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Abstract. The holistic understanding of human-computer interaction (HCI) is 
increasingly important, especially given the impending influx of older users 
who present dynamic needs that evolve with age. This study explores pupillary 
response behavior (PRB) during computer interaction to identify underlying dif-
ferences between older adults of varying ocular profiles. PRB was measured 
from two groups of individuals diagnosed with Age-related Macular Degenera-
tion (AMD) and a visually healthy control group. Unconventional analytical 
techniques – wavelet-based multifractal analyses – were used to identify PRB 
anomalies resulting from the effects of aging and/or ocular pathology. A distri-
bution of regularity indices was extracted from the data signals to reveal signa-
tures of PRB change patterns. One characteristic of the multifractal spectrum, 
Left Slope (LS), fully distinguished the user groups, revealing trends of increas-
ing PRB irregularity with increasing levels of ocular dysfunction. 

1   Introduction 

The holistic characterization of users, including both implicit and explicit interactions, 
has potential to inform system design in order to better anticipate and account for user 
needs across HCI scenarios. This is critical considering the impending influx of older 
adult users who present a highly dynamic array of needs and capabilities that evolves 
with age. A recent study [1] revealed consistent performance differences between us-
ers with and without Age-related Macular Degeneration (AMD), despite the absence 
of significant user differences on traditional demographic and clinically-assessed 
measures of visual function (e.g., visual acuity). This suggests that aspects of users’ 
visual health and capabilities can manifest themselves as impediments to HCI, while 
remaining undisclosed through traditional user profiling efforts. 

One popular objective method to convey covert aspects of HCI is the interpretation 
of psychophysiological responses to stimuli, including examination of constriction 
and dilation of the iris (i.e., pupillometry) during task performance. Research has long 
supported that changes in pupil diameter correspond to information acquisition, proc-
essing and cognitive workload (e.g., larger pupil = higher levels of processing) [2]. 
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More recently, research in HCI has used pupillary activity during computer-based in-
teractions to predict the cognitive demands experienced by users during performance 
of varying tasks to help inform interface and interaction design [3]. 

However, the proper measurement and interpretation of pupillary response behav-
ior (PRB) is not straightforward. PRB is affected by a variety of factors, including 
ambient light, fatigue, and medication use [2]. Moreover, aging naturally leads to ocu-
lar changes, such as shrinking pupil size and slower, smaller responses to visual stim-
uli [2]. Ophthalmologic research has also revealed that ocular disease (e.g., AMD) 
can decrease controlled, sustained movement of the iris [2]. Thus, powerful analytical 
tools are needed to detect these muted or irregular PRB change patterns. 

The most commonly used statistical methods for analyzing PRB include: mean 
task-evoked pupillary response (TEPR); averaging measures of pupil diameter for a 
given post-stimulus time period; and frequency, power and spectral analyses. These 
approaches, however, do not adequately account for the seemingly erratic nature of 
PRB intrinsic to the pupil’s physiological control mechanisms. Furthermore, they 
cannot resolve the amplified PRB complexity and irregularity exhibited by older 
adults with visual impairment. The richness of PRB in these individuals requires more 
sophisticated statistical techniques to improve the ability to examine this facet of HCI. 

This study uses an advanced statistical concept – wavelet-based analysis of multi-
fractality – to leverage the richness of this population’s pupillary response data. The 
multifractal spectrum refers to the probability distribution of Hölder regularity indices 
(α’s) from the raw data signal [4]. These regularity indices represent estimations of 
signal smoothness, based on fluctuations and correlations within local neighborhoods 
of time-series data points. Geometric attributes of multifractal spectra can be used to 
describe the richness of signal irregularity across scales of resolution. One such meas-
ure is Left Slope (LS), with a steeper slope indicative of decreasing multifractality 
and a smoother data signal with smaller, slower, or more persistent changes. 

