make the program more immersive than standard dynamic 

range, and ultra-high definition would make the program more immersive than high definition. Again, higher 

immersion would correspond to slower dual task secondary reaction-time measurements during viewing. 

 

3.2 Method  

3.2.1 The Dual Task Methodology and its Implementation 

Dual-task reaction times (RTs) were measured using a custom built apparatus (which was a custom-built iPhone 

app. on an iPhone 7). The apparatus implemented the dual-task choice reaction time paradigm [9]. During an 

experiment, the apparatus waits for an audio tone from the video sound track at time code zero to trigger the dual-

task apparatus to start operation. The apparatus presents two  buttons, labelled “LOW” and “HIGH”, respectively, 

and plays  either a low tone (600 Hz) or high tone (1000 Hz) for 1 s, every 15 s (tones are chosen to be identical to  

[9]). Dual-task RT measurements are taken starting from 15s into the content,  and then every 15 s for the first 46 

minutes of the content.  Two important operational app. design issues were addressed in order to use an  iPhone 

app. as the dual-task instrument. Firstly, keeping light pollution to a minimum, by designing the app. screen to 

contain low luminance grey buttons. Secondly, an app. screen that allowed participants to use the device without 

moving their eyes from the primary task of watching the film. This was achieved by using very large buttons filling 

the whole physical device screen real-estate, on the left and right hand of a landscape screen and a suitable training 

phase. Informal feedback from the participants and experimenters observing the participants suggests this was 

successfully achieved. The selection of a low or high tone is randomized. Whilst it is possible that there were some 

masking effects between the programme audio sound track and the test tones, no subjects complained of any 

difficulty in hearing the tones, and the same programme audio sound track was used for all different video formats 

so any masking effects would occur at the same time in all tests. It would be interesting to do further work to 

investigate other kinds of secondary stimulus.  

 The apparatus records the time and accuracy of every user button press in a log file. The RT recorded is the elapsed 

time between the tone and the button press.  The accuracy of the measurement of a single RT is limited by the 

response time of the device (< 50 ms).  It should be noted that i) human RTs are subject to substantial biological 

noise which has its origins across the neural pathway from sensation to action [50] and ii) by averaging across a 

number of responses, the measurement error is reduced. 

A button press is considered correct if it correctly identifies the tone within 2 s. Only the first button press after a 

tone is counted. If the first button press is incorrect, or if there is no button press within 2 s, an error is recorded. 

Following each experiment, the raw RTs are averaged across progressive sets of four samples, giving 1 minute mean 

RTs throughout the program. This facilitated graphical visualization and subsequent analysis. 
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3.2.2 Procedure 

For both experiments, participants were informed that their main task was to watch and enjoy the program, after 

which they would have to answer some questions. This was intended to foster attentiveness to the content (the 

questions were never asked). Participants were also told that, while watching the program, they should respond, 

on hearing either a high or low tone, by pressing either the “high” key or “low” key on the device respectively, and 

to do so as quickly but as accurately as possible. Participants were played some sample audio tones at the start for 

training purposes so that they could subsequently discriminate between high and low tones. 

4 EXPERIMENTS 

4.1 Experiment 1 

4.1.1 Test Content 

Planet Earth II “Islands” was shot on a range of different cameras, and subsequently color graded. As HDR 

production is maturing, it is now usual for an SDR output to be created using an automatic down-conversion from 

HDR. However, for this early trial of HDR, the broadcast HD content was graded using conventional HD-SDR 

workflows, and an independent grade was performed for the UHD-HDR version. The UHD-HDR content was graded 

on a monitor with peak luminance of 600 cd/m2, using the standardized Hybrid Log-Gamma (HLG) opto-electric 

transfer function [5]. 

The HD-SDR content was shot at 25 frames per second (fps) and compressed with HEVC using the Main 10 profile 

at level 4.1, at 22.7 Mbps with 4:2:0 chroma subsampling, and the UHD-HDR content had been frame-doubled to 50 

fps from the original at 25 fps and compressed with HEVC using the Main 10 profile at level 5.1, at 35.0 Mbps with 

4:2:0 chroma subsampling. The frame doubling would make little difference to the final presentation, since the 

display refreshes at a rate much higher than the input rate, i.e. each frame is presented to the viewer multiple times 

in both cases. These are the only formats that were available for use at the time, but both are high bit rates, so coding 

artefacts would be negligible at the viewing distance used in the experiment for both versions of the content. 

