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In this paper we present a novel design approach for shaping a teleoperator’s expectations and behaviors when teleoperating a robot. Just as how people may drive a car differently based on their expectations of it (e.g., the brakes may be poor), we assert that teleoperators may likewise operate a robot differently based on expectations of robot capability and robustness. We present 3 novel interaction designs that proactively shape teleoperator perceptions, and the results from formal studies that demonstrate that these techniques do indeed shape operator perceptions, and in some cases, measures of driving behavior such as changes in collisions. Our methods shape operator perceptions of a robot’s speed, weight, or overall safety, designed to encourage them to drive more safely. This approach shows promise as an avenue for improving teleoperator effectiveness without requiring changes to a robot, novel sensors, algorithms, or other functionality.
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1 INTRODUCTION
Teleoperation is the act of controlling robots remotely, enabling people to explore a distant country, inspect industrial environments, or support urban-search-and-rescue, all without being physically present. This remote-control problem requires the operator to maintain awareness of the remote robot and its surrounding environment, while articulating robot commands for navigation and interaction, all in real time. This is a highly challenging task, with human error (e.g., critical incidents–collisions with people or the environment) remaining a major cause of operation faults (Williams, 2004; Giese et al., 2013). We propose a novel approach to this problem: exploring how to reduce human error by designing the robot or interface to shape an operator’s expectations about the robot. For example, we may lead an operator to believe a robot is dangerous or fragile, with the aim of encouraging them to drive less aggressively (e.g., as in Figure 1).
[image: Figure 1]FIGURE 1 | We investigate how priming an operator’s expectations of robot capabilities impacts their driving behavior and perceptions of the robot. Our study results found that priming impacted operator perception of the robot in all cases, and in some cases could affect driving safety.
Our exploration focuses on the common challenge of navigating a robot in a remote space, where operators must explore and move about while avoiding collisions. We know from automobile driving that we can expect people to drive more safely if they anticipate dangerous conditions (Fuller, 2005) such as bumpy or icy roads, or if they suspect a car may stall or has weak brakes. Inversely, a person may drive a safer car less carefully as they rely on the safety features to manage mistakes [e.g., as with ABS brakes (Jonah et al., 2001)]. In all these examples, we note that it is the perception of safety and risk that shapes driving, even if the perceptions are not substantiated (e.g., a road may not actually be slippery). We draw inspiration from this observation and propose to develop methods for explicitly designing interfaces, the robots themselves, or how it is presented, to shape teleoperator perceptions of a robot, and thus their driving behavior.
We approach teleoperation from the perspective of priming, where we employ a range of stimuli to encourage people to recall past experiences and understanding of the world to influence their thoughts and behavior (Bargh et al., 1996; Dijksterhuis and Bargh, 2001; Doyen et al., 2012). Drawing from the automobile comparison above, we explore methods to encourage operators to perceive a robot as if it was dangerous or difficult to operate, and if this shift in perception will in turn encourage the operator to drive the robot more carefully (Figure 1). We designed two novel approaches for priming operators, aiming to shape their expectations and beliefs about the safety of their robot: using joystick stiffness (resistance to movement) to represent robot power, and using leading robot description such as calling it weak or powerful to represent general safety. Following, we conducted two studies (one per method, 49 participants total) to investigate the impact of these methods. Our results demonstrate the effectiveness of our approaches for shaping operator perceptions and expectations of the robot, including the robot’s speed, durability, and controllability; in some cases, our method resulted in changes in driving behavior and performance. These were previously reported in (Rea and Young, 2018).
In analyzing the results from our first two studies, we identified additional limitations and potential confounds relating to priming that may invalidate our previous results. Specifically, we noted that modifying joystick stiffness may impact usability (e.g., a loose joystick may be hard to control, or a heavy joystick may take effort to push) while simultaneously priming an operator on robot capability. As such, we present a follow-up study that specifically investigates this usability concern, teasing out the impact of priming. However, in this experiment we faced a new unexpected challenge: how to construct an experimental design without any priming element, to compare against our priming. That is, we had to consider: is it even possible to create and present an interface without, even inadvertently, priming an operator on robot capability? In analyzing the results of this third study, and conducting a reflective analysis of the whole body of work, we reconsider our priming work overall and the use of priming in teleoperation through a more nuanced lens. This results in a discussion and recommendations for how to consider priming in any interface work.
Overall, our results highlight the potential power of using priming as a design tool to shape operator perceptions of their robot, and in some cases, their driving behavior. Further, we present list of considerations to guide researchers in exploring priming in future teleoperation research and development. Priming is a new powerful tool for impacting teleoperation interfaces that does not require any changes to a robot’s physical capabilities, and can be used when changes to an actual robot or system would be difficult or prohibitively expensive.
2 BACKGROUND: PRIMING
In psychology, the term priming is used across a range of applications and methods that use a stimulus (the priming) to cause an impact on an event or interaction. In our work, we focus on behavioral priming, where exposing a person to a stimulus or concept elicits some associated knowledge from previous experience, and impacts their behavior based on that experience (Bargh et al., 1996; Dijksterhuis and Bargh, 2001; Doyen et al., 2012). For example, showing people a picture of a library can make them unconsciously speak more quietly (Henk Aarts and Dijksterhuis, 2003). In this case, people associate the stimulus (an image of a library) with their prior experience of libraries requiring quiet and change their behavior to align with that experience (e.g., speaking more softly).
Priming is broadly studied in domains outside of psychology. For example, in marketing it has been shown that priming stimuli embedded in surroundings can change evaluations of a company’s brand (Yi, 1990), and priming stimuli combined with different prior knowledge was found to change price evaluations of products (Herr, 2012). Biology has studied potential biological underpinnings of priming in order to better understand the human brain (Iacoboni, 2009). How priming may work, and its interactions with other variables is still an active area of research. However, it is clear that priming has the potential to change perceptions and behavior. Thus, we examine priming as a means of shaping teleoperation.
2.1 Priming methods
A broad range of priming methods have been shown to be effective in altering behavior. Various modalities have been explored such as sound–playing musical chords in the background can change the emotions written words can convey (Sollberger et al., 2003)–tangible methods such as the weight or rigidity of someone’s clipboard being used to prime perceptions of their social rank or personality (Ackerman et al., 2010)–or visual stimuli such as making people speak more quietly by simply having a picture of a library in view (Henk Aarts and Dijksterhuis, 2003). Explorations of priming effects have investigated the range in stimuli subtlety or frequency (Forster and Davis, 1984; MacLeod, 1989) showing that priming stimuli can range from rare, unnoticed stimuli, such as omitted types of words in a word list (Bargh et al., 1996) priming people to think of that word, to explicit priming attempts where the primed person is made aware of the priming attempt and affect (Jim Cheesman and PhilipMerikle, 1984; Doyen et al., 2012). While differing in size of the effect, priming can change people’s behavior in all these cases.
Priming has commonly been studied in the context of impacting social relations between two people. For example, having one person directly describe another as “mean” or “kind” can increase the likelihood that the primed characteristics will be observed (Kelley, 1950). Opinions of others can also be primed using physical props, such as seeing someone as more important when they are holding a heavier clipboard (Ackerman et al., 2010). Priming can be quite nuanced, for example, in the above example people assume the other is more difficult to interact with if the clipboard is rough (Ackerman et al., 2010).
Although one may associate priming with stimuli given only prior to an interaction, priming stimuli can also be presented frequently or continuously throughout interactions (Bargh et al., 1996; Ackerman et al., 2010). For example, driving a car with a loud engine provides ongoing priming, a constant reminder, of the car’s power. In the earlier example of the library picture influencing people to speak more quietly, the picture was present throughout the experiment (Henk Aarts and Dijksterhuis, 2003). Considering when and how often priming methods are applied should be considered in intentional priming designs.
This breadth of techniques highlights the range of potential priming methods available to teleoperation designers, and further, suggests what kinds of impacts on operators designers may expect from the use of priming methods.
2.2 Priming effects
Priming is often studied for its short-term effects, but priming can have long-term results, sometimes lasting for hours, weeks, or months (Sloman et al., 1988; Becker et al., 1997). After priming exposure, however, the strength of priming effects tend to weaken (Sloman et al., 1988). Repetition of the priming can counteract the weakening effect, but this may not work for all stimuli (Forster and Davis, 1984).
Priming effects can be highly context sensitive (MacLeod, 1989; Bargh et al., 1996; Henk Aarts and Dijksterhuis, 2003; Doyen et al., 2012), where the context or environment itself can be intentionally designed to prime (Henk Aarts and Dijksterhuis, 2003; Ackerman et al., 2010). For example, priming effects can vary due to the environment–such as background sounds having different impacts dependent on context (Sollberger et al., 2003)–or nuances of the task description (MacLeod, 1989).
Thus, priming is extremely diverse and nuanced, including a broad variety of methods that can be used to prime, and a similarly broad range of potential effects of the priming. As such, designing priming methods, developing expectations of the effects, and even measuring the causes and effects of priming, remains a difficult and unsolved problem (Doyen et al., 2012; Westlund et al., 2016).
2.3 Summary
Priming, in the context of our work, is the use of stimuli that evokes feelings or memories that can affect a person’s thoughts or behaviors. The stimuli can be given before or during interaction, may be continuous, and may be done in secret, unbeknownst to the person, or explicitly, known to the person. From this body of work, we can also imagine that priming can even be unintentional, for example, an interface design may have features, even if unintended, that influences an operator by drawing from their prior experiences, resulting in them driving more aggressively. Thus, we argue it is important for the field of human-robot interaction to understand priming broadly, and that there is a need to develop tools and frameworks to support teleoperation designers to make informed interface design decisions to better control the user experience and how those design choices impact operator perceptions and actions.
We note that the effectiveness of priming is still debated, and the science is still unclear on the limits and applications of priming (Doyen et al., 2012). Thus, this paper provides important data points, building on the work of behavioral priming in psychology, by establishing and exploring the use of priming for shaping teleoperator perception and behavior.
3 RELATED WORK
A core goal of research in teleoperation aims to improve operator performance, including faster task completion time, fewer critical incidents such as collisions, and lower perceived workload (Steinfeld et al., 2006; Jessie et al., 2007). Many broad approaches have been adopted, including developing novel control methods to reduce task completion time or collisions (Leeper et al., 2012; Rea et al., 2017a), supporting operator awareness of the remote area (Curtis et al., 2007; Singh et al., 2013; Endsley, 2016; Seo et al., 2017), and mental resource management to improve overall operator performance (Jessie et al., 2011; Hacinecipoglu et al., 2013; Rea et al., 2017b; Rea, 2020). These works aim to improve teleoperator performance by improving the usability of operator controls or supporting an operator’s ability to understand and correctly react to a situation. Our work is complementary to this method, where instead of developing actual new interfaces or robotic technologies, we use priming to impact teleoperator performance and perceptions by modifying their perceptions and expectations.
