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Abstract 

  

            Urban Search and Rescue is exceptionally dangerous. To mitigate that danger rescue 

workers utilize robots to access areas that are too small or too dangerous to send people. 

However, these robots must be tele-operated, and tele-operation contributes to a host of 

perceptual and cognitive problems (Chellali, 2009; Chen, Durlach, Sloan, & Bowens, 2005; Cui, 

Tosunoglu, Roberts, Moore, & Repperger, 2003; Darken, Kempster, & Peterson, 2001; 

Lichiardopol, 2007; Van Erp, 2000; Vertut & Coiffet, 1985). One such perceptual problem is the 

judgment of pass-ability, or the width of the robot relative to the width of the aperture. 

            Previous research indicates that operators are good at making judgments of pass-ability 

(Jones, Johnson, & Schmidlin, 2011; Moore & Pagano, 2006), but that these judgments may not 

improve with practice. The present study investigated two questions: (1) Do judgments of pass-

ability improve with time, and (2), What sources of information in the environment contribute to 

learning to make better judgments of pass-ability in a tele-operated environment. 

            The results indicated the following. First, judgments of pass-ability do in fact improve with 

time. However, the detection of that improvement requires the data be examined as percent 

correct rather than the more traditional threshold analysis. Second, participants learn to make 

better judgments when they are allowed to explore the environment and receive feedback, when 

they are only allowed to explore and not receive feedback, and when they are not allowed to 

explore and instead only receive feedback following a judgment of pass-ability. However, the 

performance for participants who were allowed to explore was significantly better than that of 

participants who were not allowed to explore. These results support the importance of 

exploration when making an affordance judgment. So while the data support that learning can 

happen without exploration, they also support that the performance with exploration is 

significantly better. 
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CHAPTER I 

INTRODUCTION 

 
Urban Search and Rescue 

Urban Search and Rescue (USAR) is defined as the process of locating, extracting, and, if 

necessary, providing immediate medical treatment to persons trapped in a collapsed structure 

(Anderson, 2002; FEMA, 2000; Goodman & Hogan, 2009; Hew & Sunshine, 2002; Murphy, 2000). 

There have been numerous disasters that required the services of USAR teams.  Examples include 

the Mexico City earthquake of 1985 (Campus, 2005; Casper & Murphy, 2003), the Oklahoma City 

bombing of 1995 (FEMA, 2012; Hew & Sunshine, 2002), the collapse of the World Trade Center in 

2001 (Casper & Murphy, 2003; FEMA, 2012; Grady & Revkin, 2011; Hew & Sunshine, 2002), and 

the Fukushima disaster of 2011 (Collins, 2011; Strickland, 2011). 

Each of these disasters was dangerous, not only to the survivors of the disasters, but also 

to the rescuers who worked to retrieve them.  For example, debris can get into people's eyes or 

lungs, poor ventilation can cause a buildup of harmful gases, buildings can collapse further, or fire 

can unexpectedly sweep through the disaster zone (FEMA, 2012). One way to mitigate these 

dangers is to use robots to search for survivors during USAR operations. 

There are many ways that the use of USAR robots can benefit rescue operations. For 

example, sending robots to investigate a disaster zone limits human exposure to dangerous 

environments (Van Erp, 1999). Robots can access areas that are too small for humans (Seeman, 

Roxvall, Saffiotti, & Wise, 2006). Robots take less time to deploy for rescue missions than do 

humans (Casper & Murphy, 2003). Robots can serve a multitude of different purposes such as 

allowing medical personnel to monitor survivors or engineering crews to assess the stability of a 
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structure (Murphy, 2000). Finally, robots are disposable (Casper & Murphy, 2003; Singer, 2009; 

Van Erp, 2000) whereas human lives are not. 

While USAR robots can vary in shape and size (Chellali, Brenier, Baizid, & Zaoui, 2011; 

Cosenzo, Parasuraman, & de Visser, 2010; Jones, Johnson, & Schmidlin, 2011; Leff & Plushnick, 

2010; Murphy, 2000; Murphy, 2004; Seeman, Broxvall, Saffiotti, & Wide, 2006), they often share 

common features. Specifically, USAR robots typically utilize a tracked drive system that allows the 

robot to travel through a disaster environment (Jones, Johnson, & Schmidlin, 2011). Additionally, 

they typically carry one or more video cameras (Keyes, 2007).  

USAR robots are typically equipped with few, if any, additional sensors beyond that of a 

single camera (Keyes, 2007) for a variety of reasons. For example, other sensors are often too 

large to fit on the robots (Keyes, 2007) or additional sensors would make it difficult to fit the robot 

through tight spaces. Additionally, all sensors require power. The more sensors on the robot, the 

more drain on the robot's batteries, which results in more frequent recharging (Keyes, 2007). 

Lastly, many sensors are not rugged, and are therefore not well suited to the conditions of USAR 

(Keyes, 2007). 

Accordingly, commercial USAR robots cannot currently behave autonomously. To do so, 

they would need more information about their environment than is available via a single camera. 

This is especially true in complex USAR environments (Baker, Casey, Keyes, & Yanco, 2004). 

Consequently, operators must tele-operate USAR robots. 

Tele-operation allows human operators to extend their natural capabilities (Habib, 2000; 

Sheridan, 1995; Van Erp, 2000) into an environment that is either too dangerous or too distantly 

located for humans. Unfortunately, tele-operation can be problematic. 

Historically, tele-operation has been associated with a variety of perceptual and cognitive 

problems. Typically these problems are induced by factors such as distortion of the images sent 
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back from the robot’s camera or delay of feedback (Chellali, 2009; Chen, Durlach, Sloan, & 

Bowens, 2005; Cui, Tosunoglu, Roberts, Moore, & Repperger, 2003; Darken, Kempster, & 

Peterson, 2001; Lichiardopol, 2007; Van Erp, 2000; Vertut & Coiffet, 1985). Tele-operation during 

USAR has also been associated with problems. For example, during rescue attempts at the World 

Trade Center, tele-operators noted that it was difficult to determine whether the robot was able 

to enter openings or overcome obstacles (Casper, 2002). Furthermore, analysis of operators’ 

performance at the World Trade Center indicated that tele-operated robots frequently became 

stuck in the rubble. Specifically, robots became stuck approximately 2.1 times per minute during 

each deployment (Casper & Murphy, 2003). 

Getting robots stuck during a USAR operation has very serious consequences. First, 

getting robots stuck could destabilize the search area, which could injure survivors, damage the 

robot, or both. Second, getting the robot stuck disrupts USAR operations. This is a distraction from 

the primary task of searching for survivors, and any loss of time can result in a loss of life. Third, 

getting the robot stuck means somebody has to retrieve it. To do so, rescuers frequently place 

themselves in harm’s way to manipulate a tether or safety line that is connected to the robot 

(Casper & Murphy, 2003). For these reasons, it is important to avoid getting USAR robots stuck.  

 

Pass-ability Judgments during Tele-Operation          

Previous research has investigated why tele-operators get robots stuck by examining 

operators’ abilities to successfully determine whether a robot can pass through a given aperture 

(Jones & Johnson, 2008; Jones, Johnson, & Schmidlin, 2011). This judgment was termed "pass-

ability". 

A pass-ability judgment is an affordance judgment. Specifically, it is a judgment about the 

fit between an actor's capabilities and an environment’s features (Gibson, 1979/1986; Gibson, 
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2000b; Stoffregen, 2003).  In this case, the actor is a robot.  Accordingly, a pass-ability judgment 

refers to the fit between the width of the robot and the width of an aperture.  If the aperture is 

wider than the robot, then the aperture is passable and, ideally, should be judged so.   

