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Abstract 

We see the world as continuous with smooth movements of 
objects and people, even though visual inputs can consist of 
stationary frames. The perceptual construction of smooth 
movements depends not only on low-level spatiotemporal 
features but also high-level knowledge. Here, we examined the 
role of causality in guiding perceptual interpolation of motion in 
the observation of human actions. We recorded videos of natural 
human-object interactions. Frame rate was manipulated to yield 
short and long stimulus-onset-asynchrony (SOA) displays for a 
short clip in which a catcher prepared to receive a ball. The 
facing direction of the catcher was either maintained intact to 
generate a meaningful interaction consistent with causality, or 
was transformed by a mirror reflection to create a non-causal 
situation lacking a meaningful interaction. Across three 
experiments, participants were asked to judge whether the 
catcher’s action showed smooth movements or sudden changes. 
Participants were more likely to judge the catcher’s actions to be 
continuous in the causal condition than in the non-causal 
condition, even with long SOA displays. This causal 
interpolation effect was robust to manipulations of body 
orientation (i.e. upright versus inverted). These findings indicate 
that causality in human actions guides interpolation of body 
movements, thereby completing the history of an observed 
action despite gaps in the sensory information. Hence, causal 
knowledge not only makes us see the future, but also fills in 
information about recent history. 
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Introduction 

In our daily life, we are constantly incorporating new visual 

information to form a continuous impression of the dynamic 

world. However, the perceptual construction of smooth 

movements is not a trivial task, since visual inputs are actually 

discrete frames or disjointed clips separated by constant eye 

movements. Flipbooks, for example, exploit our susceptibility 

to apparent motion (Wertheimer, 1912), where our visual 

system induces the perception of dynamic scenes from the 

presentation of static images in rapid succession. Apparent 

motion offers an illustrative case of the human visual system’s 
tendency to interpolate the paths of perceptual objects over 

time, and to produce the perception of smooth motion across 

discrete samples of visual stimuli at different time points. It is 

well-known that the appearance of smooth motion is 

determined not only by low-level visual features, such as inter-

frame spatial displacement and temporal sampling rate 

(Braddick, 1974; Burr, Ross & Morrone, 1986), but also by 

high-level visual knowledge about shapes, objects and events 

involved in the stimuli (Sigman & Rock, 1974; Braddick, 

1980; Shiffrar  & Freyd, 1990; 1993; Chen & Scholl, 2016). 

In the present paper, we examine whether causal knowledge 

inherent in human actions influences the extent to which the 

visual system interpolates body motion. The sense of cause-

effect relation can emerge from the irresistible perception of 

events involving causation, demonstrated by the well-known 

launching effect between two colliding objects (Michotte, 

1946). However, such automatic perception arises not just for 

physical causation, but also for intentional causation in the 

social environment. Even as young as 9-month-old, infants 

perceive objects as “intentional agents” whose states can cause 
behavioral activities (Crisbra et. al., 1999). Both physical and 

social causal perceptions are susceptible to the change of 

spatiotemporal features in dynamic scenes. For example, the 

perceived causation in the launching event depends on relative 

speeds of objects in the scene, spatial gaps between those 

objects, temporal gaps between objects’ motions, objects’ path 
lengths (Scholl & Tremoulet, 2000). On the other hand, causal 

perception can also influence perceptual judgments and 

memory about spatiotemporal properties in dynamic events. 

Previous research has shown that humans rely on their prior 

knowledge about the causal relation between limb movements 

and body motions in perceiving human actions (Peng, 

Thurman, & Lu, 2017), as actions are perceived more natural 

if visual stimuli are in accordance with causal expectation for 

human body movements. Causal knowledge has also been 

shown to elicit false memories of body movements. Strickland 

and Keil (2011) found that implicit causal connections 

between agents and objects led to false memories of action 

frames that were never presented. For example, adults watched 

videos in which an actor kicked a ball, but the videos omitted 

the moment in which the actor actually contacted the ball. In a 

later recall task, participants falsely reported seeing the 

physical contact when the subsequent footage implied a causal 

relation between the actor’s movements and the motion of the 

ball. Similarly, Bechlivanidis and Lagnado (2013, 2016) 

demonstrated that causal knowledge can induce false 

memories about the temporal order of events. Having a belief 

that event type A causes event type B made participants more 

likely to misremember sequences of observed events that 

violated those causal beliefs (i.e., when an event of type B 
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.022). This main effect was largely driven by a significant 

difference between the upright and inverted conditions in later 

blocks. For example, in the final block (Block 5), a greater 

proportion of "smooth" responses was made in the upright 

conditions than the inverted conditions for the long-SOA 

condition (t(51) = 2.139, p = .037). This pattern suggests that 

the impact of body orientation on visual analysis of actions 

increased with familiarity of the stimuli.  