Priming has been broadly studied in human-computer interaction. For example, using priming in virtual reality to explore and change how people act and perceive themselves in a virtual space (Banakou et al., 2013), such as by having participants read materials prior to entering a virtual environment or to shape their experience in the space (Nunez and Blake, 2003). Other examples include the use of subliminal priming to aid learning (Chalfoun and Frasson, 2011), priming to aid performance in visual search tasks (Young et al., 2003; Harrison et al., 2013), or analyses of how experimental design choices can prime participants and impact results (Bradley et al., 2015). In much of this work, the focus is on the flexibility offered by technology (e.g., virtual interfaces) to have freedom over nuances of priming; this principle similarly applies to interfaces for teleoperating robots.
Relating to this, research has leveraged psychology to design interfaces to influence behavior. For example, using knowledge of attention and perception to increase the saliency of potential points of interest during teleoperation (Chung et al., 2013; Rea et al., 2017b), and the addition of haptic reminders have helped users notice changes in on-screen displays (Young et al., 2003). Others have used video-game inspired techniques to improve engagement or motivation to use software (Antin and Churchill, 2011; Li et al., 2012; Hamari et al., 2014), such as for the inclusion of scores and audio-visual rewards in software tutorials (Li et al., 2012). We follow this line of research by exploring the use of priming for teleoperator perceptions of a robot’s capabilities and observing how this priming may affect operator perception of the robot and behavior.
In the related study of motor-vehicle driving, research has demonstrated the importance of the driver’s perceptions and mental state: a driver’s perception of a vehicle’s capabilities and its surroundings can change automobile driving behavior (Michon, 1985; Groeger and Rothengatter, 1998; Groeger, 2002) and actual operation safety (Jessie et al., 2007). These perceptions can be shaped by haptic accelerator pedals (McIlroy et al., 2017), transmission choice (Blommer et al., 2017), vehicle type (Eyssartier et al., 2017), or even by changing people’s mood (Precht et al., 2017). We extend this research in vehicle control to robot teleoperation, investigating how to prime different perceptions of the robot, and if the priming affects teleoperation performance.
Social human-robot interaction has explored the use of priming, or a variant called framing (Westlund et al., 2016; Sanoubari et al., 2018; Liu, 2020; Wallkötter et al., 2020) in social interactions between people and social robots. More generally, it has been argued for some time that user expectations and perceptions are crucial for shaping their expectations and willingness to interact with autonomous social robots (Lindgaard et al., 2006; Mitra and Golder, 2006; Young et al., 2009; Edwards et al., 2019; Reich-Stiebert et al., 2019; Vattheuer et al., 2020). In the priming direction, some work has shown how subtle shifts in language used to describe a robots can influence how personal (Coeckelbergh, 2011) or human-like (Anna et al., 2012) people view or treat the robots (Sam and Tom, 2017). Others have shown how priming can be used to encourage people to believe an autonomous robot is actually teleoperated by a human (Tanaka et al., 2016), altering how they engage with the robot. People will even subconsciously imitate robot speech patterns when interacting with a robot (Brandstetter et al., 2017), an effect called lexical entrainment that shares similarities to priming. In our work, we apply this priming approach specifically to teleoperation of robots.
For teleoperation, a body of research not explicitly done under the umbrella of priming uses stimuli to evoke feelings and influence behavior. For example, altering a robot’s acceleration and speed curves (to feel more or less heavy, for example) can impact operator mental workload and performance (Rea et al., 2017a; Praveena et al., 2020), improve feelings of safety (Basu et al., 2017), or change operator emotions (Rea and Young, 2019a; Rea et al., 2020). Subtle haptic feedback mechanisms (perhaps not consciously noticed by the operator) that reflect the remote robot’s environment can influence operator performance (Hacinecipoglu et al., 2013). Overall, the works in this section highlight the broad potential and range of possibilities for influencing and shaping operator psychology and ultimately their behavior. We continue this direction by specifically investigating how to shape teleoperator perceptions about their robot’s physical abilities, ultimately to support effective operation.
4 NOVEL TELEOPERATOR PRIMING TECHNIQUES
Our high-level goal is to generally investigate the feasibility of using priming techniques to shape operator perceptions about a robot and its capabilities, and how they may operate the robot. For our early exploration, we focus on priming stimuli that suggest how safe, or unsafe, a robot may be, thus potentially instilling beliefs into an operator and changing how they operate the robot (Figure 2), building on prior research suggesting how perceptions of safety may impact driving behavior (Groeger and Rothengatter, 1998; Groeger, 2002).
[image: Figure 2]FIGURE 2 | Our experiments test three different priming methods (including no priming) and observe their effects on an operator’s driving behavior and perception of their robot.
To achieve this, our priming strategy was to convey properties of the robot’s driving ability relating to safety, such as how powerful the motor is, how easy it is to steer, and how durable the robot is (e.g., when colliding with the environment). For each priming method, we developed three interface instances along a continuum, with one method suggesting unsafe robot characteristics to a user, one suggesting safe characteristics, and one somewhere in the middle. We emphasize that in all cases, no actual properties of the robot or its response to commands (speed, ability, etc.) changed–in each case the same command (joystick pitch and yaw) created the same response in the robot. Thus, we can study the impact of the priming method independent of robot performance.
It is not clear which approach–safer versus less-safe robot–would result in better driving. One could imagine operators would drive better when primed that the robot was unsafe, to compensate for the expected poor performance, and drive worse with the safe robot as they feel less pressure to be careful. Inversely, perhaps the impression of safe or unsafe would encourage them to act likewise, where simply thinking about safety (or lack of) may make the person drive safer (or less so) by either relying on the perceived safety and not taking precautions, or using perceived lack of safety of the robot as an excuse for their own performance. Our hypotheses on the impact of priming is non-directional: we do not hypothesize what the direction of the impact will be.
We explored two different approaches: tangible priming (a continuous, physical indicator of robot ability), and descriptive priming (a verbally and visually explained, cognitive indicator of robot ability).
4.1 Tangible priming
Our strategy for tangible priming was to convey robot ability through the tangible response of the control method. Our hypothesis was that a control method that takes more effort to use would convey a sense of a heavier, slower robot, which is safer to drive. Conversely, a control method that requires little effort to use would convey a lighter, faster robot, that may be unsafe and easier to crash and break.
The tangible method fits the model of priming where a constant, ongoing stimulus is provided–see Related Work, and examples such as (Henk Aarts and Dijksterhuis, 2003; Ackerman et al., 2010). Instead of a single, up front priming stimulus, our tangible priming method continuously reminds the operator of their experience and prior knowledge which may then continuously evoke a priming effect (Bargh et al., 1996).
Specifically, we used different spring stiffnesses of a joystick used to drive the robot to impart this tangible feel. We used three static settings for joystick stiffness, one per condition: high stiffness (to convey a heavier, slower, and thus safe robot), low stiffness (to convey a lighter, faster, and thus unsafe robot), and a mid-point in between. Note the stiffness was fixed per condition (static) and did not change during operation. In all cases, the joystick stiffness provides a constant reminder of the robot’s ability.
A key element of priming is how the technique is introduced to operators. We simply told people that “each robot will interact with the joystick differently, based on the robot’s physical design.” Our goal was to avoid telling people what our intended impact was (i.e., safe vs. unsafe robot), but to let them know that joystick changes were intentional and did relate to the robot capability, letting participants decide what is safe.
We implemented this technique using a force-feedback joystick (Figure 3), which has a programmable stiffness setting. We used 100% of device maximum spring strength and friction for the safe condition, 10% for the unsafe condition (0% would not provide enough stiffness to naturally return the joystick to a neutral centre position), and 50% for the middle case. The strongest setting (safe) took noticeably more force to operate than a regular joystick but, was not onerous to operate and we did not anticipate fatigue to be an issue. The weakest setting (unsafe) was strong enough to automatically return to a cantered position after being pushed but put very little force onto the user. The robot response to a given joystick input (pitch and yaw values) did not change: a given joystick position would result in identical behavior regardless of stiffness settings. We remind readers that while operators were told they would be testing different robots, secretly the robot and its capabilities were never changed–just the priming stimulus.
[image: Figure 3]FIGURE 3 | The joystick we used for tangible priming–Microsoft Sidewinder Force Feedback 2 USB joystick. It can be dynamically programmed to have different stiffness settings.
4.2 Descriptive priming
For this method we investigated if priming by altering how we describe a robot to an operator would impact perceptions of robot ability after operating the robot. We employed both verbal description and visual aids (Figure 4) that explicitly define specific robot performance characteristics, overall creating three robot instances falling on a continuum from safe to unsafe. In this case, no tangible priming was employed.
[image: Figure 4]FIGURE 4 | These descriptive priming sheets were designed to shape operator expectations before operating the robot. Note these were not in the interface itself, but simply presented as part of the study protocol. (A) the safe condition (B) the middle condition (C) the unsafe condition.
We achieved the impression of safety by describing four robot characteristics, selected as attributes that we expect non-expert operators to easily understand and relate to operation safety. These were robot “balance,” “toughness,” “motor power,” and “traction.” We further added to our description a non-safety item (“battery”) to help avoid participants guessing the study purpose.
We presented this information on paper (Figure 4), along with a scripted explanation for introducing each robot and variable that emphasized the safety and risks of each, but without explicitly telling operators our purpose. The labels and the descriptions we use are described in Table 1.
TABLE 1 | A list of the descriptively primed robot properties and how we explained them to participants.
[image: Table 1]We told operators that these measures are derived from a number of components in the robot, as rated by the manufacturer, and we further gave the robot names to suggest their safety level (Figure 4). People kept the relevant specification sheet in front of them during operation. Again, they secretly always drove the same robot, and were only primed to believe it was different.
5 INITIAL TWO STUDIES: TANGIBLE AND DESCRIPTIVE PRIMING
We conducted two initial studies to investigate the impact of each of our priming methods on teleoperation (previously summarized in Rea and Young 2018). We do not analyse this as a single study (with priming method as a between-subjects variable) given that we first completed the tangible study, with the descriptive condition following up at a later time: participants were not time-wise balanced between conditions, and we further introduced minor changes (explained below). As such, we present and analyze our results as a series of two separate studies.
We conducted within-participants studies where a single participant completed a task with all three robot conditions (safe, unsafe, in-between). A within-participants design enabled participants to directly compare and contrast the robots between priming conditions, and further provided more statistical power by factoring out individual differences in driving ability, susceptibility to priming, etc.
A key element of our study design was to give people a representative experience operating the robots; particularly for the descriptive cases, participants need enough experience so that they do not simply report back on what they were told. Ostensibly, after driving each robot for a period of time we could reasonably expect participants to notice that the robots were the same (or at least very similar), despite the priming stimulus.
5.1 Task
We tasked participants with navigating a telepresence robot through an obstacle course (Figure 6). They were instructed to drive and complete the task as quickly as they felt comfortable, while trying to avoid colliding with obstacles, walls, etc. As each participant completed three conditions (safe, unsafe, in-between), we created three paths through the course with all having the same difficulty: same number of turns and distance (Figure 5). Each path took approximately 2–5 min per lap, depending on driving speed, the number of collisions, and overall participant skill. For each condition, participants were asked to first complete a training lap, followed by two laps for the study. Condition order was counter-balanced across participants and courses. The obstacles are equally distant from each other and were only slightly wider than the robot itself (Figure 6). The experiment setting was designed to be difficult to perform at 100% safety (no collisions).
