The Uncanny Valley's Dimension of Human Likeness: neural correlates of physical and category change 
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Short Abstract: Investigation of the Uncanny Valley Hypothesis and affective experience of human-like characters requires a better understanding of category processing along the hypothesis' dimension of human likeness (DOH). The following protocol allows the neural correlates of physical and category change along the DOH to be distinguished, using functional magnetic resonance imaging.

Long Abstract: The uncanny valley hypothesis1 proposes that the perception of humanlike characters such as robots and, by extension, avatars (computer-generated characters) can evoke negative or positive affect (valence) depending on the object's degree of visual and behavioral realism along a dimension of human likeness (DOH) (Figure 1). But studies of affective valence of subjective responses to variously realistic non-human characters have produced inconsistent findings 2, 3, 4, 5. One reason for this is that human likeness is not perceived as the hypothesis assumes. The DOH can be defined in accordance with Mori's description as a linear change in the degree of physical humanlike similarity. But the subjective perception of human likeness along the DOH actually shows nonlinear effects associated with psychological mechanisms of categorical perception (CP) and category processing 6 (for CP see, e.g.,7). One important issue therefore is that the brain regions neurally responsive to physical humanlike similarity are distinguishable from those responsive to category change and category processing. This is important for further neuroimaging investigations of the uncanny valley hypothesis and associated effects of category processing on perception of human likeness and affective experience. Here, we present a protocol that allows the distinction to be made between brain regions responsive to physical change and those responsive to category change along the DOH, using functional magnetic resonance imaging (fMRI). 

- Place Figure 1 here -

Protocol 

1. Stimuli and experimental conditions, fMRI task, and Experimental Protocol

Stimuli and experimental conditions

1.1) Use avatar and human images as endpoints in the morphing procedure to produce linear morph continua to represent the DOH. We generated 32 continua using Morpher 3.3 (Zealsoft Inc., Eden Prairie, MN), but other morphing software may also be used. When morphing faces, ensure that the facial geometry of images used as endpoints of a continuum are closely matched to minimize perception of biological motion between face morphs during their quick successive presentation (e.g.,8). 

1.2) Each morph of a DOH continuum represents a difference in physical humanlike similarity at predefined increments. We used 13 different morphed images and labeled these M0 to M12 (Figure 2A). 

1.3) Use a forced choice classification task (e.g.,9) to determine which of these morphs are clearly categorized as avatars and which as human. 

1.4) Select from each morph continua two morphs categorized as avatars (e.g., M0 and M4) and two as human (e.g., M8 and M12) in the classification task. To control for physical differences between morphs, select morphs that represent equivalent increments of physical change along each continuum. We used increments of 33.33% (i.e., M0, M4, M8, M12). 

- Place Figure 2 here -

1.5) Sort the selected morphs into pairs according to the three experimental morph-pair conditions (Figure 2B): "same" (the morphs of a pair are identical representing no physical or category change), "within" (the morphs of a pair are drawn from within a category), and "between" (the morphs of a pair represent different categories). To investigate physical and category-change between the morphs of the morph pairs in relation to the avatar category (here, each of these morph pairs are thus termed "avatar trails"), ensure that the first morph of each morph pair in the three conditions is always M4 (from the avatar category) (Figure 2C), resulting in M4 - M4 for "same", M4 - M0 for "within" and M4 - M8 for "between". The same procedure can be applied for comparisons of physical and category-change between the morphs of the morph pairs in relation to the human category, ensuring that the first morph is always M8: "same" (M8 – M8), "within" (M8 – M12), and "between" (M8 – M4) (Figure 2C). Always ensure that both morphs of a morph pair are drawn from the same continuum in which they were originally morphed. 

fMRI task

1.6) The avatar and human trails are presented according to the conditions "same", "within", and "between" in the MR scanner. We used Presentation® software (Version 14.1, www.neurobs.com) for stimulus presentation, but other stimulus presentation platforms may also be used. 