2   Methods 

Pupillary response behavior was measured from older adults (mean age = 76 yrs) di-
agnosed with AMD, the leading cause of visual impairment in the US and UK. As 
summarized in Table 1, participants were grouped according to ocular disease and 
visual acuity, including two user groups of individuals diagnosed with AMD and one 
visually healthy control group. Comprehensive ophthalmologic exams were provided 
to ensure the clinical diagnosis of AMD and knowledge of current visual capabilities. 
Tasks were performed under conditions of best-corrected vision. PRB was measured 
with the Applied Science Laboratories® Model 501® head-mounted optics system. 

Table 1. User group characterization 

Group n Visual Acuity (Range) AMD Diagnosis? 

Control 14 [20/20 – 20/32] No 

Group 1 8 [20/32 – 20/70] Yes 

Group 2 6 [20/80 – 20/200] Yes 
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Participants performed 105 trials of a computer-based task; a single trial entailed 
the drag and drop of a Microsoft® Word file icon to a Window folder icon, integrated 
with different types of multimodal feedback to assist the participants’ drop of file into 
the folder. Task-based PBR of each participant was recorded at a rate of 60 Hz. This 
study employed a repeated-measures, within-subjects design, with each participant re-
ceiving all experimental conditions (e.g., feedback forms). User group was the inde-
pendent, between-subjects variable. A more detailed methodological description and 
performance summaries can be found in related work [1]. 

The wavelet-based multifractal analysis approach is best summarized by a five-step 
procedure, including: 1) The preparation and segmentation of individual pupillary re-
sponse behavior data signals; 2) The application of a discrete wavelet transform; 3) 
The generation and characterization of a multifractal spectrum for each data set; 4) 
The regression-based estimate of the LS measure; and 5) ANOVA and post-hoc 
analysis of group-based differences. As a comprehensive account is not permissible 
within this brief manuscript, interested readers are directed to related work [4, 5]. 

3   Results and Conclusions 

Analysis revealed that decreases in LS correspond to decreases in the ocular condition 
(in terms of both disease and acuity) of users. Figure 1 illustrates this clear monotonic 
trend between the LS multifractal summary and ocular condition. One-way analyses 
of variance (ANOVA) confirmed significant group-based differences with respect to 
LS (F = 32.258, p < 0.01). Post-hoc comparisons (Games-Howell) further revealed 
significant differences in LS between all user groups (p < 0.05), in accordance with 
the monotonic trend. Group 2’s PBR can be classified as the most multifractal, with a 
relatively rough PBR signal containing larger, faster, and anti-persistent changes in 
pupil diameter, followed by Group 1 and then the Control Group. 

 

Fig. 1. Monotonic relationship between multifractality and ocular profile 

To further reveal the contribution of this novel analytical approach, Figure 2 pre-
sents a comparison of individuals without and with AMD. Traditional statistical 
methods (e.g., the TEPR) would produce an interpretation that these individuals ex-
hibit equivalent PRB and experience similar cognitive load during task performance 
(see Figures 2a and 2b). However, using multifractal analysis to examine the underly-
ing signatures of irregularity, a clearer distinction can be made between these indi-
viduals (see Figures 2c and 2d). The individual with AMD (Figure 5d) exhibits PRB 
that is much more multifractal, based on LS and the resultant multifractal spectrum. 
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Fig. 2. Illustration of the utility of multifractal analysis. Figures (a) and (b) plot the PRB of in-
dividuals without and with AMD, respectively, during computer-based task performance. Fig-
ures (c) and (d) illustrate the corresponding multifractal spectra from these same datasets. 

This research has potentially far-reaching implications for the examination of cog-
nitive workload via PRB and furthering the understanding of the interaction needs and 
behaviors of users who are aging and/or have visual impairment. Multifractal analyses 
provide a new window through which the implicit subtleties of PRB can be utilized 
by HCI researchers. Additional efforts are underway to classify these individuals on 
the basis of other attributes of fractality. These novel analytical methods extend HCI 
user characterization beyond the use subject demographics or performance measures. 
The application of these analytical techniques holds great promise for utilizing the 
richly informative PRB of older adults with visual impairment in the context of HCI. 
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