Fig. 1 shows the mean display luminance of each frame of the UHD-HDR and UHD-SDR content, calculated from the 

measured peak luminance values of the display. In general, the HDR grade of the content was brighter. The mean 

luminance over the length of the HD-SDR program was 63 cd/m2, and the mean luminance over the UHD-HDR 

program was 107 cd/m2. The median luminance values were 57 cd/m2 and 93 cd/m2 respectively. These were two 

different grades, by different colorists, so different average brightness levels were largely inevitable. Given the eye’s 

logarithmic response to brightness (as plotted in Fig. 1) the difference was not considered to be very significant, so 

unlikely to affect the perceived immersive properties. 
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Figure 1: Mean display luminance for the Planet Earth II Islands episode, UHD-HDR and HD-SDR versions 

4.1.2 Participants 

There were 24 participants, aged between 21 and 57 (mean = 28), consisting of 14 males and 10 females.  All 

participants had normal vision and were studying the University of Bristol, U.K. and completed the experiment for 

course credit or a small participant payment (£7). Each participant took part in one test only, and none had watched 

the program previously. 

 

4.1.3 Test Configuration for Experiment 1 

The video content for Experiment 1 was played from a USB drive on a Sony Bravia KD-65ZD9 display. The screen 

diagonal size was 163.9 cm, with a height (H) of 80.35 cm and width of 142.9 cm. The viewing distance between 

participant and display was twice the screen height (2H), i.e. 160 cm. In order for participants to be able to see a 

difference between UHD and HD resolutions, it was necessary for the viewing distance to be shorter than the 

distance at which the spatial resolution of the HD content matches the visual acuity of a typical viewer, i.e. the HD 

design viewing distance of 3H [51]. However, the design distance for UHD, 1.5H (120 cm), is generally considered 

uncomfortably close - a survey of television viewers showed that only 6% of respondents watch at a distance of 120 

cm or closer, and only 1.5% at a relative viewing distance of 1.5 H or closer [52]. A viewing distance of 2H (160 cm) 

was chosen for the tests, to be more representative of typical home viewing whilst still being close enough to the 

screen for test participants to perceive a difference between the two spatial resolutions. According to the same 

survey, about 89% of viewers watch at a distance of 160 cm or further, i.e. 89% of the television audience would 

not be able to see differences in spatial resolution any more clearly than the test participants. 

Advice was sought from the display manufacturer on the best built-in settings to match the standard for HLG HDR, 

and to imitate a conventional SDR TV with about 300-400 cd/m2 peak luminance. The display was reset to the 
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factory default and “cinema pro” mode was then turned on, for both versions of the content. The details of television 

display modes are proprietary, but those labelled “cinema” tend to provide the most accurate reproduction of video 

standards. Switching between HDR and SDR display modes was activated by signaling in the video files. Sound 

settings, including the volume level, were kept constant for all tests. Room lighting was switched off. 

 

4.1.4 Results for Experiment 1 

 For the HD-SDR group, the mean error rate, i.e. the proportion of stimuli for which an error was recorded, was 

0.6% across participants, 95% confidence interval (CI) [.546, .654]; and for the UHD-HDR group it was 0.5%, 95% 

CI [.359, .641]. Error rates across all conditions and participants were very low and so were not analyzed further. 

 

 

Figure 2: Planet Earth II Islands Episode experiment. Mean secondary RT (ms), at minute intervals (averaged across 4 x 15s temporal 

samples), (a) plotted against elapsed time (s) for UHD-HDR (orange) and HD-SDR (blue); and (b) shown as a boxplot. 

 

 

(a) (b) 
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Fig. 2(a) shows mean secondary RTs (ms), at minute intervals (averaged across 4 x 15s temporal samples), plotted 

against elapsed time (s) for both display formats, i.e. the UHD-HDR (orange) and the HD-SDR (blue). A repeated 

measures ANOVA was performed, with a between-subjects, binary factor of Display Format, (HD-SDR and UHD-

HDR) and a within-subjects factor of Elapsed Time (46 levels) (i.e. the sampled first 46 minutes of the content).  For 

the between-subjects factor, a highly significant effect of Display Format was found, F(1,22) = 295, p < .001, 

indicating that participants viewing UHD-HDR video are more immersed than those watching the HD-SDR video. 

There was no interaction, F < 1, p = .876. This is also shown in the boxplot in Fig. 2(b). The within subjects factor of 

Elapsed Time is significant, F(45,990) = 1.783, p = .001, indicating that there are reliable changes in RT with time.  

A Pearson’s correlation of mean RTs from the HD-SDR video viewing and the UHD-HDR video viewing shows a 

significant correlation, r(44)  = .334 p = .023. This suggests that peaks in immersion co-occurred across the HD-SDR 

and the UHD-HDR in time despite the overall difference in immersion for the different formats. 