[image: Figure 5]FIGURE 5 | The room and obstacle layout used in the study design, with the three paths through it. Experimental conditions were balanced across courses to mitigate effects due to differences in the course design.
[image: Figure 6]FIGURE 6 | A robot is driven through an obstacle course. We primed operators to believe that they were driving robots with different capabilities and potential risks. However, the robot secretly never changed. We examined how priming changes teleoperation behavior and perception of the robots.
5.2 Instruments
Participants operated a Double 2 robot (Double Robotics) with a 150° field-of-view camera. The robot’s camera feed (640 × 480 pixels) was viewed full-screen (with black bars on the wide-screen sides) on 24-inch monitor, in a separate space from the robot, and participants were seated at roughly the same position with respect to the monitor. The system maintained at least 15 frames per second, but was as fast as 30 frames per second, depending on network health.
While driving the robot, participants wore headphones that relayed sound from a microphone mounted on the robot in the remote space. Participants used a Microsoft Sidewinder USB Force Feedback 2 joystick for both studies, with stiffness set for tangible priming as explained above, and fixed at 50% for the descriptive study.
Participants completed questionnaires (detailed in the next subsection) on a separate monitor using Google Forms.
5.3 Measurements
Our performance measurements were selected as simple teleoperation measures used in prior work (Jessie et al., 2007; Rea et al., 2017a)–completion time, collisions, and perceived workload. We additionally measured teleoperator perception of the robot and its physical capabilities.
Pre-experiment, we gathered demographics information to better understand the variance in our sample. We collected information including age, gender, frequency of playing video games, frequency of driving, and self-reported driving skill.
For each condition, a researcher in the room with the remote robot measured completion time and collisions. Perceived workload was measured post-condition with the NASA Task Load Index or TLX (Hart and Staveland, 1988) self-report questionnaire. To get a sense of a participant’s perceptions of a robot’s capabilities (and the effects of our priming) we also administered 5-point Likert-like scale items inquiring about a participant’s opinions on the robot’s speed, weight, steering, durability, power, safety, and responsiveness. Participants then completed free-form written questions inquiring about their experience. These questions were optional, and asked participants for any positive, negative, or other feedback they wished to provide us about the robot and teleoperation experience.
5.4 Procedure
The same procedure was followed for both studies, with differences highlighted in the corresponding sections below. Participants were first given a briefing of the experiment and signed an informed consent form. Participants were told that they will test 3 new prototype telepresence robots in order to help us evaluate the safety and drivability of each robot for new users but were not told specifically that the robots being designed for different safety levels. This was a deception–in reality the participants used the same robot in each primed condition. We described the robots as being similar in size and shape, but with different internal components that may change how they perform.
We explained the overall procedure of the experiment and introduced the joystick and obstacle course. Further, before starting, we explained either the connection between the robot and joystick (for tangible priming), or a high-level overview of the robot data sheets (for the descriptive priming), as explained in our priming method overview. The participants were seated in a room separate from the robot and obstacle course.
Following the introduction, each participant completed the task three times, once per priming condition (safe, middle, unsafe), with the order of the priming conditions and the path through the course (Figure 5) counterbalanced. Before starting each of the three conditions, participants were first asked to complete a training lap, before the main two laps of their task. This training allowed participants to become familiar with the new obstacle course (and reduce confusion from the new course) and gave them additional practice with the “new” robot. This practice added to our priming story–participants believed they were operating a new robot, and we told them that the training was for them to get used to the differences between each robot model.
After each of the three conditions, we administered the post-condition questionnaires described earlier (NASA TLX, perception of robot abilities). To transition between conditions, we disconnected the robot from the control interface to give the illusion of switching to a new robot, although the same robot was reconnected upon starting the new condition. As the participant was in a space separate from the robot, we were able to maintain this illusion.
Post-test, participants were debriefed about the priming purpose and the deception (that it was a single robot only). The experiment was then re-explained in the context of the deception and how the deception helps achieve the research goal. The participants were encouraged to engage with a discussion with the researcher about the experiment. Our university’s research ethics board approved all studies.
5.5 Study: tangible priming
For the tangible priming study, we recruited 25 participants; however, one did not complete the experiment due to technical issues. Two other participants were identified as outliers: we observed them not attempting to avoid obstacles (e.g., laughing and pushing obstacles around seemingly on purpose), and this was reinforced from their data (>1.5 Inter-quartile range). This resulted in 22 participants (mean age of 24, standard deviation of 6.3 years; 12 female).
5.5.1 Results: tangible priming
To investigate whether the tangible priming worked, we conducted Friedman’s ANOVA tests on our Likert-like scale perception data. We found statistically significant results for perceived speed, perceived steering ability, perceived durability, and perceived safety (Table 2). The perceived safety results matched our expectations that the stiffer joystick would be seen as more safe, acting as a manipulation check. Other tests on perceived experience were not significant. We found no effect of variables from the demographics questionnaire (video game, driving experience) on any of our measures.
TABLE 2 | Mean ranks and chi-square values for perceptual effects for tangible priming.
[image: Table 2]Both completion time and number of collisions were right skewed (non-normal, Shapiro-Wilk test, p < .05), and were corrected using a square root transform.
To investigate performance, we performed repeated-measures ANOVAs on completion time, collisions, and perceived workload. We found a statistically significant, medium effect of tangible priming condition on collisions (F2,42 = 5.2, p = .01, η2 = .20, Figure 7). Post-hoc tests (Bonferroni familywise correction) found the safe condition to have on average 4.8 fewer collisions (42% fewer) than the unsafe condition [p = .001, 95% confidence interval of the mean difference (1.8 collisions, 7.8 collisions)].
[image: Figure 7]FIGURE 7 | Average collisions per condition. ***p < .001. Error bars show 95% confidence interval.
We further found a statistically significant medium effect of tangible priming on perceived workload (NASA TLX sum, F2,42 = 3.6, p < .04, η2 = .14, Figure 8). Post-hoc tests (Bonferroni familywise correction) found the non-safe condition to have on average 5.0 points higher (14% higher) perceived workload than the safe condition [p < .04, 95% confidence interval of the mean difference (.22 TLX points, 9.7 points)]. We did not detect a difference in completion time (p > .05).
[image: Figure 8]FIGURE 8 | Average TLX sum score per condition. *p < .05. Error bars show 95% confidence interval.
5.5.2 Discussion of tangible priming
Our results indicate that our tangible priming conditions caused participants to perceive the robot and teleoperation experience differently: we found differences in perceived safety, durability, steering ability, and speed. Further, the difference in perceived safety confirmed the intended manipulation of our priming design was successful. Given that the robot reacted and responded identically in all conditions, and participants spent time controlling the robot, if the priming was not effective it would be reasonable to expect participants to rate the robots based on how it actually performed, and perhaps notice that the robots were the same or similar. However, the fact that participants rated the robots differently despite this is a clear indication that the tangible priming method worked to shape participant perception of the robot and teleoperation experience.
We further found a significant difference in collisions, with the non-safe condition having a 42% reduction (average 11.4 in the unsafe, and 6.6 in the safe), and participants reporting lower task load with the safe condition (average 5.0 TLX points, 14%, lower than the unsafe condition). We cannot speak to the exact mechanism by which our tangible priming method may have caused this improvement in driving: perhaps the priming encouraged people to drive more slowly, take fewer risks, or take wider turns around obstacles. Further study is needed to understand the specific mechanisms and how they produce the effect.
Looking at our performance and perception results together, we see that people drove the safe condition in a safer manner and perceived it as safer than the other conditions. While some related work suggests people may drive a safer vehicle more recklessly (Jonah et al., 2001) we reemphasize that, in our specific implementation, we had plausible explanations for either an increase or decrease in safety and thus did not hypothesize a specific direction of effect (see our priming technique overview).
Regardless, our priming method was a success, considering the changes in perception (e.g., decreased speed or improved steering capabilities in the safe condition) when participants drove an identical robot each time. We conclude that the physical properties of an input method can be used to prime users and change their perceptions of the robot and may also impact their performance.
We note, however, a potential confound in the study: the usability of the different stiffness settings may explain the performance difference. That is, perhaps the stiffer joystick was simply easier to use than the looser setting, explaining the reduced collisions, and thus the improved perception of safety. Before addressing other future work, such as the mechanisms of priming itself, we re-visit this issue in a follow-up study presented later in this paper (Section 6).
5.6 Study: descriptive priming
We recruited 24 participants (none participated in the Tangible Priming study); three were removed as outliers as they did not attempt to avoid obstacles (e.g. driving full speed and not stopping for any obstacle) or did not appear to understand the instructions (e.g., frequently took wrong turns in the obstacle course). This was reinforced as outliers in the data (>1.5 inter-quartile range). This resulted in 21 participants (mean age 24, SD 6.3 years; 12 female).
The priming specification sheets (Figure 4) were explained in detail to participants at the introduction of the study, and the sheet associated with each condition was left with the participant during the task. Participants were given time to review the specification sheet (the priming) before each condition, and the sheets were removed during the post-condition questionnaire.
In the tangible priming study, we noticed a subjective improvement to participants’ performances as the study went on, due to, we presume, becoming more skilled at operating the robot. While this improvement was mitigated somewhat in our results due to counterbalancing and initial training lap, to further reduce potential learning effects we added an additional up-front training step after the initial explanation, and before the first condition: participants practiced using an additional, similar path through the obstacle course for two laps. Participants were told they were piloting the current commercially available robot model (compared to the “prototypes” that followed).
Additional self-report measurements were added post-experiment to reflect the details of our priming. Participants rated the robots on the criteria we used in the priming specification sheets (Figure 3), asking what their impression was of the robot’s motor power, traction, balance, toughness, and battery life was. Participants were specifically asked to report based on their teleoperation experience, not on their memory of the specification sheets. This final questionnaire was completed on paper. We remind readers that only the information provided in the information sheet differed between conditions (not the robot), though participants were led to believe they were testing different robots.
5.6.1 Results: descriptive priming
To investigate whether the priming worked, we conducted Friedman’s ANOVA tests on our post-condition Likert-like scale data. We found statistically significant results for perceived speed, perceived steering ability, perceived durability, and perceived safety (see Table 3). Other tests on perceived teleoperation experience were non-significant. Friedman’s ANOVA tests on the post-experiment specification sheets found statistically significant results for balance and motor power, with trends for toughness and traction. These results are also included in Table 3.
TABLE 3 | Mean ranks and chi-square values for perceptual effects for descriptive priming. Omitted tests are n.s.