1.7) To examine implicit processing of physical and category-related change along the DOH while maintaining attention of the participants to the stimuli of interest, present the morph pairs in a target monitoring task: Participants press a response button upon detection of an up-turned rare target. We presented 15% of all morph pairs as targets. The targets were one of four possible morphs (M0, M4, M8, or M12) selected at random from an unused morph continuum. Ensure that the up-turned target morph is presented as the first or second morph of a morph pair to avoid differential attention during monitoring for targets to the first or second morph of the morph pairs. 

1.8) Each scanning session consists of two experimental runs of trails (i.e., morph pairs) counterbalanced in order across participants. The break between runs allows the participants a brief rest. Participants fixate a cross at the beginning of each run to establish a steady state in the MR signal. Each morph of a morph pair is presented for 500 ms with an inter stimulus interval (ISI) of 300 ms. We also used an ISI of 75 ms and compared this with the ISI of 300 ms to examine potential effects of perception of biological motion. A variable inter-trial interval between trials of morph pairs is used. We used an interval averaging 2,500 ms.

Presentation of trails is pseudo-randomized so that no trials of morph pairs from the same continuum are shown in close sequence. Presentation of avatar or human trials from a given continuum is random but counterbalanced across all participants to ensure that each participant views either avatar or human trials from any given continuum but not both, and that in total an equal number of avatar or human trials are viewed.

2. Preparing the Subject for the Scan

2.1) All participants provide written informed consent before the experimental protocol is conducted. The protocol, all procedures and consent forms are approved by the local Ethics Committee. Avoid confounds in the lateralization of brain activations by scanning right-handed participants. Control for the potential impact of previous experience with avatars.

2.2) Before scanning, participants are familiarized with the laboratory, informed about the scanning procedures, given clear instructions as to the target monitoring task, total scanning time and how to alert staff if required.

2.3) For scanning, the participant lies supine on the scanning table. Head cushions are used to ensure comfort and minimize head movement during scanning. Participants are given earplugs and headphones to reduce the impact of scanner noise and to enable communication with the experimenter. 

2.4) The participants' right hand is positioned over the response panel for the target monitoring task. The left hand is placed next to the emergency stop button should the participant want to stop scanning. 

2.5) The visual stimuli may be presented on a projection screen placed in front or at the rear of the MRI scanner. We used an MRI-compatible head-mounted display ("VisuaStim – Digital", Resonance Technology Inc.). This has the advantage of excluding from sight all visual input other than the intended stimuli. 

2.6) Before commencing data collection, ensure that stimulus presentation, the response panel and the emergency stop button are operating properly.

3. Data Recording and Processing 

Scanning Parameters

We aquired structural and functional images of the entire brain using a 3-T whole-body MR unit (Philips Medical Systems, Best, The Netherlands). Structural images were registered using a T1-weighted 3D, spoiled gradient echo pulse sequence (180 slices, TR = 20 ms, TE = 2.3 ms, flip angle = 20°, FOV = 220 mm × 220 mm × 135 mm, matrix size = 224 × 187, voxel size = 0.98 mm × 1.18 mm × 0.75 mm, resliced to 0.86 mm × 0.86 mm × 0.75 mm). Functional images were acquired from 225 whole-head scans per run using a single-shot echo planar sequence (repetition time, TR = 2.6 s; echo time, TE = 35 ms; field of view = 220 mm × 220 mm × 132 mm; flip angle = 78°; matrix size = 80 × 80; voxel size = 2.75 mm ×2.75 mm × 4 mm, resliced to 1.72 mm × 1.72 mm × 4 mm).

Data Analysis

We used MATLAB 2006b (Mathworks Inc., Natick, MA, USA) and the SPM5 software package (http://fil.ion.ucl.ac.uk/spm) for preprocessing and MRI data analysis. Preprocessing typically entails alignment of images to the first recorded volume, motion correction, normalization into standard stereotactical space, and smoothing (e.g., 6 mm3 Kernel).