 

4.2 Experiment 2 

4.2.1 Test Content 

Blue Planet II “Coasts” was shot on a range of cameras and subsequently color graded. For Experiment 2, all four 

versions of the content were derived from the same UHD-HDR grade. The grading was performed using a monitor 

with a peak luminance of 600 cd/m2, using hybrid log-gamma. The automatic down-conversion, or tone-mapping, 

from HDR to SDR, was performed using a 3-dimensional look-up table (LUT) developed by BBC Research and 

Development for use in broadcast applications. Specifically, a beta version of LUT 8a, version 1.1 of the released 

LUT package was used [53]. This performs a display-light conversion from HLG to BT.709, consisting of a smooth 

luminance mapping that compresses the highlights and maps 75% HLG signal level to 84% BT.709 signal level, 

followed by a clip to the BT.709 color gamut on the RGB signals. The LUT was designed such that the down-

converted BT.709 content can be intercut with native BT.709 content without any obvious change in the brightness 

or “look”. Fig. 3 shows the mean display luminance of each frame of the UHD-HDR and UHD-SDR content, using the 

measured display peak luminance values. It demonstrates that the brightness of the two versions was comparable 

(the mean display luminance has been found to be a good estimator of perceived brightness [54]), with a just a few 

brighter peaks in the HDR content. The mean values over the length of the program are 78 cd/m2 and 70 cd/m2 for 

the UHD-HDR and UHD-SDR content respectively, and median values are 65 cd/m2 and 64 cd/m2 respectively. This 

ensures that any differences in immersive properties observed cannot be due to one version being significantly 

brighter than the other. 

 Spatial down conversion from UHD to HD was performed using bicubic interpolation built in to DaVinci 

Resolve 14 [55]. All four versions of the content were at the original 25 fps and included the same two-channel 

stereo audio. After any down-conversions, all four versions were encoded as ProRes 422 LT. The resulting quality 

was better than typical distribution quality, so coding artefacts can be considered negligible. The final bit rates 

were: UHD-HDR 275 Mbps; UHD-SDR 290 Mbps; HD-HDR 74.7 Mbps and HD-SDR 74.9 Mbps. 
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Figure 3: Mean display luminance for the Blue Planet II Coasts episode, UHD-HDR and UHD-SDR versions. 

 

4.2.2 Participants 

In Experiment 2 there were 48 participants, aged between 19 and 64 years (mean = 30), consisting of 20 males and 

28 females. All participants had normal vision and were studying at the University of Bristol, U.K. and completed 

the experiment for course credit, or a small payment. Each participant viewed only one test condition, and none had 

watched the relevant program before. 

 

4.2.3 Test Configuration for Experiment 2 

The video content was played out from solid state drives on a Blackmagic Design HyperDeck Studio Pro 2, over 

HDMI to a Sony Bravia KD-65ZD9 display. The screen diagonal size was 163.9 cm, with a height (H) of 80.35 cm and 

width of 142.9 cm. The viewing distance between participant and display was 2H. 

 The “cinema pro” mode was used as the basis for the settings, with some additional fine tuning to match the 

standard transfer functions as closely as possible. In HDR mode with the HLG transfer function and BT.2020 color 

primaries, the display’s peak luminance was measured to be 1460 cd/m2. The settings for SDR were designed to 

imitate a conventional SDR television, so contrast was reduced such that the peak luminance was 300 cd/m2, and 

BT.709 was selected for the color primaries and transfer function (meaning the display should implement the 

display transfer function described in Recommendation ITU-R BT.1886 [56]). Sound settings, including the volume 

level, were kept constant for all tests. Full details of all the settings are provided in the supplementary information. 

The television settings were not changed for content with different spatial resolution; when the content was HD, 

the television up-converted to UHD to match its panel. No information is available on the up-conversion algorithm 
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used as it is a proprietary feature of the television, but it is highly unlikely that it was able to correctly simulate the 

detail lost when down-converting to HD. Allowing a consumer display to perform the up-conversion also fits with 

the aim of using a realistic home setting for our experiments. 

The room lights were turned off for the tests. There were no windows in the room, but there was a small amount of 

ambient light from the next room. Measurements of reflected light off the walls using a luminance meter did not 

register, i.e. the room was effectively black. 40% of survey respondents indicated that they prefer the lights to be 

dim or completely off for television viewing [52], so this would not be an unusual home set-up. 