 

(a) 

 
(b) 

 
Figure 7: Results of Experiment 3. (a) Proportions of videos in 

block 1 judged as smooth actions (* p < .05, ** p < .01). (b) 

The difference between proportions of responses to causal and 

non-causal actions across 5 blocks in long- or short-SOA 

displays. 

General Discussion 

Apparent motion perception makes it possible to record 

movements of objects and humans by sampling the motion and 

displaying the samples as stationary pictures in sequence (e.g., 

videos, cinema). This study showed that a causal interaction 

between an agent and a physical object increased the 

likelihood that people would perceive smooth actions even 

when the stimuli showed a sudden change in long-SOA 

displays. This result suggests that causality acts as a temporal 

“glue” to fill in observers’ visual experience by interpolating 

discrete image frames to produce the perception of smooth, 

continuous motion. These results extended previous evidence 

that perception in physical causation helps to fill in important 

visual information left out from a sequence of events to social 

causal perception. The representation of an object’s implicit 
causal history has been shown to induce a transformational 

apparent motion (Tse, Cavanagh, & Nakayama, 1998) of 

simple objects (Chen & Scholl, 2016), akin to the “causal 
filling in” effect reported by Strickland and Keil (2011). A 

“causal filling in” mechanism could have benefitted from 

evolutionary selection pressure by aiding the continuous 

perception of animal motions despite occlusion by trees or 

other obstacles. 

Causal knowledge about human body movements may not 

only help to connect discrete events in the perceptual process, 

but also may facilitate the process of making inferences and 

predictions about actions. A causal framework may help the 

visual system to infer the past. For example, human observers 

get a vivid feeling of seeing the immediate past of objects or 

human postures presented in static frames (Kourtzi, 2004). 

This phenomenon suggests that causal knowledge aids the 

visual system in inferring and reconstructing the causal history 

of objects and human actions. On the other hand, as earlier 

research on motion perception has suggested that the visual 

system anticipates the positions of simple objects based on 

their apparent motion trajectory (Freyd & Finke, 1984), more 

recent research has suggested that similar anticipatory visual 

processing is also affected by comparatively complex causal 

knowledge of human actions. For example, Su and Lu (2017) 

used skeletal biological motion displays and found a flash-lag 

effect, such that when a briefly-flashed dot was presented 

physically in perfect alignment with a continuously-moving 

limb, the flashed dot was perceived to lag behind the position 

of the moving joint. This finding suggests that the 

representation of human actions is anticipatory, due to a 

potential top-down action prediction mechanism. It has also 

been found that infants as young as five months are able to 

gaze toward the future direction implied by the static posture 

of a runner (Shirai & Imura, 2014, 2016), suggesting the early 

emergence in infancy of an ability to predict dynamic human 

actions from still pictures.  

The present results demonstrated rapid effects of learning 

across blocks. Experiment 1 showed a significant three-way 

interaction between block, causality and SOA, suggesting an 

interaction between the top-down influence of causality and 

bottom-up perceptual processing of motion stimuli. The top-

down influence of causality may be stronger in situations in 

which uncertainty about the visual input is high, such as when 

dynamic stimuli are presented in peripheral vision or 

embedded in noise. The effect may be weakened after 

repetitive exposures to the stimuli, as perceptual learning may 

enhance performance for visual tasks. These results are 

consistent with previous findings that causal perception can 

change upon repeated exposure of the same stimuli (Rolfs, 

Dambacher & Cavanagh, 2013).  

In conclusion, the current study provides evidence of the 

important role played by causal knowledge in the perception 

of smooth motion. Causal relations involving human actions, 

and their interactions with objects and other agents, have a 

strong influence on motion perception for body movements. 

The causal relations involved in actions facilitate visual 

interpolation of discrete dynamic events to provide a 

continuous perception of human-involved activities. The top-

down influence of knowledge about human actions interacts 

with bottom-up perceptual processes to enhance the robustness 

and efficiency in action perception (Lu, Tjan & Liu, 2006; 

Thurman & Lu, 2014) and intention inference (Shu et. al., 
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2018). Causal knowledge not only makes us see the future, but 

also fills in information about recent history.  
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