The aim of the data analyses is to identity brain regions responsive to physical and to category-related change along the DOH. We used morph pairs that represented either the same and thus no change (e.g., M4-M4) or different points and thus a change along the DOH within (e.g., M4-M0) and between categories (e.g., M4-M8). Note however that the first morph of each pair in these particular trails is the same (i.e., M4). Note also that due to the neural adaptation effect 10, there is a smaller BOLD signal in response to the second of a pair of identical stimuli (e.g., M4-M4) than to the second of a pair of dissimilar stimuli (e.g., M4-M0) (e.g.,11). This protocol thus applies a pair-repetition priming paradigm in which the first morph primes the second morph of a given morph pair, measures the physiological BOLD response to the second morph, uses this measure of the evoked adaptation effect in a given condition as an indicator of neural activity, and then compares the neural activity of the various conditions to determine the localization of neural populations responsive to change along the DOH. For example, comparison of the difference in signal between the second morphs of the morph pairs M4 of "same" condition and M0 of the "within" condition allows localization of brain regions responsive to physical change along the DOH within the avatar category. This approach may be applied or adapted to examine neural activation in response to physical change in human trails and to category-related change in avatar and in human trails.

For individual level analyses, the fMRI responses of each subject to the second morph of each morph pair in each of the six morph pair conditions (i.e., within, same, and between for avatar and human trials) may therefore be used to contrast brain activity between these conditions. These individual contrasts are then entered into group level analyses.

4. Representative Results 

The imaging data confirmed that different regions of the brain are responsive to processing change in physical humanlike similarity and processing change in category along the DOH. Physical change along the DOH during passive observation of avatar trails and human trails modulated neural responses in the fusiform gyrus. Category change in avatar trails (i.e., a change from avatar-to-human direction along the DOH) revealed responsiveness of the hippocampus, amygdala, and insula. 

- Place Figure 3 here -

5. Discussion

This protocol is designed to allow identification of brain regions sensitive to change in physical humanlike similarity and to change in category-related information along the DOH of the Uncanny Valley Hypothesis. The advantage of this protocol is that it allows the stimulus conditions described by Mori (i.e., passive observation of novel non-human objects subtly different in physical appearance from that of their human counterpart) to be simulated within the constraints of fMRI methodology, presentation in this context of stimuli selected according to the hypothesis' definition of human likeness, and investigation of effects of category processing while controlling for effects of physical change along the DOH. Variations of the protocol could be applied to investigate other aspects of category processing and affective experience associated for example with the category boundary itself. The effectiveness of the design is influenced strongly by careful generation and selection of the morph stimuli. This strongly affects the shape and thus comparability of the avatar–human classification curves (as described by the slope of the response function yielded from the forced choice classification task) of the individual continua.
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Figure 1 
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Figure 2 
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Figure 3
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Legends 
Figure 1. Illustration of the non-linear relationship between the experience of negative and positive affect (valence) and perceived human likeness. The otherwise positive relationship shows a sharp negative peak (i.e., uncanny valley) at the level of realism at which subtle differences in the appearance and behavior of a highly realistic yet discernibly unnatural humanlike object is suggested to elicit a sense of strangeness and personal discomfort (i.e., an uncanny feeling). Illustration adapted from MacDorman (2006).
Figure 2. Example of a morph continuum (A). The relative degree of the linear physical transition along the 13 morph-continuum between the avatar and human endpoints (i.e., M0 and M12) is shown as a percentage (e.g., for M0, 100 % A). We used M0 and M4, identified in the forced choice classification task as avatars, and M8 and M12, identified as human. The morphs of a morph pair are drawn (B, C) from the within the same category (“within”), were identical (“same”), or showed a category change (“between”). Morphs M0, M4, and M8 are used for analysis of avatar trials (B) and M4, M8, and M12 for human trials (C). Note that the first morph of a morph pair in avatar trials is always M4 and in human trials M8.
Figure 3. Neural correlates of physical and of category change along the DOH in avatar trials. The activation maps are superimposed on the coronal (A), transversal (B) and sagittal (C) views of a single subject. The colour bars signify the gradient of t values of the activation maps (p < 0.005, 20 contiguous voxels).  