 

4.2.4 Results for Experiment 2 

For the HD-SDR group, the mean error rate was 0.3% across participants, 95% CI [.149, .449]. For the UHD-SDR 

group, the mean error rate was 0.7%, 95% CI [.654, .746]. For the HD-HDR group, the mean error rate was 0.6%, 

95% CI [.562, .738]. For the UHD-HDR group, the mean error rate was 0.4%, 95% CI [.144, .656]. Given that the 

error rates were low, they were not analyzed further. 

Fig. 4 shows graphs of mean secondary RTs (ms), at minute intervals (averaged across 4 x 15s temporal samples), 

against elapsed time (s) in all paired combinations of the two by-two resolution vs. dynamic range design. Fig. 4(a) 

shows the effect of changing dynamic range on HD content, i.e. HD-SDR against HD-HDR; Fig. 4(b) shows the effect 

of changing dynamic range on UHD content, i.e. UHD-SDR against UHD-HDR; Fig. 4(c) shows the effect of changing 

resolution on SDR content, i.e. HD-SDR against UHD-SDR; and Fig. 4(d) shows the effect of changing resolution on 

HDR content, i.e. HD-HDR against UHD-HDR. It is clear from inspection that increasing the dynamic range had a 

greater effect than increasing the spatial resolution. This is confirmed by a repeated measures ANOVA with two 

binary between-subjects factors: Resolution (HD vs. UHD) and Dynamic Range (SDR vs. HDR); and one within-

subjects factor, Elapsed Time (with 53 levels). Examining the between-subject factors first, there was no significant 

effect of Resolution: F(1,44) < 1,  p = .83, suggesting that  participants were equally immersed in the UHD Resolution 

content and the HD Resolution content.  In contrast, there was a main effect of Dynamic Range: F(1,44) = 4.77,  p = 

.038, showing that participants were more immersed in the HDR content than in the SDR content. Further, there 

was no interaction effect of Dynamic Range and Resolution, F < 1, p = .84. In other words, the way in which Dynamic 

Range affects immersion is not changed by changing Resolution. For the between-subjects factor, Elapsed Time, 

there was a highly significant effect: F(52, 2288) = 2.848, p < .001, indicating that there are reliable changes in RT 

through the program. There are no significant interaction effects between Elapsed Time and either Resolution or 

Dynamic Range.  Fig. 5 summarizes these same effects with corresponding boxplots. We next calculated the 

Pearson’s correlation between the HD-SDR mean RTs and the UHD-HDR mean RTs, which gave a significant 

correlation:, r(53)   = .406, p = .003. This suggests that peaks in immersion co-occurred across SDR and HDR in time, 

despite the overall elevation in immersion for HDR content. 
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Figure 4: Blue Planet II Coasts Episode experiment. Mean secondary RT (ms), at minute intervals (averaged across 4 x 15s temporal 
samples) plotted with elapsed time (s): (a) HD-SDR and HD-HDR, (b) UHD-SDR and UHD-HDR (c) HD-SDR and UHD-SDR, (d) HD-HDR and 

UHD-HDR.   
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Figure 5: Blue Planet II Coasts Episode experiment. Boxplots of mean secondary RT (ms). HD-SDR, UHD-SDR, HD-HDR and UHD-HDR.  

 

5 DISCUSSION 

Experiment 1 showed that a combined increase in both the spatial resolution and the dynamic range of the video 

led to an increase in immersion as measured by the dual-task method [9].  In Experiment 2, these two factors were 

manipulated independently across four conditions and it was shown that increasing dynamic range increases 

immersion but that the change in spatial resolution did not reliably increase immersion. No evidence was found 

that these two factors interacted.  Given that viewers are known to prefer brighter images [30], it could be argued 

that the increased immersion measured for the HDR content in Experiment 1 was simply due to an overall increase 

in brightness. However, in Experiment 2, the mean luminance levels of the HDR and SDR versions were very similar 

(see Fig. 3), and median values over time were almost identical. The HDR content did include peaks at a higher 

average luminance than the SDR content, but the reaction times for HDR were consistently longer across the whole 

program, not only at these luminance peaks. This implies that it is genuinely the increased dynamic range that 

drives greater immersion, rather than a simple increase in brightness, and hence that there is value in adopting 

HDR formats. 

An increase in spatial resolution may have had little effect because the spatial resolution of HD is already 

approaching the limits of the human visual system, even at a viewing distance of 2H. This distance results in a 

resolution of approximately 40 pixels per degree at the eye, whereas the peak sensitivity for static images is at about 

12 pixels per degree (corresponding to a frequency of 6 cycles per degree) [57]. An effect may have been found if 
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lower resolution formats had been included in the test. This finding is consistent with earlier subjective test results 

that have shown limited benefit of UHD resolution [16, 17, 18]. 