Jones, Johnson, and Schmidlin (2011) assessed the ability of an operator to make pass-

ability judgments while tele-operating. To do so, participants completed seven blocks of trials.  In 

each block, participants judged the pass-ability of ten test apertures, five wider and five narrower 

than the robot, as well as four filler apertures that were randomly selected repetitions of test 

apertures.  During each trial, participants drove the robot toward the aperture and answered 

“yes” or “no” to whether the robot was capable of passing through that aperture without hitting 

its sides.  

Jones, Johnson, and Schmidlin (2011) wanted to determine whether pass-ability 

judgments were accurate.  To do so, they converted participants’ pass-ability judgments into a 

metric that could be directly compared to the robot’s width.  Specifically, they converted 

participants’ pass-ability judgments into absolute thresholds (Woodworth & Schlosberg, 1954), 

which separated apertures that were judged to be passable from those that were deemed 

impassable. For example, an absolute threshold of 10.88 inches indicated that apertures larger 

than 10.88 inches were judged as passable, whereas apertures smaller than 10.88 inches were 

judged to be impassable.   

Before examining the accuracy of pass-ability judgments, Jones, Johnson, and Schmidlin 

(2011) evaluated whether pass-ability judgments improved over the course of the study.  To do 

so, they calculated separate absolute thresholds, via the average z-score method (Woodworth & 

Schlosberg, 1954), for Blocks 1-3 and Blocks 5-7. For each absolute threshold, each operator’s 

responses were collapsed across relevant blocks to calculate a percentage associated with each 

aperture, which was .0then converted into a z-score. For example, a participant who responded 
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"yes" one out of three times for a given aperture had a percentage of 33.33% for that particular 

aperture, which was converted to a z-score of -0.44 (Woodworth & Schlosberg, 1954).  Two 

averages were computed from those z-scores: one for apertures that were wider than the robot 

and another for apertures that were narrower than the robot. An operator’s threshold for a given 

block range was the midpoint between those two averages.  

Next, those absolute thresholds were converted into difference scores (i.e., thresholds 

for Blocks 1-3 minus thresholds for Blocks 5-7), which were used to compute a 95% confidence 

interval.  The confidence interval included zero (i.e., thresholds for Blocks 1-3 = thresholds for 

Blocks 5-7).  Accordingly, Jones, Johnson, and Schmidlin (2011) concluded that thresholds 

computed from Blocks 1-3 were not significantly different from those computed from Blocks 5-7, 

which suggested that participants did not learn to improve their pass-ability judgments over the 

course of the experiment.   

This was surprising for a number of reasons. First, participants had no prior experience 

making pass-ability judgments for a tele-operated robot. While some affordances may be innately 

perceived, in general, learning is an important component of affordance perception (Gibson, 

1966). Specifically, observers learn to detect the value and meaning of things, as well as perceive 

their distinctive features (Gibson, 1966). Given that, it stands to reason that some degree of 

learning would be required to pick up the affordance of pass-ability for a tele-operated robot. 

Second, participants were allowed to explore the environment, that is, they actively tele-operated 

the robot through the environment. From a Gibsonian perspective, learning to perceive an 

affordance largely equates to learning how to actively pick up information about that affordance 

(Gibson, 2000b). For example, one might learn how to pick up information that would have 

otherwise gone undetected (Mark, et al., 1990) or how to exploit more reliable sources of 

information (Fajen, & Devaney, 2006; Fajen, 2008; Ramenzoni, Davis, Riley, & Shockley, 2010). 
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Research has demonstrated the importance of active exploration in perceptual learning 

(Franchak, van der Zalm, & Adolph, 2010; Mark, et. al, 1990).  For example, Franchak, van der 

Zalm, and Adolph (2010) found that participants who walked towards an aperture before they 

judged whether they could walk through it learned to improve the accuracy of their judgments 

more so than participants who did not walk toward the aperture before their judgments. Third, 

participants were allowed to receive feedback by attempting to drive the robot through each 

aperture. Research has shown that feedback facilitates perceptual learning (Herzog & Fahle, 

1997), even if that feedback is not explicit (McKee & Westheimer, 1978). Specifically, feedback 

can help actors learn how to better explore their environment to pick up information (Gibson, 

2000b).  

In summary, it was surprising that participants did not learn to improve their pass-ability 

judgments over the course of the experiment because they were novice tele-operators, actively 

explored the environment, and received feedback.  Collectively, these conditions should have 

afforded learning.  

 
Why Didn’t Jones, Johnson, and Schmidlin (2011) Detect Learning? 

Two possibilities are offered for why Jones, Johnson, and Schmidlin (2011) failed to reveal 

learning. First, their sample size may not have provided sufficient power to detect learning. 

Second, their dependent variable, absolute thresholds, may have been insensitive to learning. 

To address the first possibility, data from Jones, Johnson, and Schmidlin (2011) were 

subjected to a post-hoc power analysis. The effect size for the difference between Blocks 1-3 and 

Blocks 5-7 was d = .19.  Given that effect size, a sample size of 35, and an alpha of .05, post-hoc 

power was .20. Cohen (1977, 1988) suggested that a power of .80 is reasonable, but stressed the 

importance of balancing Type I and Type II error.  In order to reach a power of .80, a sample of 
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209 participants would be needed. Before collecting such a large number of participants, it seems 

reasonable to explore alternative methods to reveal learning.  

To address the second possibility, it was necessary to explore whether the use of absolute 

thresholds could have made it difficult to detect changes in participants’ pass-ability judgments. 

In Jones, Johnson, and Schmidlin (2011), participants answered “yes” or “no” to whether the 

robot could pass through a given aperture. Those answers were used to determine absolute 

thresholds for Blocks 1-3 and Blocks 5-7. Each absolute threshold identified the boundary that 

separated apertures that participants deemed passable for the robot from those that were 

deemed impassable. 

Absolute threshold calculations can transform different patterns of responses into the 

same threshold.  For example, consider the response patterns depicted in the left and right panels 

of Figure 1. The outermost points on the lines represent the average z-scores associated with the 

apertures that were narrower and wider than the robot.  The center points on the lines represent 

the absolute thresholds.  In the left panel, the proportions that were used to derive the average 

z-scores associated with apertures that were narrower and wider than the robot were slightly less 

and slightly more than 50%, respectively.  In the right panel, the proportions that were used to 

derive the average z-scores associated with apertures that were narrower and wider than the 

robot were substantially less and substantially more than 50%, respectively. 
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Figure 1. Two hypothetical graphs that represent different responses patterns, but result in the 
same threshold value.  If the left panel were to represent Blocks 1-3 and the right panel Blocks 5-
7, then one could argue that participants improved their pass-ability judgments over the course 
of the experiment.  A threshold-based analysis, though, would be insensitive to that 
improvement. 

 
If the left panel represented the response pattern for Blocks 1-3 and the right panel 

represented the response pattern for Blocks 5-7, then absolute thresholds would not change 

across blocks despite the fact that the response pattern changed across blocks.  As such, it is 

possible that participants’ response patterns changed across blocks in Jones, Johnson, and 

Schmidlin (2011), but those changes were not captured by the absolute threshold calculations.  In 

other words, it is possible that participants learned to make better pass-ability judgments, but 

that learning was hidden by the absolute threshold calculations. 

Given that possibility, it was decided to identify an alternative measure that could 1) 

represent participants’ abilities to make pass-ability judgments, and 2) capture subtle changes in 

response patterns across blocks.  A candidate measure was percent correct, that is, the percent 

of trials in which participants correctly judge the aperture to be passable or impassable.  Percent 

correct could represent how accurately participants make pass-ability judgments, and it could also 

detect the changes in response patterns depicted in the left and right panels of Figure 
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1.  Specifically, the data from the left panel of Figure 1 would produce a lower percent correct 

than the data from the right panel. This is because for percent correct the apertures are not 

divided into narrower and wider, they are taken in total, and the total performance that resulted 

in the left panel was overall less accurate than the performance that resulted in the right panel.   