[image: Table 3]With repeated measures ANOVAs we found no significant results on completion time (F2,38 = .2, p = .83, η2 = .01, means for unsafe = 165s, middle = 176s, safe = 171s), collisions (F2, 38 = .2, p = .68, η2 = .01means for unsafe = 6.0 collisions, middle = 5.4 collisions, safe = 5.8 collisions, see Figure 9), and perceived workload (F2,38 = .7, p = .48, η2 = .04, means for unsafe = 29.4 points, middle = 29.4 points, safe = 27.7 points).
[image: Figure 9]FIGURE 9 | The collision results from Descriptive Priming. Results are n. s. Error bars show 95% CI.
5.6.2 Qualitative results
Given the lack of impact of description priming on teleoperator performance, we performed post hoc open-coding qualitative analysis on participant short-form responses to learn more about operator driving experience. Coding was done with a single coder with thematic analysis; the purpose of this analysis was not to make definitive conclusions about why participants acted in a given way, but to better understand how and why participant’s may have rated the robot’s perceived abilities differently, to inform follow-up work.
We found that 20 participants (83%) made explicit comparisons between the robots’ capabilities and their teleoperation experiences with them:
I love the response time and the power of the (unsafe condition). It is quicker than the (safe condition) and I felt like the wind.–p9
I felt more in control with (the safe condition)–p19
Aside from durability, everything else about (the middle condition) felt more stable–p14.
These comments covered a range of aspects of teleoperation, which we found to reflect consistent opinions of a robot’s perceived abilities across conditions. Further, these comments aligned well with the primed robot characteristics.
All eight participants who mentioned speed wrote that the unsafe condition was faster than other robots:
It is quicker (unsafe condition) than the previous robot and I felt like the wind–p33.
It was hard to keep the balance on this robot (unsafe condition) as it was light and had more speed.–p16.
Speed was less commonly mentioned in the other conditions (three times total), which were characterized as slower:
(The middle condition) did not accelerate as fast as the other robots–p2.
Control was another common theme, where six people reported the safe condition as having better control:
I liked how in control I felt of the steering and acceleration. There were no surprises.–p11.
There was one comment with a negative opinion of the control of the safe condition. In contrast, three people mentioned that the middle condition had better control than the unsafe condition, and two mentioned that the unsafe condition had worse control overall.
Finally, “responsiveness” was another common theme. The unsafe robot was most commonly discussed, with seven participants saying that it was more responsive, for example:
It responds quickly, and seemed to navigate at relatively high speed.–p13.
The four participants who mentioned responsiveness with the middle safety robot all had comments similar to:
The robot felt more flimsy and unresponsive–p11.
Only two participants mentioned the responsiveness of the safe condition. One participant mentioned it was “more responsive”–p22, while the other disagreed:
The robot is slower, does not have a faster response rate, motor power is definitely weak. My head is hurting trying to operate this robot–p9.
5.6.3 Discussion of descriptive priming
In this experiment, we investigated the impact of priming teleoperation operators using a visual and verbal description of the robot. Our results suggest that descriptive priming (using paper and speech only) successfully changed participant perception of the robot, and their experience teleoperating it, even after operating it for some time. We successfully altered participant perception of robot speed, weight, power, and overall safety. We note that the middle safety condition often performed the highest or lowest for a perceptual measure–the reasons for this are unclear and require future work. However, our post-test questionnaire results indicated that our non-safe condition was successfully primed to be seen as riskier than our safe condition in terms of balance and motor power, with trends pointing to potential priming in toughness and traction. These results emerged despite participants driving the exact same robot in each condition.
Our qualitative results further supported this and highlighted the effectiveness of our priming. More than simply memorizing the details provided to them, the conviction and tone in the written feedback suggests that the participants believed that the differences were real, despite having operated the exact same robot through a task repeatedly.
We did not find any performance change in terms of completion time, collisions, or perceived workload. It is possible that there is still a small effect that went undiscovered due to our small sample size of 21. If there is indeed no effect on performance, it will be important to further investigate how this disparity between perceptions and performance can happen, and what it means for long-term use.
Importantly, our results suggest that we can improve user perception of the safety or physical capabilities of the robot without sacrificing performance or changing functional aspects of the design. In fact, we highlight that descriptive priming had these effects with only an information sheet being distributed to participants, easily implemented with any robot product. As such information is often already printed in user guides, this study suggests that extensive care should be given to such materials as they may significantly impact perception and expectations of the robot even after extended use.
5.7 Reflection on tangible and descriptive priming
Both priming methods were effective at changing the user’s perception of the robot, while the actual experience of driving the (secretly identical) robots did not seem to counteract the priming. That is, even after driving the identical robots themselves for multiple trials and training, for upwards of 30 min, participants rated the robot capabilities differently, but similarly to how we primed them. Both methods primed changes in perception of a robot’s speed and safety, but there were differences in perception of the robot between the two methods: tangible priming changed perceived steering and durability, and descriptive priming changed weight and power (Table 6). While this makes sense for the descriptive priming case–it matches our priming focus–for the tangible case the connection to durability is less clear. Further, we observed a difference in actual driving performance for tangible priming, with the stiffer joystick (safe priming) resulting in, on average, 4.8 fewer collisions than the looser joystick (unsafe priming). This highlights the need to consider and the technique used to prime, and how choices may inherently work well for some perception and behavior outcomes and not others.
TABLE 6 | The perceptual rankings of the tangible and descriptive priming studies have been reproduced here for comparison.
[image: Table 6]It is worth considering further why only the tangible case impacted driving performance. First, we note that the tangible condition also resulted in a difference in operator perceived workload, with the safe condition resulting in a 14% reduction (in TLX score) compared with the unsafe condition; no difference was found on workload with descriptive priming. Perhaps one reason is that the tangible priming is directly linked to control (being the joystick) while the description is more abstract. Or, perhaps this is due to the tangible priming being a more salient constant reminder of the priming in comparison to the descriptive paper which just sat beside the joystick, while the participant was busy with the task. These questions about the mechanisms via which priming created its effects require further study.
Another possibility is that the impact on driving performance may not have been due to the priming. Perhaps the joystick stiffness itself has a usability impact, where one joystick (in this case, the stiffer one) is simply easier to control than the other (the less stiff one). If that is the case, then it is the joystick usability–and not our priming method–which may be responsible for the driving performance and workload result. We conduct a follow-up study (detailed in the next section) to explore this possibility.
Overall, we feel that these two studies were a success. We were able to leverage priming to consistently change operator perceptions of the robot, perceptions which persisted even after using the robot for upwards of 30 min. While the impact on actual driving performance was mixed, we note that shaping perceptions itself is an important element of interface design (Young et al., 2009), as it can shape expectations, user workload or stress, and affect technology adoption on the long term.
The above results were previously published (Rea and Young, 2018; Rea and Young, 2019b), but were included for discussion with the follow-up study below.
6 FOLLOW-UP STUDY: JOYSTICK STIFFNESS–PRIMING OR USABILITY?
We conducted a follow-up study specifically to test the usability component of our tangible priming method, which used joystick stiffness to represent robot capability. That is, we inquired whether joystick stiffness impacts the usability of the joystick as a robot control method in a way that could explain our tangible priming results. We investigated if a stiffer joystick is simply easier to control than a looser joystick. Such a result would require us to re-analyze our results from our tangible priming study above, as it would suggest that the usability of joystick stiffness–not the priming it induces–may explain the improved driving performance.
Our approach was to replicate our tangible priming study while removing the priming (and thus deception) by clearly explaining the joystick stiffness manipulation to participants and telling them the robot was always the same. That is, instead of us leading participants to believe that the joystick stiffness reflects robot ability and weight, we instead simply tell them that the robot does not change, only the joystick setting. Analyzing this alongside the results from the tangible priming study enables us to separate the effects of the joystick usability from priming effects. On the one hand, if we still find the same effects without the priming, then we can conclude that it was the usability–and not the priming–that explains our results. On the other hand, if we do not find an effect of the joystick stiffness on teleoperation performance, then this lends support to our conclusion that priming is the driver of our earlier results.
6.1 Procedure
We use the same procedure as explained for the tangible priming experiment. The primary difference was we did not tell participants that the joystick stiffness represented the robot’s capabilities (priming). Instead, we explicitly explained the study conditions to the participants–that they are driving the same robot repeatedly, and that the only thing we change is the joystick stiffness. We explicitly said that, although the joystick stiffness changes, the robot’s response to the joystick does not change: a given joystick movement or position will result in the exact same robot reaction, regardless of stiffness setting.
Participants first completed the same pre-test demographics questionnaire, before being introduced to the system. All conditions were explained (as above), and participants completed three conditions, with the same three joystick stiffness settings used in the tangible priming study (with the same counter balancing). To maintain consistency with the original tangible priming study, the extra training session before the experiment (added in the descriptive priming experiment) was not included.
Each condition consisted of a training lap, followed by two laps that were recorded. During the condition we recorded completion time and collisions, and after each condition we administered the perception questionnaires from our tangible priming study. We re-emphasized to participants before each condition that we were only changing the joystick stiffness. Post-experiment, we elicited general qualitative feedback (as in previous studies), and debriefed and discussed the experiment with participants.
6.2 Results
We recruited 18 participants (mean age 24, SD 9.4 years; 12 female)–none participated in the prior descriptive tangible or descriptive priming studies.
To investigate teleoperation performance, we performed repeated measures ANOVAs on completion time, collisions, and perceived workload; we found no significant results for any of the three variables (summarized in Table 4).
TABLE 4 | ANOVA results for our three main performance measures with no priming.
[image: Table 4]To investigate if there were any priming effects on operator perception of the robot, we conducted Friedman’s ANOVA tests on our post-condition Likert-like scale data. We found statistically significant results for perceived weight, perceived steering ability, perceived durability, and perceived safety (see Table 5). Other tests on perceived teleoperation experience, including perceived workload (NASA TLX), were non-significant (see Table 4).
TABLE 5 | Mean ranks and chi-square values for perceptual effects for no priming.
[image: Table 5]6.3 Discussion–priming or usability?
We found no statistically significant impact of joystick stiffness on any measure of driving performance in this no-priming study, which contrasts the findings in our prior tangible priming study (Section 4.1).
First, we considered the possibility that our study was under-powered and simply required more participants. However, the statistics provide no indication of this (e.g., for completion time we have an F-ratio of less than one, with a very small η2). While collisions could be considered a trend with a medium effect (p = .07, η2 = .14), the effect was opposite of the prior study (stiffer joystick had more collisions), and the actual differences observed were much smaller (on average 1.9 collisions, Figure 9, versus 4.8, Figure 7), suggesting that the three joystick stiffness levels were either similar in this un-primed case, or the stiffer joystick made participants drive less safely, as opposed to the primed experiment where they drove more safely.