Whilst the test content was compressed, the quality was much better than typical broadcast quality for both 

Experiment 1 and Experiment 2, so compression artefacts should not have played a role. Measuring the impact of 

compression for different video formats would merit further investigation. 

In both experiments there was a significant correlation between the Reaction Times from high dynamic range video 

and standard dynamic range, which can be seen in the common peaks and troughs across the HDR and SDR 

programs in Figs. 2 and 4. This is indicative that other factors common to both formats also determine immersion 

in this context. Common factors might include sensory, perceptual, cognitive or narrative factors. The findings from 

previous studies of participants watching films [9] suggests that both narrative factors and technology affect 

immersion.  

 It is tempting to focus on particular peaks and troughs in the RTs and link them to particular narrative moments. 

Examination of the content corresponding to common peaks in the Planet Earth II episode data (Fig. 2) reveals 

scenes which could be described as having particularly strong narrative.  One example of a high point of 

engagement, indicated by a peak in dual-task reaction time at 21 minutes (1260 s), features a particularly fast-paced 

and exciting point in the program when snakes relentlessly hunt newly-hatched iguanas across the desert [58]. The 

power of this particular scene to engage audiences is evidenced by the enormous number of views for the clip on 

YouTube (over 19 million at the time of writing). Examining the Blue Planet II episode data (Fig. 4) in the same way 

reveals similarly exciting scenes, for example at 24 minutes (1440 s) there is a scene showing the power of huge 

waves [59].  

Further, it can be seen that some peaks in HDR reaction time correspond to troughs in the SDR reaction time. One 

possible explanation for this is that, at times, technology factors and narrative factors will interact in different ways 

across the two conditions, i.e. high dynamic range video could highlight different salient elements in the video 

compared to standard dynamic range video, creating a different set of images for the participant, and a different 

narrative flow. This would result in the immersion due to narrative factors and the immersion due to technology 

factors not being fully separable.  

However, such linkage between narrative and RT patterns is at best exploratory, and a more rigorous a priori 

experimental design would be necessary to confidently link narrative structure and other factors such as shot 

length, audio elements, and visual factors such as motion. See [9] for a discussion of factors that can impact 

immersion. 

As well as demonstrating the power of HDR video to produce engagement, the experiments have validated the dual-

task methodology as a basis for differentiating the contribution of different technologies on the immersion of 

participants while watching professionally-produced audio-visual broadcast content. The consistent differentiation 

of standard dynamic range and high dynamic range shows that this approach is able to provide meaningful results, 

and the discovery that common peaks in reaction time correspond to exciting parts of the narrative indicate that 

the measure could correlate with engagement. The consistent offset in reaction times between SDR and HDR 

formats is taken to represent the contribution of the technology on participants’ immersion, and common peaks 

and troughs may be caused by common narrative elements.  
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6 CONCLUSION 

The reported experiments investigated audience immersion when watching high quality programs in standard and 

high dynamic range and in high definition and ultra-high definition resolution. Firstly, an experiment with the 

“Islands” episode of BBC Planet Earth II compared an HD-SDR version of the program with a UHD-HDR version. A 

significant effect was found, with the UHD-HDR content clearly more immersive than HD-SDR. This was consistent 

with our prediction. However, the separate effects of resolution and dynamic range on these outcomes could not be 

assessed in this experiment.  

A second experiment was conducted with the “Coasts” episode of BBC Blue Planet II, in four different formats, giving 

a two-by-two design, at standard and high dynamic range, and high and ultra-high definition. This found a 

significant effect of dynamic range, with high dynamic range content clearly more immersive than standard 

dynamic range, again consistent with predictions. Evaluation of the displayed luminance levels of the content 

indicated that it was indeed the higher dynamic range, rather than a change in brightness, that was driving an 

increase in immersion. However, the results revealed that resolution made no significant difference on immersion. 

Future work will include investigating the effect on immersion of any interaction between screen luminance and 

dynamic range. This will become important as brighter displays become commonplace in the home, where they will 

be used for viewing both SDR and HDR content. We would also like to explore methods to quantify the relative 

contributions of technology and narrative to immersion, and to extend the work to assess the impact of higher frame 

rates on immersion. For real-world applications, it will additionally be necessary to understand the effect of 

compressing the content to practical bit rates for distribution. 

 

Supplemental  Material 

The experimental data and TV settings can be found on the Open Science Framework repository [60]. 
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