To examine whether percent correct would reveal learning that was not revealed by 

absolute thresholds, Jones, Johnson, and Schmidlin’s (2011) raw data was converted to percent 

correct per block by dividing the number of apertures judged correctly by the total number of 

apertures.  Percent correct values for individual blocks were then averaged to create separate 

percent correct values for Blocks 1-3 and Blocks 5-7.  Finally, a paired samples t-test compared 

the means of Blocks 1-3 to the means of Blocks 5-7. That t-test revealed a significant difference 

between Blocks 1-3 (M =.87, SE=.01) and Blocks 5-7 (M =.91, SE=.02); t (34)=-2.28, p=.03, d=.47. 

This suggests that pass-ability judgments improved from early trials (Blocks 1-3) to late trials 

(Blocks 5-7).  Further, this outcome suggests that the use of absolute thresholds that were 

calculated via the average z-score method may have hidden learning. 

This analysis, however, was exploratory. There is reason to suspect that a replication of 

the present analysis with a single data set should yield similar results, but it was deemed prudent 

to test this empirically.  
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CHAPTER II  

EXPERIMENT 1 

 

 
Jones, Johnson, and Schmidlin (2011) concluded that participants did not learn to make 

better pass-ability judgments across blocks.  In Chapter I, it was argued that the dependent 

variable, absolute thresholds, might have been insensitive to learning, and a different dependent 

variable, percent correct, might reveal learning.  A re-analysis of data from Jones, Johnson, and 

Schmidlin (2011) supported that argument.  The purpose of Experiment 1 was to replicate this 

outcome with a new data set.  To do so, Experiment 1 replicated Jones, Johnson, and Schmidlin’s 

(2011) pass-ability judgment experiment, and analyzed the data in terms of both absolute 

thresholds and percent correct. 

 

Method 

Participants 

The participants were 30 (19 female) Texas Tech University students. Participants 

reported having normal or corrected-to-normal vision and no known musculoskeletal disorders. 

Participants were compensated $10 for their time. 

 
Experimental Design 

Independent Variables. The present study employed a completely within-subjects design 

wherein Aperture Width (15.58, 14.55, 13.43, 12.40, 11.33, 9.12, 8.09, 6.97, 5.95, & 4.82 inches) 

and Block (1–7) were manipulated. 

Dependent Variables. Pass-ability judgments and driving performance were recorded. 

Regarding pass-ability judgments, participants answered “yes” or “no” to the question "Can this 
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robot pass through that aperture?". Regarding driving performance, participants’ attempts to 

drive through a given aperture were classified as a “non-collision” or “collision”. A collision 

occurred if any part of the robot touched the aperture, which was consistent with how collisions 

were defined in previous USAR studies (Keyes, Casey, Yanco, Maxwell, & Georgiev, 2006; Yanco 

et al., 2007; Jones, Johnson, & Schmidlin, 2011). 

 

Research Questions and Hypotheses 

Do absolute thresholds for pass-ability judgments improve with practice? It was 

predicted that absolute thresholds for pass-ability judgments would not improve with practice. 

This was predicted based on the results of Jones, Johnson, and Schmidlin (2011). 

 Does percent correct for pass-ability judgments improve with practice? It was predicted 

that percent correct for pass-ability judgments would improve with practice. This was predicted 

based on the results of exploratory re-analysis of Jones, Johnson, and Schmidlin (2011). 

 
Apparatus and Materials 

Testing environment. The participant and the robot were in the same room during 

testing. Participants were seated behind a partition to ensure that they could not see the robot 

during testing.  Additionally, the apparatus and all apertures were kept from the participants’ view 

at all times.  

Robot. The robot employed in this study was the Brookstone Rover (Figure 2). The robot 

was 7.75 inches long, 10.25 inches wide, and 7.75 inches tall.  The robot’s camera afforded 97.06° 

of horizontal field of view (FOV) and 63.20° of vertical FOV, and recorded video at a resolution of 

320 x 240 pixels and at a rate of 25 frames per second. That video signal was sent via the robot’s 

built-in WiFi (802.11 b/g) to an iPad.  
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Figure 2. The Brookstone Rover. The robot was compact and employed a tracked drive system 
along with a front facing camera.  As such, it had the common features of commercially available 
USAR robots.  

 

The robot was tele-operated using software on a 3rd generation iPad, which had a 9.7-

inch screen with a resolution of 2048 x 1536 pixels. The software allowed participants to 

simultaneously view the remote environment and control the robot’s movement; the latter was 

accomplished by tapping or pressing arrows on the sides of the interface (Figure 3).  A tap caused 

the robot to move a short distance and stop.  A press caused the robot to move until the press 

ended.  In either case, the robot’s speed was constant. The up and down arrows on the left and 

right sides of the interface controlled the forward and backward movement of the robot’s left and 

right tracks, respectively. 
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Figure 3. A screenshot of the interface that was depicted on the iPad. The arrows on the left and 
right of the screen control the left and right track of the robot, respectively. Participants did not 
interact with interface elements other than the up and down arrows. 

 

Materials. The robot used in the current study was larger than the robot used in Jones, 

Johnson, and Schmidlin (2011). Accordingly, the apparatus and apertures in the current study 

needed to be larger than their counterparts in Jones, Johnson, and Schmidlin (2011). It was 

important, though, to maintain consistency with Jones, Johnson, and Schmidlin (2011) with regard 

to the ratio between the size of the robot to the size of the testing apparatus and apertures. 

Failing to do so could change the nature of the participants’ exploration, judgments, or some 

combination thereof, which could affect learning.  

To scale the apparatus, it was necessary to determine how far the robot drove and the 

distance of each line from the aperture in Jones, Johnson, and Schmidlin (2011) relative to the 

size of their robot. Those distances were increased in proportion to the size of the Brookstone 

rover, and an apparatus with those dimensions was constructed from wooden material, which 

ensured that it would withstand repeated testing (Figure 4).  The current apparatus was 66.5 
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inches long, 31 inches wide and 10 inches tall. Along the wall of the apparatus, 58.5 inches from 

the front, there was a 0.2-inch cut in both walls to provide a place to support apertures during 

trials. The apparatus then extended an additional 8 inches to allow participants room to drive 

through the aperture, if possible.  There were two black lines on the floor of the apparatus. The 

first was placed at 8 inches from the front, and it was the point from which participants would 

begin to drive. The second line was placed at 45.5 inches from the front and it was the point by 

which participants had to make their pass-ability judgments. Extending up from the sides of the 

apparatus was a beige curtain. This was to ensure that the robot was completely isolated during 

testing, and participants could not see over the sides of the apparatus.  

 

Figure 4. The testing apparatus. Participants started driving the robot at the first line and drove 
forward until they reached the second line, at which point, if they had not already done so, they 
made their pass-ability judgment. Following this judgment, participants attempted to drive the 
robot through the aperture. 
 

To scale the apertures for the current study, the ratio of the width of each aperture 

relative to the width of Jones, Johnson, and Schmidlin’s (2011) robot was determined. Next, the 

width of the Brookstone rover was multiplied by each of those ratios to determine the scaled size 

of each of the apertures in the present experiment. Accordingly, apertures in the current study 
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were 15.63, 14.56, 13.48, 12.40, 11.33, 9.17, 8.10, 7.02, 5.95, and 4.87 inches wide.  Two sets of 

apertures, one center and one side presentation, were created. Black foam board was utilized to 

ensure that collisions with the robot would not leave visible scuff marks that might influence 

participants’ pass-ability judgments. Side apertures were cut approximately 5 inches from the 

edge of the foam board. This allowed for three possible presentations of the aperture: center, 

left, or right (Figure 5). The purpose of presenting varying aperture locations was to discourage 

participants from attempting to base their pass-ability judgments on an arbitrary feature of the 

testing environment (e.g. “If I can see this wrinkle in the curtain behind the apertures, then the 

answer is yes”).  After being cut out, each aperture’s edge was sanded to erase any identifying 

marks or frays in the material. Apertures were replaced if collisions caused creases or tears in the 

material. 