The lack of a workload difference in our no priming study also supports our original conclusion that the difference in workload was due to our priming method. However, we saw an F-ratio of 2.2 with a medium effect size (η2 = .11) and a roughly similar trend of lower workload as stiffness increased. This suggests a small effect may be seen with more participants, and that usability may play at least a small part in our tangible priming workload change. However, this requires future study, and we emphasize that this result is inconclusive for workload.
In the tangible priming case, operators reported feeling a difference in the driving feel (change in workload) and did drive differently (a significant change in number of collisions). In the no-priming case, operators did not feel the workload was different, and we did not detect a difference in performance. If change in joystick stiffness really was a major usability factor and usability created the reduction in collisions we originally observed, we would expect it to be reflected in both studies. Our observations did not see similar changes in our no priming study. While it is possible we simply did not detect a smaller effect, our data leads us to conclude that it was likely our priming method primarily (tangible priming), and not the usability of the device, that resulted in at least some of the improved driving performance. However, we still saw similar changes in perceptual measures in the no-priming case (increased safety-related perceptions with a stiffer joystick), leading us to question if we really eliminated all priming effects, despite telling participants exactly what was happening. We combine these potentially confusing results with the prior studies in our discussion.
7 OVERVIEW: CROSS-STUDY DISCUSSION ON TELEOPERATION PRIMING
In this work, we explored two priming methods, and conducted a follow-up study to further investigate and isolate one of our priming variables. Specifically, we investigated the impact of our priming versus the actual usability of our tangible priming interface. Through this 3-study exploration, we established that our priming techniques can indeed shape operator perceptions, and in some cases, the priming can improve operator driving performance. However, our results further highlight some caveats to these conclusions.
First, despite multi-study impact on perceptions of the robots, operators’ driving performance was only impacted in a single case (tangible priming)–we anticipated broader impact. Second, we note that operator perceptions were shaped in all cases, even when we attempted to remove the explicit priming element of our study (and thus would expect to see no impact on perceptions); thus, it may be problematic to attribute our results (on how operators perceived the robots) solely to our priming methods. We need to take a deeper look at our results to consider why the impact of priming was not more consistent and predictable throughout our studies.
7.1 Driving performance only improved for tangible priming
Despite our initial motivations to shape operator perceptions and behavior broadly, in our three experiments we only found operator performance increase in the tangible priming case. Even then, only the collisions reduced, and driving time did not decrease.
To investigate further, we looked in more detail at the specific collision results. First, we make a post hoc comparison between the collisions in our initial priming case (where priming reduced collisions) with the collisions in the follow-up no-priming study. Figure 10 highlights the no priming (blue) versus with-priming (red) studies, across the three tangible cases.
[image: Figure 10]FIGURE 10 | Collision results of the no priming (just joystick stiffness change) with the Tangible Priming condition. The no priming condition did not find a difference in collisions and has a trend moving in the opposite direction of the tangible case. The priming case appears to have cause more collisions in some cases. Error bars are 95% CI.
Surprisingly, the graph highlights that although collisions decreased based on the priming method within the priming study (the stiffer robot had fewer collisions), when comparing to the non-priming study (with near identical procedure) we can see that collisions were across-the-board lower or the same in the no-priming case than the priming case. That is, it appears as if operators performed better in general without the priming, and worse with the priming. We further considered the collision data from our descriptive study (Figure 9; note that the task was near identical and so comparison of collision counts is meaningful). Here, we see that the general number of collisions with descriptive priming (∼6.5–7.5) falls in line with the results in our no-priming tangible case, and are again lower than the tangible priming case. Given the post hoc and exploratory nature of this analysis, and confounds with comparing across studies, we do not feel it is appropriate or required to conduct statistical analyses on this point.
This leads to a new discussion regarding the impact of priming. We initially assumed that our priming improved operator behavior: within the tangible priming study we found that some priming types resulted in better operator performance than others. However, our meta-analysis highlights that–in all cases–the priming used either worsened or had no impact on performance. To complicate matters, Figure 10 still demonstrates how we cannot attribute the worse performance to usability (that some joystick stiffness settings were more difficult to control), as people performed better in the no-priming case even with the same joystick stiffness settings. The simplest explanation is that our tangible priming increased the number of collisions.
To consider this result, we re-visit the specific priming used. In this case, we told participants simply that the joystick stiffness reflected the robot’s “physical design.” We anticipated that the stiffness would reflect robot weight–where a stiff joystick would represent a heavy robot–but were unsure as to how. That is, we did not know whether participants would see this as more or less safe (heavy could mean slow or powerful, for example).
Why would this priming result in poorer performance? Perhaps priming led to higher cognitive load which could hinder driving. For example, perhaps people felt a looser joystick reflected a less well-controlled robot, which requires higher attention to drive properly. Another possibility is that our priming explanation, being somewhat vague (i.e., we did not tell participants exactly what stiffness meant), may have required participants to think deeply about what the robot was trying to communicate. In short, perhaps the priming did not affect the driving per se, but the fact that we had priming, may have caused participants to think more and thus have fewer cognitive resources to dedicate to driving. In the end, we cannot conclude why priming reduced performance instead of helped; this is a point that requires further study.
7.2 Why did perceptions of the robot change in the no priming case?
In order to remove the priming for the non-priming variant of the tangible study, instead of telling participants “each robot will interact with the joystick differently, based on the robot’s physical design,” we explicitly told them that the joystick stiffness simply changes, and that the robot itself does not change. While we intended this to remove the priming inherent in the earlier study design, participant perceptions still changed based only on the joystick stiffness.
To compare how the joystick stiffness impacts perceptions between the priming and no priming studies, we investigate the statistical ranks: these numbers represent the within-participant ordering of how participants rated the robot on the various measures (ranging from 1, first, to 3, third). Table 7 highlights a similar rating pattern between the priming and no priming studies: for example, for the loose joystick the robot was seen as faster, harder to steer, less durable, and less safe than the stiff robot in both cases. Thus, this suggests that the joystick stiffness itself–and perhaps not how we introduced the interface–shaped participant perceptions.
TABLE 7 | The perceptual rankings of the tangible and no priming studies have been reproduced here for comparison.
[image: Table 7]One explanation is that, even though we asked participants to rate the robot’s performance, they may have rated the system as a whole (joystick, screen, networking quality, robot, etc.): a non-technical person may not understand how a joystick could separately impact control separate from the whole robot. If this is the case, the joystick stiffness may have had a similar impact on perceptions of the whole system in both studies. Alternatively, as the experimental design asks participants to compare and contrast the robots across the interfaces, there may have been pressure to find differences and participants may focus on the joystick as the only thing that changed between conditions.
However, we cannot attribute our findings simply to the pressure for participants to find differences. While we would expect this to result in noisy data (as people would just be guessing), Table 7 highlights a consistent ranking that emerged between participants–a ranking that was consistent with the priming study. Thus, it seems that some element of the joystick stiffness created a consistent impact on how people perceived the robot. To put it another way, the stiffness of the joystick may have primed participants, even when we explicitly tried to counter such an effect.
8 IMPLICATIONS FOR PRIMING IN HUMAN-ROBOT INTERACTION
Our initial motivation was to explore the use of priming as a simple and lightweight way for an interaction designer to shape how their interface is engaged and used. The summary results and meta-analysis from our three studies, however, highlights that the use and impacts of priming is not as simple as we initially conceived. In this section, we discuss the primary challenges we faced with employing priming, and present guidelines for investigating its use in human-robot interaction.
8.1 “To prime, or not to prime?” is not the right question
We attempted to conduct a study without priming by removing the earlier priming design and explicitly telling participants what we were doing. However, the resulting changes in operator perception of the robot still mirrored the earlier with-priming variant: this suggests that our attempt to conduct a study without the priming (removing it) not only failed, but the resulting study design had similar impacts as the with-priming design. In other words, we found that priming may be unavoidable.
To explain this seemingly contradictory result of priming while trying not to prime, we revisit the original goals of priming; the core idea is to shape and encourage people (through design) to draw from prior experiences to shape perceptions, expectations, and behavior. In the case of our no-priming experiment, even though we told them the joystick stiffness has no bearing on robot function, people would still experience that feeling and unconsciously draw from prior experiences relating to looser or tighter controls. In other words, the whole premise of removing priming may be flawed: we should always expect all designs, stimuli, and features to prime participants. The question then becomes how a design is priming people, not whether or not to employ priming.
On the one hand, this stance may seem obvious: design and human-computer interaction discusses at length the importance of what a design communicates to a user–e.g., see visibility of affordances (Gaver, 1991; Mcgrenere and Ho, 2000) and user-centered design in general (Beyer and Holtzblatt, 1997; Hassenzahl and Tractinsky, 2006; Brhel et al., 2015; Benyon, 2019). However, priming emphasizes that this effect goes far beyond physical design (e.g., a familiar shape, looks like it can be pushed, sat on, used as a bowl, etc.), and includes modifying perceived capabilities (e.g., speed) or tangible feel of a controller. The design of teleoperation interfaces is unfortunately often an afterthought in robotic systems (Rea et al., 2020; Rea and Seo, 2022), and our results emphasizes that due consideration should be given to smaller interface design cues that could prime. Robot system designers should be thinking broadly about the potential priming effects of all aspects of their interface design on user perceptions and behavior.
8.2 Subtleties of priming
The results from our studies highlight the subtleties and nuance of priming in interaction design, and the potential fallacy of trying to remove or avoid priming altogether. Given how many aspects of system design may impact how a person perceives and interacts with a robot, the goal then is to consider and be mindful of how priming may manifest and how to manage it. In reflecting on our work, we continue to find additional elements impacting the priming, and list some examples here.
One such example is that all of our priming methods relied on verbal descriptions to setup the priming; even the tangible priming was described to people. In some cases, we created an explicit connection (e.g., explaining the safe versus unsafe robot), while in others, we simply explained that a connection existed and left interpretation up to the participant. Even in our supposed “no-priming” case, we should expect this “no-priming” priming to impact performance as participants may remind themselves that they were told there was no difference. In all cases, the verbal description itself must be considered a part of the priming (in addition to, e.g., the infographic or tangible priming we employed), and many questions remain about its use. For example, how will an up-front verbal explanation impact people as time passes, how does the method of delivery (verbal vs. written), or tone of delivery, etc., impact priming, and so forth.
Another unexpected result is the collateral effects of priming, such as potential increased cognitive load from the priming setup. For example, we discussed how it is possible that in informing participants of potential connections between variables may have increased mental load, where it required them to exert cognitive effort to constantly consider and assess the described connection. Future work is necessary to investigate how to leverage priming effects without such potential drawbacks.