 

 

Figure 5. Apertures, which were constructed from thick black foam board, were created for each 
width with center and side placements of the aperture.  During testing, apertures with side 
placements were rotated to implement left and right placements of the aperture. 

 
Procedure 

Each participant was tested individually. Sessions consisted of three stages: setup, testing, 

and debriefing. 

Setup. Upon entering the lab, participants read and signed the consent form. Next, 

instructions were read to the participant (Appendix I). Prior to testing, participants had the 

opportunity to familiarize themselves with the robot and its controls. While doing so, the robot 

was in their direct line-of-sight, and they drove around an obstacle-free area. A black piece of 
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paper was placed over the robot’s camera to prevent participants from being able to tele-operate 

the robot while they familiarized themselves with its controls. This was the only time that 

participants were allowed to directly view the robot. 

Testing. Once participants were comfortable with the robot’s controls, the robot was 

removed from participants’ view and taken to the testing area. Once there, the piece of paper 

that covered the robot’s camera was removed. The robot was positioned to face the aperture, 

and participants were asked whether they could see the black line and the aperture. Once it was 

confirmed that those elements were visible, participants were reminded that they were to answer 

“yes” or “no” to the following question “Can the robot pass through the aperture?” Following that 

reminder, testing began. 

At the start of every trial, the robot was placed directly in front of the aperture at the 

starting line. Participants then drove the robot forward, and, before crossing the second black 

line, answered the following question, “Can the robot pass through the aperture?”. Participants 

then attempted to drive the robot through the aperture. Participants did not receive any verbal 

feedback about the accuracy of their judgment. They did, however, receive visual feedback from 

the robot's camera. Specifically, if they collided with the aperture, participants could see a sudden 

change in the image on the iPad, or part of the aperture that they hit. If participants did not collide 

with the aperture, their success was indicated by a smooth transition through the aperture and 

seeing the back curtain. After the completion of a trial, the robot was turned to face a wall so that 

the participants could not to see the changing of the apertures. Once the next aperture was in 

place, the robot was positioned directly in front of the aperture, which served as the beginning of 

the next trial. This process continued through seven blocks of ten trials each. Order of aperture 

width and the location of the aperture (left, right, or center) were randomized in each block. 
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          Debriefing. After the last trial, participants completed a demographics form and a brief 

questionnaire (Appendix V) that asked about participants’ experiences with remote control 

vehicles, tele-operation, how motivated they were to perform well in the study, and how many 

hours per week they play first person shooter style video games.    

 
Results and Discussion 

 
Did participants learn to make better pass-ability judgments? 

       The goal of Experiment 1 was to replicate that learning would not be revealed when 

participants’ judgments were analyzed in terms of absolute thresholds, and would be revealed 

when the data were analyzed in terms of percent correct.  Learning, in this instance, refers to a 

significant improvement from Blocks 1-3 to Blocks 5-7. 

Dependent Variables. Participants’ pass-ability judgments ("yes" or "no") were converted 

into both absolute thresholds and percent correct values.  Absolute thresholds were computed 

using the average z-score method (Woodworth & Schlosberg, 1954) as described in Chapter 

I.  Percent correct values were computed by determining the number of apertures in each block 

that were correctly judged to be passable or impassable, and dividing that number by the total 

number of apertures (10).  

        Analytic approach. The first analysis investigated whether participants learned to make better 

pass-ability judgments when those judgments were analyzed in terms of absolute thresholds. To 

do so, separate absolute thresholds were calculated for Blocks 1-3 and Blocks 5-7.  It was 

necessary to collapse across blocks because the absolute threshold calculations were based on 

proportions of “yes” responses for each aperture.  Absolute thresholds for Blocks 1-3 and Blocks 

5-7 were compared using a paired-samples t-test. 
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        The second analysis explored whether participants learned to make better pass-ability 

judgments when the data was analyzed in terms of percent correct. To do so, separate average 

percent correct values were computed for Blocks 1-3 and Blocks 5-7. To be clear, unlike the 

absolute threshold calculations, it was not necessary to collapse across blocks to compute percent 

correct.  The data were collapsed across blocks to ensure that this analysis was comparable to the 

absolute threshold analysis.  Participants’ percent correct scores from Blocks 1-3 and Blocks 5-7 

were compared using a paired-samples t-test. Given that two paired samples t-tests were 

conducted it was important to control for Type I error. In this instance the family is defined by the 

question, “Did pass-ability judgments improve?” which two separate analyses are trying to 

answer. To maintain a family wise error rate of .05, the alpha was set to .025 for each of the tests.  

Absolute Thresholds. Results of the paired-samples t-test indicated that there was not a 

significant improvement in absolute thresholds from Blocks 1-3 (M=10.04, SE=.23) to Blocks 5-7 

(M=10.16, SE=.20); t (29) =-.627, p=.54. This is consistent with Jones, Johnson, and Schmidlin 

(2011). (Figure 6) 

Percent Correct. Results of the paired-samples t-test indicated that there was a significant 

improvement in percent correct from Blocks 1-3 (M=.87, SE=.02) to Blocks 5-7 (M=.91, SE=.02); t 

(29) =-3.36, p<.01 (Figure 7).             

Outcome. As in Jones, Johnson, and Schmidlin (2011), analyzing pass-ability judgments in 

terms of absolute thresholds failed to reveal learning. Further, the results of the current study 

supported the finding that analyzing pass-ability judgments in terms of percent correct revealed 

learning. 
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Figure 6. Means and SE for absolute thresholds from Blocks 1-3 and Blocks 5-7 

 

Figure 7. Means and SE for percent correct values from Blocks 1-3 and Blocks 5-7 

 

 Given that participants learned to improve their pass-ability judgments, the next 
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reasonable question to investigate is how participants learn to make better pass-ability 

judgments for a tele-operated robot. Accordingly, Experiment 2 focused on taking the first steps 

towards answering that question.   
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CHAPTER III  

EXPERIMENT 2 

 

Experiment 1 established that participants can learn to make better pass-ability 

judgments for a tele-operated robot. Further, Experiment 1 established that such learning was 

detected when pass-ability judgments were analyzed in terms of percent correct, and was not 

detected when judgments were analyzed in terms of absolute thresholds.  

In Experiment 1, participants began each trial by tele-operating the robot towards a given 

aperture. This movement, which took place prior to making a pass-ability judgment, was deemed 

exploration. Exploration is a controlled and intentional activity (Gibson, 2000) that a perceiver 

engages in to pick up information about their environment (Gibson, 1986; Mark, et. al., 1990; 

Oudejans, Michaels, Bakker, & Vrije, 1996). The act of exploration allows people to better detect 

the affordances that an environment offers (Mark, et al., 1990). Accordingly, exploration of the 

environment is an important component of learning to perceive an affordance (Gibson, 1966). 

After driving toward the aperture, participants made their pass-ability judgments, and 

then attempted to drive the robot through the aperture. That attempt provided participants with 

naturalistic feedback. Research has shown that participants can improve their affordance 

judgments when receiving such naturalistic feedback, for example, when walking through 

openings (Franchak & Adolph, 2012; Wilmut & Barnett, 2011), or walking down slopes (Adolph, 

1997). Research has also shown, however, that participants can improve their affordance 

judgments in the absence of such feedback (Mark et al., 1990; Stefanucci & Geuss, 2009).  

In sum, two factors could have contributed to the learning that was observed in 

Experiment 1: exploration and feedback.  Accordingly, it is unclear whether participants improved 

their pass-ability judgments because of their exploration of the environment, the feedback they 
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received while attempting to drive through the aperture, or some combination thereof. The 

purpose of the present experiment was to investigate the influence of each of these activities on 

learning to make pass-ability judgments for a tele-operated robot.  

Accordingly, four conditions were examined: 1) Exploration + Feedback, 2) Exploration 

Only, 3) Feedback Only, and 4) No Exploration + No Feedback. For the purpose of this experiment, 

exploration represents the participants driving prior to the pass-ability judgment, and feedback 

represents the naturalistic feedback that participants received from attempting to drive through 

each aperture.  

 

Method 

Participants 

 The participants were 120 (55 female) Texas Tech University students. Participants 

reported having normal or corrected-to-normal vision and no known musculoskeletal disorders. 

Participants were compensated $10 for their time.  

Experimental Design 

 Independent Variables. Experiment 2 utilized a mixed design. The within-subjects 

variables were Aperture Width and Block, which were identical to those utilized in Experiment 1. 

The between-subjects variables were Exploration (Yes, No) and Feedback (Yes, No). Factorially 

combining the between-subjects variables created four conditions: Exploration + Feedback, 

Exploration Only, Feedback Only, and No Exploration + No Feedback.  

 Dependent Variables. As in Experiment 1, pass-ability judgments were recorded for each 

trial. Further, in conditions in which participants attempted to drive the robot through the 

aperture, the results of that attempt were recorded as either a “non-collision” or “collision”. 

Consistent with Experiment 1, a participant’s driving attempt was considered a collision if the 
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robot made contact with the aperture.  Pass-ability judgments and collisions served as the raw 

materials for the measures employed in subsequent analyses. Specific measures will be described 

later. 

 

Research Questions and Hypotheses 

 Will learning be detected for pass-ability judgments in the Exploration + Feedback 

condition? It was predicted that learning would occur for pass-ability judgments in the Exploration 

+ Feedback condition based on the results of the re-analysis of Jones, Johnson, and Schmidlin 

(2011), as well as the results of Experiment 1. Accordingly, participants’ pass-ability judgments 

were expected to improve over the course of the experiment.  

 Will learning be detected for pass-ability judgments in the Exploration Only condition? 

It was predicted that learning would occur for pass-ability judgments in the Exploration Only 

condition. Research has indicated that active exploration is important to learning (Franchak, van 

der Zalm, & Adolph, 2010; Mark et. al., 1990). Further, learning to better perceive an affordance 

has been shown with exploration alone (Mark et al., 1990; Stefanucci & Geuss, 2009). Accordingly, 

participants’ pass-ability judgments were expected to improve over the course of the experiment.  

 Will learning be detected for the Feedback Only condition? It was predicted that learning 

would not be evident for pass-abillity judgments in the Feedback Only condition.  From a 

Gibsonian perspective, feedback enables participants to learn how to better explore their 

environment in order to pick up information (Gibson, 2000b).  In this condition, participants were 

not allowed to explore prior to making their judgment, which would prevent them from leveraging 

any effects of feedback.  Mark, et al. (1990) demonstrated that restricting exploration prior to 

affordance judgments reduced the accuracy of those judgments and prevented participants from 

learning to improve their judgments. Accordingly, participants’ pass-ability judgments were not 
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expected to improve over the course of the experiment.  

 Will learning be detected for the No Exploration + No Feedback condition? It was 

predicted that participants would not learn to make better pass-ability judgments in the absence 

of exploration and feedback (Gibson, 1986). Previous work indicated that, in the absence of 

exploration and feedback, participants do not adjust their perceptual judgments (Mark, et.al., 

1990). Accordingly, participants’ pass-ability judgments were not expected to improve over the 

course of the experiment. 

 

Apparatus & Materials 

 Experiment 2 utilized the same testing environment, robot, and related materials as 

Experiment 1.  

 

Procedure 

Participants were tested individually. Each session consisted of three stages: set up, 

testing, and debriefing. 

Setup. Upon entering the laboratory, participants read and signed the consent form.  

Next, participants were read instructions that described the condition to which they were 

randomly assigned (Appendix I, II, III, & IV).  Prior to testing, participants familiarized themselves 

with the robot and its controls. While doing so, the robot was in the participants’ direct line-of-

sight, and they drove it around an obstacle-free area. A black piece of paper was placed over the 

robot’s camera to prevent participants from being able to tele-operate the robot during this time. 

This was the only time during the study when participants were allowed to directly view the robot. 

Testing. Upon completion of the participants’ familiarization with the robot, it was 

removed from the participants’ view and taken to the testing area. The piece of paper covering 
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the lens was removed once the robot was faced toward the aperture. Participants were then 

asked whether they could see the black line, if visible from their condition’s starting point, and 

the aperture.  Once it was confirmed that these elements were visible, participants were 

reminded that they were to answer “yes” or “no” to the following question, “Can the robot pass 

through the aperture?”. Following the reminder, testing began. 

At the start of every trial, the robot was placed at either the starting line, which was 50.5 

inches from the aperture, or at the ending line, which was 13 inches from the aperture. Placement 

was determined by condition. Specifically, for conditions in which participants explored, the robot 

was placed at the starting line; for conditions in which participants did not explore, the robot was 

placed at the ending line. After the completion of a trial, the robot was turned to face a wall so 

that the participants could not see the aperture being changed. Once the next aperture was in 

place, the robot was turned to directly face it. This marked the beginning of the next trial. This 

process continued through seven blocks of ten trials. Aperture order and placement (left, center, 

or right) were randomized within each block. Specifically, the order of apertures was randomized, 

as was whether each aperture was in the left, center, or right placement (with an approximate 

33.33% chance of each placement being selected for any given aperture).  

Debriefing. Following completion of the last trial, participants filled out a demographics 

form and a brief questionnaire (Appendix V). The questionnaire collected information concerning 

participants' experiences with remote control vehicles, tele-operation, how motivated they were 

to perform well in the study, and how many hours per week they played first person shooter style 

video games.      
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Results and Discussion 

  

Under what circumstances did participants learn to make more accurate pass-ability 

judgments?   

It was predicted that learning to make better pass-ability judgments would only be 

observed in conditions in which participants explored prior to making their pass-ability judgments 

(i.e., the Exploration + Feedback and Exploration Only conditions).  As with Experiment 1, learning 

was defined as a statistically significant improvement in pass-ability judgments across blocks.  

Dependent Variable.  Pass-ability judgments for each participant were converted into 

percent correct values for each block within each of the four conditions.  As in Experiment 1, a 

mean, such as .83, represented a percent correct score of 83% correct.  

Analytic Approach. One analysis per condition was conducted to determine under what 

conditions operators learned to make better pass-ability judgments for a tele-operated robot.  For 

each condition, participants' percent correct scores for Block 1 and Block 7 were compared using 

a paired-samples t-test. Given that four paired samples t-tests were conducted, a Bonferroni 

correction was applied, which set alpha per test to .0125 (Keppel & Wickens, 2004).  

Exploration + Feedback. Results of the paired samples t-test indicated that learning was 

present in the Exploration + Feedback condition.  Specifically, there was significant improvement 

in the accuracy of pass-ability judgments between Block 1 (M=.82, SE=.03) and Block 7 (M=.92, 

SE=.02); t(29)=-4.10, p<.01. 