8.3 Takeaways: Considerations for exploring priming for teleoperation
A key message of our paper is the simple fact that robot and interface designers need to consider priming in their teleoperation interface design, because of the wide range of factors that will impact what prior experience people draw from, and thus their perception of the robot and their resulting operation behavior. While we encourage the use of priming as a new (and relatively cheap) avenue for design, our studies highlight the effects are non-trivial to predict. However, we can provide both tools to brainstorm priming effects, as well as the following lessons about priming:
1) Priming can be leveraged by interface designers as a new tool for changing operator behavior and perception of the robot and its abilities.
2) Tangible and descriptive cues, without changing the robot, can change people’s perceptions of the robot’s abilities, even after extensive use.
3) Priming can impact perceptions of robot ability, general safety, driving experience, and product quality.
4) Priming can potentially change or improve operator behavior.
5) Priming can happen without intent, and can happen when explicitly trying to avoid priming effects, suggesting it may be impossible to avoid.
8.3.1 Template for considering priming effects
Drawing from our experience, we provide the following brainstorming template for holistically considering priming in teleoperation. We emphasize that this is simply a summary of our own exploration presented in a succinct fashion and does not constitute grounded guidelines for employing priming in teleoperation. Instead, we envision that this may be a useful starting point for considering priming in a design.
1) Consider and enumerate all aspects of the teleoperation design:
a) the overall system’s presentation. This includes packaging, product introductions, and any training or tutorials;
b) the robot’s physical appearance, including robot morphology, sounds, and behaviors (e.g., has a manipulator? Tracks? Wheels?);
c) the interface’s appearance and modalities (touch, haptics, sound, visual appearance), as well as the physical properties of those characteristics (update rate, resolution, response time, etc.);
d) the environment the system will be used in, including the environment around the robot and the environment around the operator, such as noise, lighting, music, people, etc.
2) for each potential source of priming uncovered in #1, consider
a) What existing systems or designs, whether real or fictional (e.g., in media), does this resemble? What prior experiences or memories may this trigger for people to shape their perceptions?
b) What does this say about the overall product, company, and expected experience? E.g., does it suggest a rough prototype, a polished product, or expert system?
c) Can this characteristic be modified to explicitly shape perceptions and behavior, e.g., by changing a color, shape, sound, key phrase, etc.,? Or, is it fixed due to external constraints (e.g., robot has tracks)?
d) What secondary methods can be used to shape how this is perceived? Can a feature be described a certain way, or can it be compensated with complementary design (e.g., putting stylish stickers on a harsh metal frame)
Through this iterative brainstorming process of identifying potential sources of priming, and systematically considering how the source may impact perceptions, we envision that this approach can help teleoperation designers consider potential priming influences more systematically, and open design avenues that may have gone unexplored normally.
9 LIMITATIONS
While our priming methods were successful in changing participant perceptions of the robot and teleoperation experience, we only found teleoperation performance changes with the tangible method. We discussed potential reasons for those results above, but we note our quantitative measures in all three studies were not exhaustive; exploring other performance metrics (e.g. average robot velocity), will help us better understand the limits and potential of priming on teleoperation performance.
This work assumes that different people respond in similar ways to priming stimuli. However, it could be that different personalities may be more prone to risk taking, as suggested in transportation research (Jonah et al., 2001). In our results, our safe condition primed safe behavior, while some previous research suggests that the inverse may be true; for example, adding safety features to cars may result in less safe driving (Jonah et al., 2001). In teleoperation, a fast robot may encourage safer driving behavior from a cautious person, or a thrill-seeking operator may get excited and try push the robot to its limits. In fact, even how priming stimuli are interpreted in relation to safety could differ; for example a high top speed may be interpreted as fast and hard to control, or as a high quality robot with well-made components. We note that the science surrounding priming is still has conflicting results (Doyen et al., 2012), thus we recommend further inquiry into priming and teleoperation, considering a participant’s risk-tolerance.
Our scenario also limits the generalizability of our results. Our robot had a mostly steady but variable frame rate, though frame rate and latency can vary heavily in the real world and can have large effects on performance (Chen and Thropp, 2007; Jessie et al., 2007). Additionally, our obstacle course was designed to imitate a very crowded office or conference venue and make teleoperation difficult. However, environments with dynamic obstacles (such as people in a busy subway station), or wider spaces such as many museums will change the teleoperation experience. Additionally, our obstacle course was narrow, which may impact perception of speed and likely impact perceived safety compared to wider environments. As we noted earlier that research suggests that context is important for priming effects, investigating context for teleoperation and priming is an important consideration. We further noted this as a potential explanation for why our robot primed to be perceived as speed-limited did not perform well–its abilities may simply have not been suited to the task specifications. Priming our operators may have made them believe that one robot was more suited to the crowded obstacle courses, which explain perceptual or performance differences we observed.
Perhaps most importantly, we cannot speak to exactly how priming created the observed effects. For example, tangible priming may have created a sense of a large heavy robot, or a slow and easy to control robot, or a feeling of confidence, or another mechanism that steered them towards safer driving. Similarly, for perceptual measures, we cannot tell exactly what prior experiences participants drew upon due to our priming methods–we had our design motivation and intents, but we were not able to confirm those exact reasons (e.g., imagining a light, fragile, and fast sports car versus a slow and robust vehicle) were why the priming worked. Further work to understand the exact mechanisms of priming for teleoperation (i.e., what stimuli create what associations with what prior experiences) is needed.
9.1 Future work
Our results serve as a base to build from for future priming-based teleoperation interfaces. Even our two priming method labels–descriptive and tangible–are general and can be explored much further and much more deeply. For example, descriptive research may look at priming with actual demonstrations of robot behavior (using acting to prime the danger or ease of teleoperation), different robot morphologies, or different robot sounds. Further real-world case studies could be done observing how real user guides’ representations of robot capabilities could be affecting perception and use of the robots. Similarly, additional tangible methods could control force feedback effects such as adding shake to simulate rough terrain or a powerful motor. Exploring each technique in depth and starting to explore a broader range of priming techniques, is important for understanding the nuances of how priming can affect teleoperation.
We should also explore priming beyond portraying the robot as more or less safe. For example, sound could be used to prime different moods or atmospheres, or we could explore whether the enjoyment of teleoperating the robot could be primed. This is a new avenue to consider for teleoperation robot and interface design, and it leads to a broad range of future work.
Priming effects are often studied in the short term, such as our work in this paper. Long term effects of priming are less studied, and thus should be studied in the context of teleoperation; prior work suggests priming may last for hours or even months, even if new experiences contradict the priming (Sloman et al., 1988; Becker et al., 1997; Lindgaard et al., 2006). Perhaps short-term priming effects, especially when operators are first learning to drive a robot, may influence the development of safe long-term habits, but this must be formally studied. Such research would benefit both the psychology and teleoperation communities.
As discussed in our related work, the effectiveness of priming is still debated across scientific fields. As such, extensive replication and deeper and detailed experiment sets should be a priority to create more robust and replicable methods and results. We view our work as a small example of this–we tried to prime the same idea (safety) in multiple ways, and observed similar perceptual changes, giving us confidence in these results. Further replication is necessary to confirm our behavioral results, but we recommend all priming research endeavors to replicate their own or others’ findings due to the yet undecided nature of the field.
The mystery of how our no priming condition resulted in changes in perception of the identical robots people drove is also an important avenue to understanding priming. Part of the difficulty in pursuing this reason is our use of participant-volunteered responses; while we believe qualitative feedback is very important to understanding participant reactions to priming stimuli, it is inherently interpreted first by the participants themselves which makes it difficult to understand true causal relationships in priming. However, this made it difficult to determine the mechanisms by which our priming stimuli created our observed effects. We recommend future studies couple measures like we used with other, perhaps new techniques, to measure and understand a person’s internal thoughts, dialogue, and even subconscious processes when being primed. This would help understand priming at a deeper level, and give more insights and control over how to design for specific priming effects.
10 CONCLUSION
As teleoperated robots continue to develop and enter new environments and applications, operator error still remains a primary cause of critical incident. While we continue to improve robot algorithms and interface designs, in this work we highlight a new avenue for improving teleoperation that requires no changes to the robot or software: aiming to prime operators about the robot to shape their beliefs, and ultimately, their actions.
Through a series of experiments we demonstrated the potential of priming to shape operator beliefs. While in the end we failed to leverage priming to improve actual driving behavior (it only hindered in our cases), our work highlights that priming can impact behavior, and may have potential to improve it through future research. Our work highlights this potential avenue for further inquiry and exploration.
The ultimate result of this paper is simply that priming is unavoidable, nuanced, and will impact how operators perceive and use a robotic system. People draw from their prior experiences and knowledge to make decisions and shape their interactions with technologies. Thus, designers of teleoperation interfaces need to be acutely aware of this, and consider how their interface and robot designs impact people: what experiences will people draw from to decide how to use an interface? This paper provides a background on priming, and concrete experimental data, leading to implications and a brainstorming template, to assist interface designers in uncovering and considering potential priming effects in their work.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by University of Manitoba Research Ethics Board. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
DR: Conceptualization, Formal Analysis, Investigation, Methodology, Software, Writing–original draft, Writing–review and editing. JY: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ackerman, J. M., Nocera, C. C., and Bargh, J. a (2010). Incidental haptic sensations influence social judgments and decisions. Science 328, 1712–1715. doi:10.1126/science.1189993
 Anna, S., Chinellato, E., MariaBou, A. T., Ángeldel Pobil, P., Lappe, M., and Liepelt, R. (2012). When humanoid robots become human-like interaction partners: corepresentation of robotic actions. J. Exp. Psychol. Hum. Percept. Perform. 38 (5), 1073–1077. doi:10.1037/a0029493
 Antin, J., and Churchill, E.(2011). “Badges in social media: A social psychological perspective.” In Human factors in Computing systems , 1–4.
 Banakou, D., Groten, R., and Slater, M. (2013). Illusory ownership of a virtual child body causes overestimation of object sizes and implicit attitude changes. Proc. Natl. Acad. Sci. U. S. A. 110 (31), 12846–12851. doi:10.1073/pnas.1306779110
 Bargh, J. A., Chen, M., and Burrows, L. (1996). Automaticity of social behavior: direct effects of trait construct and stereotype activation on action. J. Personality Soc. Psychol. 71 (2), 230–244. doi:10.1037/0022-3514.71.2.230
 Basu, C., Yang, Q., Hungerman, D., Singhal, M., and AncaDragan, D. (2017). Do you want your autonomous car to drive like you?Human-Robot Interact. , 417–425. doi:10.1145/2909824.3020250
 Becker, S., Morris Moscovitch, H., Behrmann, M., and Joordens, S. (1997). Long-term semantic priming: a computational account and empirical evidence. J. Exp. Psychol. Learn. Mem. Cognition 23 (5), 1059–1082. doi:10.1037/0278-7393.23.5.1059
 Benyon, D. (2019). Designing User Experience: a guide to HCI, UX and interaction design. London: Pearson. 
 Beyer, H., and Holtzblatt, K. (1997). Contextual design: defining customer-centered systems. Germany: Elsevier. 
 Blommer, M., Curry, R., Swaminathan, R., Tijerina, L., Walter, T., and Kochhar, D. (2017). Driver brake vs. steer response to sudden forward collision scenario in manual and automated driving modes. Transp. Res. Part F Traffic Psychol. Behav. 45, 93–101. doi:10.1016/j.trf.2016.11.006
 Bradley, A., MacArthur, C., Hancock, M., and Carpendale, S. (2015). “Gendered or neutral ? Considering the language of HCI,” in Graphics interfaces (China: IEEE). 
 Brandstetter, J., Beckner, C., Benítez Sandoval, E., and Bartneck, C. (2017). Persistent lexical entrainment in HRI. Human-Robot Interact. , 63–72. doi:10.1145/2909824.3020257
 Brhel, M., Meth, H., Alexander, M., and Werder, K. (2015). Exploring principles of user-centered agile software development: a literature review. Inf. Softw. Technol. 61, 163–181. doi:10.1016/j.infsof.2015.01.004
 Chalfoun, P., and Frasson, C. (2011). Subliminal cues while teaching: HCI technique for enhanced learning. Adv. Human-Computer Interact. 2011, 1–15. doi:10.1155/2011/968753
 Chen, J. Y. C., and Thropp, J. E. (2007). Review of low frame rate effects on human performance. IEEE Trans. Syst. Man, Cybern. - Part A Syst. Humans 37 (6), 1063–1076. doi:10.1109/tsmca.2007.904779
 Chung, W., Kuo, Yi C., and Yanu Tara, R. (2013). A teleoperation system utilizing saliency-based visual attention. IEEE Int. Conf. Syst. Man, Cybern. , 139–144. doi:10.1109/SMC.2013.31
 Coeckelbergh, M. (2011). Talking to robots: on the linguistic construction of personal human-robot relations. China: Lecture Notes of the Institute for Computer Sciences, Social-Informatics and Telecommunications Engineering. LNICST 59 LNICST: 126–129. 
 Curtis, W., Nielsen, M. A. G., and Ricks, R. W. (2007). Ecological interfaces for improving mobile robot teleoperation. IEEE Trans. Robotics 23 (5), 927–941. doi:10.1109/tro.2007.907479
 Dijksterhuis, a, and Bargh, Ja (2001). The perception-behavior expressway: automatic effects of social perception on social behavior. Adv. Exp. Soc. Psychol. 33, 1–38. doi:10.1016/S0065-2601(01)80003-4
 Doyen, S., Klein, O., and Cleeremans, A. (2012). Behavioral priming: it’s all in the mind, but whose mind?PLoS ONE 7, 1. doi:10.1371/journal.pone.0029081
 Edwards, A., Edwards, C., Westerman, D., and Spence, P. R. (2019). Initial expectations, interactions, and beyond with social robots. Comput. Hum. Behav. 90, 308–314. doi:10.1016/j.chb.2018.08.042
 Endsley, M. R. (2016). Designing for situation awareness: an approach to user-centered design. Germany: CRC Press. 
 Eyssartier, C., Meineri, S., and Gueguen, N. (2017). Motorcyclists’ intention to exceed the speed limit on a 90km/h road: effect of the type of motorcycles. Transp. Res. Part F Traffic Psychol. Behav. 45, 183–193. doi:10.1016/j.trf.2016.12.009
 Forster, K. I., and Davis, C.1984. Repetition priming and frequency attenuation in lexical access. 10, 4: 680–698. doi:10.1037/0278-7393.10.4.680
 Fuller, R. (2005). Towards a general theory of driver behaviour. Accid. Analysis Prev. 37 (3), 461–472. doi:10.1016/j.aap.2004.11.003
 Gaver, W. W. (1991). Technology affordances. Hum. factors Comput. Syst. 79–84, 1.
 Giese, S., Carr, D., and Chahl, J. (2013). Implications for unmanned systems research of military UAV mishap statistics. IEEE Intell. Veh. Symp. Proc. Iv, 1191–1196. doi:10.1109/IVS.2013.6629628
 Groeger, J. A. (2002). Trafficking in cognition: applying cognitive psychology to driving. Transp. Res. Part F Traffic Psychol. Behav. 5 (4), 235–248. doi:10.1016/s1369-8478(03)00006-8
 Groeger, J. A., and Rothengatter, J. A. (1998). Traffic psychology and behaviour. Transp. Res. Part F Traffic Psychol. Behav. 1 (1), 1–9. doi:10.1016/s1369-8478(98)00007-2
 Hacinecipoglu, A., Konukseven, E. I., and Bugra Koku, A. (2013). “Evaluation of haptic feedback cues on vehicle teleoperation performance in an obstacle avoidance scenario,” in 2013 world haptics conference (China: WHC).
 Hamari, J., Koivisto, J., and Sarsa, H. (2014). Does gamification work? - a literature review of empirical studies on gamification. Proc. Annu. Hawaii Int. Conf. Syst. Sci. JANUARY , 3025–3034. doi:10.1109/HICSS.2014.377
 Harrison, L., Drew, S., Franconeri, S., Lu, A., and Chang, R. (2013). Influencing visual judgment through affective priming, 2949. 
 Hart, S. G., and Staveland, L. E. (1988). Development of NASA-TLX (task load Index): results of empirical and theoretical research. Hum. Ment. Workload , 139–183. doi:10.3389/fpsyg.2022.883321
 Hassenzahl, M., and Tractinsky, N. (2006). User experience - a research agenda. Behav. Inf. Technol. 25 (2), 91–97. doi:10.1080/01449290500330331
 Henk Aarts, H., and Dijksterhuis, Ap (2003). The silence of the library: environment, situational norm, and social behavior. J. Personality Soc. Psychol. 84 (1), 18–28. doi:10.1037/0022-3514.84.1.18
 Herr, P. M. (2012). Priming price: prior knowledge and context effects. J. Consumer Res. 16, 67–10. doi:10.1086/209194
 Iacoboni, M. (2009). Imitation, empathy, and mirror neurons. Annu. Rev. Psychol. 60 (1), 653–670. doi:10.1146/annurev.psych.60.110707.163604
 Jessie, Y. C., Chen, E., Haas, C., and Barnes, M. J. (2007). Human performance issues and user interface design for teleoperated robots. IEEE Trans. Syst. Man Cybern. Part C Appl. Rev. 37 (6), 1231–1245. doi:10.1109/tsmcc.2007.905819
 Jessie, Y. C., Chen, M. J. B., and Harper-Sciarini, M. (2011). Supervisory control of multiple robots: human-performance issues and user-interface design. IEEE Trans. Syst. Man Cybern. Part C Appl. Rev. 41 (4), 435–454. doi:10.1109/tsmcc.2010.2056682
 Jim Cheesman, L., and PhilipMerikle, M. (1984). Priming with and without awareness. Percept. Psychophys. 36 (4), 387–395. doi:10.3758/bf03202793
 Jonah, B. A., Thiessen, R., and Au-Yeung, E. (2001). Sensation seeking, risky driving and behavioral adaptation. Accid. Analysis Prev. 33 (5), 679–684. doi:10.1016/s0001-4575(00)00085-3
 Kelley, H. H. (1950). The warm-cold variable in first impressions of persons. J. Personality 18 (4), 431–439. doi:10.1111/j.1467-6494.1950.tb01260.x
 Leeper, A., Hsiao, K., Ciocarlie, M., Takayama, L., and Gossow, D. (2012). Strategies for human-in-the-loop robotic grasping. Germany: ACM/IEEE Human-Robot Interaction. 
 Li, W., Grossman, T., and George, F.2012. GamiCAD: a gamified tutorial system for first time AutoCAD users. UIST: 103–112. 
 Lindgaard, G., Fernandes, G., Dudek, C., and Brown, J. (2006). Attention web designers: you have 50 milliseconds to make a good first impression. Behav. Inf. Technol. 25 (2), 115–126. doi:10.1080/01449290500330448
 Liu, F. (2020). Trick or treat the effect of pseudo presence of a human operator in bystanders mistreating robot. Eindhoven: University of Technology. 
 MacLeod, C. M. (1989). Word context during initial exposure influences degree of priming in word fragment completion. J. Exp. Psychol. Learn. Mem. Cognition 15 (3), 398–406. doi:10.1037/0278-7393.15.3.398
 Mcgrenere, J., and Ho, W. (2000). Affordances: clarifying and evolving a concept. USA: Graphics Interface. May: 1–8. 
 McIlroy, R. C., Stanton, N. A., and Godwin, L. (2017). Good vibrations: using a haptic accelerator pedal to encourage eco-driving. Transp. Res. Part F Traffic Psychol. Behav. 46, 34–46. doi:10.1016/j.trf.2017.01.002
 Michon, J. A. (1985). A critical view of driver behavior models: what do we know, what should we do?Hum. Behav. traffic Saf. , 485–520. doi:10.1007/978-1-4613-2173-6
 Mitra, D., and Golder, P. N. (2006). How does objective quality affect perceived quality? Short-term effects, long-term effects, and asymmetries. Mark. Sci. 25 (3), 230–247. doi:10.1287/mksc.1050.0175
 Nunez, D., and Blake, E. (2003). “Conceptual priming as a determinant of presence in virtual environments,” in Computer graphics, virtual reality and visualisation in africa (Germany: IEEE), 101–108.
 Praveena, P., Rakita, D., Mutlu, B., and Gleicher, M. (2020). Supporting perception of weight through motion-induced sensory conflicts in robot teleoperation. Human-Robot Interact. , 509–517. doi:10.1145/3319502.3374841
 Precht, L., Keinath, A., and Krems, J. F. (2017). Effects of driving anger on driver behavior – results from naturalistic driving data. Transp. Res. Part F Traffic Psychol. Behav. 45, 75–92. doi:10.1016/j.trf.2016.10.019
 Rea, D. J. (2020). Now you’re teleoperating with power: learning from video games to improve teleoperation interfaces. China: University of Manitoba. 
 Rea, D. J., Hanzaki, M. R., Bruce, N., and Young, J. E. (2017a). “Tortoise and the Hare Robot Slow and steady almost wins the race, but finishes more safely,” in Robot and human interactive communication (USA: RO-MAN), 1–6.
 Rea, D. J., and Seo, S. H. (2022). Still not solved: a call for renewed focus on user-centered teleoperation interfaces. Front. Robotics AI 9, 704225. doi:10.3389/frobt.2022.704225
 Rea, D. J., Seo, S. H., Bruce, N., and Young, J. E. (2017b). Movers, shakers, and those who stand still: visual attention-grabbing techniques in robot teleoperation. Proc. 2017 ACM/IEEE Int. Conf. Human-Robot Interact. , 398–407. doi:10.1145/2909824.3020246
 Rea, D. J., Seo, S. H., and Young, J. E. (2020). Social robotics for nonsocial teleoperation: leveraging social techniques to impact teleoperator performance and experience. Curr. Robot. Rep. 1 (4), 287–295. doi:10.1007/s43154-020-00020-7
 Rea, D. J., and Young, J. E. (2018). “It’s All in Your Head: using priming to shape an operator’s perceptions and behavior during teleoperation,” in Proceedings of the 2018 ACM/IEEE International Conference on Human-Robot Interaction,  (New york, 26 February 2018) ( IEEE), 32–40. doi:10.1109/HRI.2019.8673014
 Rea, D. J., and Young, J. E. (2019a). Backseat teleoperator: affective feedback with on-screen agents to influence teleoperation. Proc. 2019 ACM/IEEE Int. Conf. Human-Robot Interact. , 19–28. doi:10.1109/HRI.2019.8673014
 Rea, D. J., and Young, J. E. (2019b). “Methods and effects of priming a teloperator’s perception of robot capabilities,” in Companion proceedings of the 2019 ACM/IEEE human-robot interaction - pioneers (USA: IEEE), 739–741. doi:10.1109/HRI.2019.8673186
 Reich-Stiebert, N., Eyssel, F., and Hohnemann, C. (2019). Involve the user! Changing attitudes toward robots by user participation in a robot prototyping process. Comput. Hum. Behav. 91, 290–296. doi:10.1016/j.chb.2018.09.041
 Sam, T., and Tom, Z. (2017). Social attitudes toward robots are easily manipulated. Proc. Companion 2017 ACM/IEEE Int. Conf. Human-Robot Interact. - HRI ’17, 299–300. doi:10.1145/3029798.3038336
 Sanoubari, E., Geiskkovitch, D. Y., Garcha, D. S., Sabab, S. A., Kenny, H., Young, J. E., et al. (2018). “Subliminal priming in human-agent interaction: can agents use single-frame visuals in video feeds to shape user perceptions?,” in HAI 2018 - Proceedings of the 6th International Conference on Human-Agent Interaction,  (USA, 04 December 2018) ( IEEE), 205–213. 
 Seo, S. H., Rea, D. J., Joel Wiebe, L., and Young, J. E. (2017). “Monocle: interactive detail-in-context using two pan-and-tilt cameras to improve teleoperation effectiveness,” in 2017 26th IEEE International Symposium on Robot and Human Interactive Communication,  (China, 31 Aug, 2017) ( RO-MAN), 962.
 Singh, A., Seo, S. H., Hashish, Y., Nakane, M., Young, J. E., and Bunt, A. (2013). “An interface for remote robotic manipulator control that reduces task load and fatigue,” in IEEE International Symposium on Robot and Human Interactive Communication,  (China, 31 Aug, 2017) ( RO-MAN), 738–743.
 Sloman, S. A., Gordon, C., Ohta, N., Law, J., and Tulving, E. (1988). Forgetting in primed fragment completion. J. Exp. Psychol. Learn. Mem. Cognition 14 (2), 223–239. doi:10.1037/0278-7393.14.2.223
 Sollberger, B., Rolf, R., and Eckstein, D. (2003). Musical chords as affective priming context in a word-evaluation task. Music Percept. 20 (3), 263–282. doi:10.1525/mp.2003.20.3.263
 Steinfeld, A., Fong, T., Kaber, D., Lewis, M., Scholtz, J., Schultz, A., et al. 2006. Common metrics for human-robot interaction. In Proceeding of the 1st ACM SIGCHI/SIGART conference on Human-robot interaction - HRI ’06,  (02 March 2006), USA, IEEE, 33.
 Tanaka, K., Yamashita, N., Nakanishi, H., and Ishiguro, H. (2016). Teleoperated or autonomous? how to produce a robot operator’s pseudo presence in HRI. Human-Robot Interact. , 133–140. doi:10.1109/HRI.2016.7451744
 Vattheuer, C., Annalena Nora Baecker, D., Geiskkovitch, Y., Stela Hanbyeol Seo, D. J. R., and Young, J. E. (2020). “Blind trust: how making a device humanoid reduces the impact of functional errors on trust,” in Lecture notes in computer science (including subseries lecture notes in artificial intelligence and lecture notes in bioinformatics) (USA: IEEE), 12483, 207.
 Wallkötter, S., Stower, R., Kappas, A., and Castellano, G. (2020). “A robot by any other frame,” in Proceedings of the 2020 ACM/IEEE International Conference on Human-Robot Interaction,  (USA, 09 March 2020) ( IEEE), 609–618. 
 Westlund, J. M. K., Martinez, M., Archie, M., Das, M., and Breazeal, C. (2016). A study to measure the effect of framing a robot as a social agent or as a machine on children ’ s social behavior. China: Human-Robot Interaction, 459–460. 
 Williams, K. W. (2004). A summary of unmanned aircraft accident/incident data: human factors implications. USA: FAA Civil Aerospace Medical Institute, 18. 
 Yi, Y. (1990). The effects of contextual priming in print advertisements. J. Consumer Res. 17 (2), 215. doi:10.1086/208551
 Young, J. E., Hawkins, R., Sharlin, E., and Igarashi, T. (2009). Toward acceptable domestic robots: applying insights from social psychology. Int. J. Soc. Robotics 1 (1), 95–108. doi:10.1007/s12369-008-0006-y
 Young, J. J., Tan, H. Z., and Gray, R. (2003). Validity of haptic cues and its effect on priming visual spatial attention. Haptic Interfaces Virtual Environ. Teleoperator Syst. , 166–170. doi:10.1109/HAPTIC.2003.1191265
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2023 Rea and Young. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/frobt-10-1271337-t003.jpg
Speed
Weight
Power
Safety
Balance