Exploration Only.  Results of the paired samples t-test indicated that learning was present 

in the Exploration Only condition. Specifically, there was significant improvement in the accuracy 

of pass-ability judgments between Block 1 (M=.83, SE=.02) and Block 7 (M=.93, SE=.02); t (29)=-

4.68, p<.01. 
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Feedback Only. Results of the paired samples t-test indicated that learning was present 

in the Feedback Only condition. Specifically, there was significant improvement in the accuracy of 

pass-ability judgments between Block 1 (M=.76, SE=.03) and Block 7 (M=.85, SE=.02); t(29)=-3.30, 

p<.01. 

No Exploration + No Feedback. Results of the paired samples t-test indicated that learning 

was not present in the No Exploration + No Feedback condition. Specifically, there was not a 

significant improvement in the accuracy of pass-ability judgments between Block 1 (M=.79, 

SE=.02) and Block 7 (M=.83, SE=.02), t(29)=-1.53, p=.14. 

Outcome.  As predicted, participants in the Exploration + Feedback and Exploration Only 

conditions learned to make better pass-ability judgments over the course of the experiment. 

Unexpectedly, participants in the Feedback Only condition appear to have also learned to improve 

their pass-ability judgments across blocks (Figure 8). 

  

 

Figure 8. Average percent correct for pass-ability judgments as a function of Block (1-7) for each 

of the four conditions.  Error bars represent +/- 1 standard error.  
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This does not support a strictly ecological standpoint, however it does support the belief 

that there may be more than one way to learn how to make better judgments of pass-ability. 

Specifically, there may be a direct and indirect influences on judgments of pass-ability. The nature 

of each condition may have encouraged more direct or indirect ways of learning. For example, in 

the present study the Feedback Only condition was similar to that of Heft’s (1993) time-limited 

condition, in which participants had 2 seconds to make a reaching judgment. Heft (1993) found 

that by limiting time accuracy of reaching judgments was higher than that of the unlimited time 

condition. However, Heft noted that having the reaching task as the focal task may have 

encouraged cognitive processes. In the present study, all conditions had the focal task of making 

a pass-ability judgment. There could still be differences in performance and how participants 

learned across conditions that reflect deeper differences between the conditions.   

Accordingly, it was necessary to investigate the data set further. To begin, general 

analyses were conducted on performance measures. These general analyses did not investigate 

learning to make better pass-ability judgments, but rather served to illuminate general differences 

within and between conditions. Such differences could influence the interpretation of subsequent 

learning-focused analyses.  Following the general performance analysis, more specific analyses 

were conducted that focused on learning how to make better pass-ability judgments.  The primary 

purpose of these analyses was to determine what factor(s) enabled participants in the Exploration 

+ Feedback, Exploration Only, and Feedback Only conditions to learn how to make better pass-

ability judgments, and whether those factors varied by condition.  

To conduct these two sets of analyses, it was necessary to undertake a large number of 

unplanned analyses, which raised concerns about inflation of the Type I error rate.  To address 

such concerns, one would normally group the tests into families, and control the per family Type 
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I error rate, for example, by dividing the alpha per test by the number of tests within a family, 

which would set the familywise Type I error rate to a given value (Cohen, 1977; 1988).  In doing 

so, one reduces the likelihood of incorrectly rejecting the null hypothesis.  However, one also 

increases the likelihood of a Type II error, that is, incorrectly accepting the null hypothesis.  This 

is especially true in the present case because a) many unplanned tests were conducted, and b) 

Experiment 2 was not designed to have enough statistical power to detect effects that those 

unplanned tests might uncover.  As such, controlling the Type I error rate would decrease the 

likelihood of reporting a false effect, but it would also increase the likelihood of overlooking an 

effect that might help to explain why participants learned to make better pass-ability judgments 

in the Feedback Only condition.  Given the exploratory nature of these tests, it was decided that 

overlooking an effect that might help to explain the present results would be too costly.  

Accordingly, the following analyses do not correct for inflation of the Type I error rate.  To avoid 

overstating the results, effects are described as provisional pending later confirmation. For a 

complete list of actual p values please see Appendix VI.  

 

Were there differences in the accuracy of participants’ pass-ability judgments between 

conditions block by block?  

While the primary focus of the present study was on learning to make pass-ability 

judgments, it is important to understand general performance differences between the 

conditions. Such differences may help to illuminate differences that exist in the learning across 

conditions. For example, participants in one condition may consistently make superior pass-ability 

judgments block by block when compared to participants in the other conditions.  Alternatively, 

participants in all conditions may make near perfect pass-ability judgments, which could make it 

difficult to pull out differences between conditions, if such differences exist. Accordingly, it was 
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prudent to start the general investigation by determining what differences existed between the 

accuracy of pass-ability judgments at each block across conditions. 

Dependent Variable. The percentage of correct pass-ability judgments was computed for 

each block within each of the four test conditions. 

Analytic Approach. A series of independent samples t-tests was conducted to determine 

whether pass-ability judgment accuracy differed across conditions within each block. Specifically, 

the following conditions were compared: 1) Exploration + Feedback vs Exploration Only, 2) 

Exploration + Feedback vs Feedback Only, 3) Exploration + Feedback vs No Exploration + No 

Feedback, 4) Exploration Only vs Feedback Only, 5) Exploration Only vs No Exploration + No 

Feedback, and 6) Feedback Only vs No Exploration + No Feedback.  For each of these six pairs of 

groups, seven independent samples t-tests were conducted, that is, one t-test for each block. 

Exploration + Feedback vs Exploration Only. Results of the independent samples t-tests 

failed to reveal any differences between the Exploration + Feedback and the Exploration Only 

conditions. For details, see Table 1. 

 

 

 

 

 

 

 

 

 



Texas Tech University, Elizabeth Schmidlin December 2014 

 

31 
 

Table 1 

 The differences in the accuracy of participants’ pass-ability judgments between Exploration + 

Feedback and Exploration Only 

 Exploration + 
Feedback 

Exploration Only t(58)= Significance 

Block 1 M=.82, SE=.03 M=.83, SE=.02 -.50 p=.63 

Block 2 M=.84, SE=.02 M=.88, SE=.02 -1.33 p=.20 

Block 3 M=.86, SE=.02 M=.90, SE=.02 -1.38 p=.17 

Block 4 M=.88, SE=.02 M=.89, SE=.02 -.40 p=.70 

Block 5 M=.87, SE=.02 M=.91, SE=.02 -1.37 p=.18 

Block 6 M=.91, SE=.02 M=.93, SE=.02 -.75 p=.46 

Block 7 M=.92, SE=.02 M=.93, SE=.02 -.38 p=.71 

 

Exploration + Feedback vs Feedback Only. Results of the independent samples t-tests 

revealed a few differences between the Exploration + Feedback and Feedback Only conditions. 

Specifically, in Blocks 6 and 7, participants in the Exploration + Feedback condition performed 

significantly better than those in the Feedback Only condition. For details, see Table 2.  
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Table 2 

 The differences in the accuracy of participants' pass-ability judgments between Exploration + 

Feedback and Feedback Only 

 Exploration + 
Feedback 

Feedback Only t(58)= Significance 

Block 1 M=.82, SE=.03 M=.76, SE=.03 1.49 p=.14 

Block 2 M=.84, SE=.02 M=.79, SE=.03 1.70 p=.10 

Block 3 M=.86, SE=.02 M=.80, SE=.02 1.59 p=.12 

Block 4 M=.88, SE=.02 M=.82, SE=.03 1.72 p=.09 

Block 5 M=.87, SE=.02 M=.86, SE=.02 .55 p=.58 

Block 6 M=.91, SE=.02 M=.82, SE=.02 2.86 p<.01* 

Block 7 M=.92, SE=.02 M=.85, SE=.02 2.45 p=.02* 

 

Exploration + Feedback vs No Exploration + No Feedback. Results of the independent 

samples t-tests revealed that, in Blocks 6 and 7, participants in the Exploration + Feedback 

condition made significantly better pass-ability judgments than their counterparts in the No 

Exploration + No Feedback condition. For details, see Table 3.  
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Table 3: 

 The differences in the accuracy of participants' pass-ability judgments between Exploration + 

Feedback and No Exploration + No Feedback 

 Exploration + 
Feedback 

No Exploration + 
No Feedback 

t(58)= Significance 

Block 1 M=.82, SE=.03 M=.79, SE=.02 .64 p=.52 

Block 2 M=.84, SE=.02 M=.85, SE=.02 -.11 P=.91 

Block 3 M=.86, SE=.02 M=.85, SE=.03 .09 p=.93 

Block 4 M=.88, SE=.02 M=.82, SE=.02 1.74 p=.09 

Block 5 M=.87, SE=.02 M=.82, SE=.02 1.76 p=.08 

Block 6 M=.91, SE=.02 M=.82, SE=.02 2.86 p<.01* 

Block 7 M=.92, SE=.02 M=.83, SE=.02 2.94 p<.01* 

 

Exploration Only vs Feedback Only. Results of the independent samples t-tests revealed 

several differences between the Exploration Only and Feedback Only conditions. Specifically, in 

Blocks 1, 2, 3, 4, 6, and 7, participants in the Exploration Only condition made significantly better 

pass-ability judgments than participants in the Feedback Only condition. For details, see Table 4.   
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Table 4 

 The differences in the accuracy of participants' pass-ability judgments between Exploration Only 

and Feedback Only 

 Exploration Only Feedback Only t(58)= Significance 

Block 1 M=.83, SE=.02 M=.76, SE=.03 2.28 p=.03* 

Block 2 M=.88, SE=.02 M=.79, SE=.03 3.00 p<.01* 

Block 3 M=.90, SE=.02 M=.80, SE=.02 3.17 p<.01* 

Block 4 M=.89, SE=.02 M=.82, SE=.03 2.10 p=.04* 

Block 5 M=.91, SE=.02 M=.86, SE=.02 2.00 p=.05 

Block 6 M=.93, SE=.02 M=.82, SE=.02 3.72 p<.01* 

Block 7 M=.93, SE=.02 M=.85, SE=.02 2.79 p<.01* 

 

Exploration Only vs No Exploration + No Feedback.  Results of the independent samples 

t-tests revealed that, in Blocks 4, 5, 6, and 7, participants in the Exploration Only condition made 

significantly better pass-ability judgments than did those in the No Exploration + No Feedback 

Condition. For details, see Table 5.  
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Table 5 

 The differences in the accuracy of participants' pass-ability judgments between Exploration Only 

and No Exploration + No Feedback 

 Exploration Only No Exploration + 
No Feedback 

t(58)= Significance 

Block 1 M=.83, SE=.02 M=.79, SE=.02 1.33 p=.18 

Block 2 M=.88, SE=.02 M=.85, SE=.02 1.17 p=.25 

Block 3 M=.90, SE=.02 M=.85, SE=.03 1.42 p=.16 

Block 4 M=.89, SE=.02 M=.82, SE=.02 2.14 p=.04* 

Block 5 M=.91, SE=.02 M=.82, SE=.02 3.22 p<.01* 

Block 6 M=.93, SE=.02 M=.82, SE=.02 3.72 p<.01* 

Block 7 M=.93, SE=.02 M=.83, SE=.02 3.30 p<.01* 

 

Feedback Only vs No Exploration + No Feedback. Results of the independent samples t-

tests failed to reveal any differences between these two conditions with regards to the accuracy 

of participants’ pass-ability judgments per block. For details, see Table 6.  
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Table 6 

 The differences in the accuracy of participants' pass-ability judgments between Feedback Only 

and No Exploration + No Feedback 

 Feedback Only No Exploration + 
No Feedback 

t(58)= Significance 

Block 1 M=.76, SE=.03 M=.79, SE=.02 -.97 p=.34 

Block 2 M=.79, SE=.03 M=.85, SE=.02 -1.76 p=.08 

Block 3 M=.80, SE=.02 M=.85, SE=.03 -1.43 p=.16 

Block 4 M=.82, SE=.03 M=.82, SE=.02 -.10 p=.92 

Block 5 M=.86, SE=.02 M=.82, SE=.02 1.25 p=.22 

Block 6 M=.82, SE=.02 M=.82, SE=.02 0 p=1 

Block 7 M=.85, SE=.02 M=.83, SE=.02 .41 p=.68 

 

Outcome. Results of the independent samples t-tests revealed that pass-ability judgment 

accuracy in certain blocks differed between certain conditions. Specifically, participants in the 

Exploration + Feedback condition made significantly more accurate pass-ability judgments than 

those in the Feedback Only condition at Blocks 6 and 7. Participants in the Exploration Only 

condition made more accurate pass-ability judgments than their counterparts in the Feedback 

Only condition in all blocks except Block 5.  Additionally, participants in the Exploration Only 

condition made significantly more accurate pass-ability judgments than those in the No 

Exploration + No Feedback condition at Blocks 4, 5, 6 and 7.  

Only two pairings failed to reveal any differences. Specifically, there were no significant 

performance differences between the Exploration + Feedback and Exploration Only conditions, 

and there were no significant performance differences between the Feedback Only and No 
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Exploration + No Feedback conditions. It is possible that the inclusion of active exploration prior 

to making the pass-ability judgment allowed participants to balance some of the more cognitive 

aspects of the task resulting in better judgments of pass-ability when compared to conditions that 

were not allowed to explore. This supports the findings of Mark et al. (1990) in which the limiting 

of exploration prior to making a judgment resulted in worse judgments. 

 

Were there differences in the accuracy of participants’ feedback in conditions that were allowed 

to attempt driving through apertures?  

In the Exploration + Feedback and Feedback Only conditions, participants made pass-

ability judgments and then attempted to drive the robot through the apertures.  Participants were 

not explicitly told whether the apertures were passable.  Participants did, however, receive 

naturalistic feedback.  Specifically, when participants did not collide with the aperture, the video 

from the robot’s camera indicated that the robot’s pace and trajectory did not change as it passed 

through the aperture.  In contrast, when participants collided with the aperture, the video from 

the robot’s camera indicated that the robot’s pace, trajectory, or a combination thereof changed.   

Unfortunately, such pace or trajectory changes sometimes occurred even when apertures 

were passable.  That is, sometimes participants collided with apertures that were wider than the 

robot and received feedback from the robot’s video stream that indicated they failed to pass 

through the aperture.  In such cases, participants received inaccurate feedback regarding aperture 

pass-ability. 

Inaccurate feedback could result in participants making inaccurate judgments. For 

example, if participants consistently collide with an aperture, even if that aperture is passable, 

they may modify (or fail to modify) their judgment accordingly. Complicating this issue is potential 

variability in participants’ driving skill.  Specifically, participants may vary with regards how often 
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they collide with a given aperture.  

Given that the difficulty of driving through an aperture could vary with the width of that 

aperture, it was prudent to investigate the accuracy of participants’ driving at the individual 

aperture level. For example, the overall accuracy of driving could be very similar between groups, 

but there could be differences between conditions at Aperture 1. Such differences could 

complicate the interpretation of subsequent analyses if those analyses indicate that participants 

in the Exploration + Feedback condition learned differently than their counterparts in the 

Feedback Only condition. It should be noted that driving attempts always failed when trying to 

drive through an aperture that was narrower than the robot. Accordingly, only apertures that 

were wider than the robot were included in this analysis.  

 Dependent Variable. In the present analysis, the variable of interest was feedback 

accuracy.  Participants received accurate feedback when they drove through a passable aperture 

without colliding with it.  Participants received inaccurate feedback when they collided with a 

passable aperture while driving through it.  A collision was defined as any part of the robot 

touching the aperture, which was consistent with the definition employed in Experiment 1.  The 

percentage of trials that resulted in accurate feedback was calculated for each combination of 

aperture (1-5) and block range (Blocks 1-3, Blocks 5-7). 