Motor power

Toughness*

Traction*

24

16

16

24

17

16

dle

15

21

17

23

25

16

20

21

safe
19
23
19
21
19
20
23

22

gind ikt s i ea) Bt ol okt bl not ekl foaE

86

65

75

83

127

74

46

49

01

04

02

012

<01

03

.10

09

perceptual effects as increased safety was primed
(mixed) lower speed
higher weight
(mixed) less power
(mixed) more safe
(mixed) more balanced
(mixed) less motor power)
tougher

Improved traction

er ranks for power, balance, toughness, and safety are considered *better” and higher ranks for speed are considered “faster’s and higher ranks for weight are considered “heavier” (mixed)
indicates that the middle condition was not the midpoint of the 3 conditions.





OPS/xhtml/nav.xhtml
Contents

		Cover

		It’s not what you think: shaping beliefs about a robot to influence a teleoperator’s expectations and behavior		1 Introduction

		2 Background: priming		2.1 Priming methods

		2.2 Priming effects

		2.3 Summary





		3 Related work

		4 Novel teleoperator priming techniques		4.1 Tangible priming

		4.2 Descriptive priming





		5 Initial two studies: tangible and descriptive priming		5.1 Task

		5.2 Instruments

		5.3 Measurements

		5.4 Procedure

		5.5 Study: tangible priming

		5.6 Study: descriptive priming

		5.7 Reflection on tangible and descriptive priming





		6 Follow-up study: joystick stiffness–priming or usability?		6.1 Procedure

		6.2 Results

		6.3 Discussion–priming or usability?





		7 Overview: cross-study discussion on teleoperation priming		7.1 Driving performance only improved for tangible priming

		7.2 Why did perceptions of the robot change in the no priming case?





		8 Implications for priming in human-robot interaction		8.1 “To prime, or not to prime?” is not the right question

		8.2 Subtleties of priming

		8.3 Takeaways: Considerations for exploring priming for teleoperation





		9 Limitations		9.1 Future work





		10 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/frobt-10-1271337-t002.jpg
middle perceptual effect as spring stiffness increased

Speed 2 24 17 7.0 03 (mixed) lower speed
Steering ‘ 16 22 22 66 o Improved steering
Durability ‘ 17 2 | 23 69 03 Improved durability
Safety ‘ 17 2 ‘ 23 80 02 Improved safety

Higher ranks for steering, durability; and safety are considered “better” and higher ranks for speed are considered “faster” For example, safe is considered the slowest with better steering and
durability than unsafe. All listed values are p < .05. Omitted variables are n.s. (mixed) indicates that the middle condition was not the midpoint of the 3 conditions.





OPS/images/frobt-10-1271337-t005.jpg
middle perceptual effects as spring stiffness increased

Responsive 21 22 18 24 (mixed) decreased responsiveness

Speed 21 22 17 36 (mixed) decreased speed
Weight* 14 2 ‘ 27 174 increased weight
Steering* 15 24 ‘ 21 1 (mixed) improved steering
Durability* 1.6 22 ‘ 22 7.6 improved durability
Safety* 16 ‘ 24 ‘ 20 98 (mixed) improved safety
|

*p < 05. Higher ranks for power, balance, toughness, and safety are considered “better” and higher ranks for speed are considered “faster’, and higher ranks for weight are considered *heavier”
Crintsed) il cabes st ol e sondition: was ot thie mldpalit of e 3 aonditions





OPS/images/frobt-10-1271337-t004.jpg
Completion time (s) Fpi =06 56 03 208 213 219

Number of collisions Frang=29 07 14 63 ‘ 72 82

Workload (TLX score) Fys=22 12 1 321 ‘ 283 300





OPS/images/frobt-10-1271337-t001.jpg
Description: “A robot’s ability to ... ”

Balance Stay upright easily, regardless of surface, obstacles, or operation
Toughness Not be damaged from collisions

Motor Power | Accelerate quickly to a high top speed

Traction “Turn quickly and safety

Battery

Continue operating for long periods of time






OPS/images/frobt-10-1271337-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Robotics and Al





OPS/images/frobt-10-1271337-g005.gif
-

—





OPS/images/frobt-10-1271337-g006.gif





OPS/images/frobt-10-1271337-g003.gif





OPS/images/frobt-10-1271337-g004.gif
1 Dot obots 0 Dot oot
Doeratt Do ome
-+ Xk
Fohk

Fok e

11 Doubl Robics
BoubleTurso,
o
Ik k
x





OPS/images/frobt-10-1271337-g009.gif
Iplive

(Lollisions:





OPS/images/frobt-10-1271337-g007.gif
angible Priming: Collisions

e e





OPS/images/frobt-10-1271337-g008.gif
Lsiband

Tangible Friming: Subjective Torkload

I





OPS/images/cover.jpg





OPS/images/frobt-10-1271337-g001.gif





OPS/images/frobt-10-1271337-g002.gif
priming

) 4

o,

Uy

“This robot i

unsafe

hard 05

-





OPS/images/frobt-10-1271337-t007.jpg
Tangible Priming No Priming

Loose @ Middle Stiff Loose Middle

Speed 2 24 17 2.1 22 17
Steering 1.6 22 22 1.5 24 21
Durability 1.7 2 2.3 1.6 22 22
Safety 17 2 2.3 1.6 24 2.0

Note that for No Priming, the speed measures were not found to be significant, though all other ratings here are.
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Tangible Priming Descriptive Priming

Loose Middle Stiff Non- Middle Safe

safe
Speed 2 2.4 17 25 15 1.9
Steering 1.6 2.2 22 16 18 1.8
Durability 17 2 23 15 2.6 1.8
Safety 17 2 2.3 16 2.3 21

Note that for Desciptive Priming, the durability and steering measures were not found to be significant, though all other ratings here are.