Analytic Approach. To investigate whether feedback accuracy differed between 

conditions, a series of independent samples t-tests compared the feedback accuracy from the 

Exploration + Feedback and Feedback Only conditions for each of the ten combinations of 

aperture (1-5) and block range (Blocks 1-3 & 5-7).  

 Feedback by Aperture. Results of the independent samples t-tests indicated that 

feedback accuracy did not differ between the Exploration + Feedback and Feedback Only 

conditions for any combination of aperture or block.  Please see Table 7 for details about those 
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analyses.  

 

Table 7 

 The differences in participants' feedback accuracy between Exploration + Feedback and 

Feedback Only by aperture and block 

 Exploration + 
Feedback 

Feedback Only t(58)= Significance 

Aperture 
1 (block 

1-3) 

M=.37, SE=.05 M=.35, SE=.06 .264 p=.79 

Aperture 
2 (block 

1-3) 

M=.61, SE=.06 M=.62, SE=.05 -.12 p=.32 

Aperture 
3 (block 

1-3) 

M=.78, SE=.05 M=.80, SE=.05 -.32 p=.75 

Aperture 
4 (block 

1-3) 

M=.82, SE=.05 M=.86, SE=.04 -.66 p=.51 

Aperture 
5 (block 

1-3) 

M=.91, SE=.04 M=.89, SE=.04 .37 p=.71 

Aperture 
1 (block 

5-7) 

M=.44, SE=.06 M=.35, SE=.05 1.11 p=.27 

Aperture 
2 (block 

5-7) 

M=.69, SE=.06 M=.64, SE=.05 .60 p=.55 

Aperture 
3 (block 

5-7) 

M=.82, SE=.04 M=.87, SE=.04 -.76 p=.45 

Aperture 
4 (block 

5-7) 

M=.94, SE=.03 M=.93, SE=.03 .31 p=.76 

Aperture 
5 (block 

5-7) 

M=.94, SE=03 M=.98, SE=.02 -1.04 p=.30 

 

Outcome. Results of the analysis indicated that feedback accuracy did not differ between 

the Exploration + Feedback and Feedback Only conditions. Accordingly, we can conclude that, for 
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all apertures, participants in each condition received equally accurate feedback throughout the 

trials, which suggests that any observed learning differences between those conditions could not 

be attributed to differences in feedback accuracy.  

 

How was the learning different across conditions?  

The primary purpose of Experiment 2 was to investigate learning to make pass-ability 

judgments across different conditions in which different potential sources of information were 

manipulated. However, the unexpected result of learning in the Feedback Only condition warrants 

investigation. The purpose of the investigation of the data is to help understand the nature of the 

learning across each of the conditions, and how that might differ. Specifically, subsequent 

analyses will investigate in what aperture width ranges participants learned, the rate at which 

participants learned, the overall amount that participants learned, the participants’ perceptual 

sensitivity over the course of the experiment, and participants’ response bias over the course of 

the experiment. The reported results will focus on conditions in which learning was present. Note, 

the following analyses also examined the No Exploration + No Feedback condition and no learning 

was detected regardless of how the data were examined. Accordingly, the No Feedback + No 

Exploration results were not reported.  

These analyses employed t-tests rather than ANOVAs. T-tests were selected because they 

fit better than ANOVAs with the research questions addressed in this set of analyses. Specifically, 

the questions in the present analyses were framed in terms of conditions, e.g., participants will 

learn to make better pass-ability judgments in the Exploration + Feedback and Exploration Only 

conditions but not in the Feedback Only or No Exploration + No Feedback conditions, rather than 

specific IVs.  
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Did the observed learning occur with apertures that were narrower and wider than the robot?  

It is important to understand in what aperture width range participants learned to 

improve their pass-ability judgments.  That knowledge has implications for USAR.  Specifically, for 

USAR, it is important that, minimally, learning occurs for apertures that are narrower than the 

robot.  Such improvement would indicate that operators improved their abilities to recognize 

impassable apertures, which should decrease the likelihood of getting stuck in apertures that 

were too small to pass through.  Knowledge about what aperture width range was associated with 

learning could also have implications for how participants learned.  For example, if participants in 

a condition improved their pass-ability judgments overall but failed to improve their judgments 

for apertures that were wider (or narrower) than the robot, then that could suggest that 

something enabled participants to learn under some circumstances, but not others.  Such a 

difference could illuminate how participants learned to make pass-ability judgments.  

 Dependent Variable. For each condition in which learning was present, four percent 

correct values were calculated: percent correct for all apertures that were narrower than the 

robot in Block 1, percent correct for all apertures that were narrower than the robot in Block 7, 

percent correct for all apertures that were wider than the robot in Block 1, and percent correct 

for all apertures that were wider than the robot in Block 7.  

 Analytic Approach. For each group in which learning was present, two paired samples t-

tests were computed. These tests compared percent correct for Block 1 to that for Block 7 when 

apertures were narrower and wider than the robot, respectively. 

 Pass-ability judgments for apertures narrower than the robot within conditions. Results 

of the paired-samples t-tests revealed that learning occurred when apertures were narrower than 

the robot. Specifically, participants in the Exploration + Feedback condition improved their pass-

ability judgments between Block 1 (M=.69, SE=.05) and Block 7 (M=.85, SE=.04); t(29)=-3.19, 
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p<.01. Participants in the Exploration Only condition improved their pass-ability judgments 

between Block 1 (M=.73, SE=.04) and Block 7 (M=.89, SE=.03); t(29)=-3.91, p<.01. Finally, 

participants in the Feedback Only condition improved their pass-ability judgments between Block 

1 (M=.54, SE=.05) and Block 7 (M=.74, SE=.05); t(29)=-3.48, p<.01.  

 Pass-ability judgments for apertures wider than the robot within conditions. Results of 

the paired-samples t-tests revealed that learning did not occur when apertures were wider than 

the robot. Specifically, participants in the Exploration + Feedback condition failed to significantly 

improve their pass-ability judgments between Block 1 (M=.94, SE=.03) and Block 7 (M=.99, 

SE=.01); t(29)=-1.65, p=.11. Participants in the Exploration Only condition failed to significantly 

improve their pass-ability judgments between Block 1 (M=.93, SE=.02) and Block 7 (M=.97, 

SE=.03); t(29)=-1.65, p=.11. Finally, participants in the Feedback Only condition failed to improve 

their pass-ability judgments between Block 1 (M=.97, SE=.02) and Block 7 (M=.95, SE=.02); 

t(29)=.77, p=.45.  

Outcome. Results of the paired samples t-tests indicated that learning to make better 

pass-ability judgments was restricted to apertures that were narrower than the robot in all of the 

conditions that were examined.  With regard to training USAR operators, these results suggest 

that training can help operators’ better judge that apertures are impassable, which should 

decrease the likelihood of getting robots stuck in apertures that are too small to pass through.  

Learning was not detected for apertures that were wider than the robot.  Additionally, no ceiling 

effects were present in any of the conditions with regards to apertures that were wider than the 

robot.  

 

Did learning occur at different rates across conditions in which learning was present?  

 If participants in the Exploration + Feedback, Exploration Only, and Feedback Only 
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conditions improved their pass-ability judgments at different rates, then the nature of learning 

may have varied across conditions.  For example, if participants in one of those three conditions 

learned more quickly than participants in the two other conditions, then one could argue that 

participants who learned more quickly may have learned in a different way than participants who 

learned more slowly.  

 Dependent Variable. Pass-ability judgments were converted into percent correct values 

for each combination of block (Block 1-7) and condition (Exploration + Feedback, Exploration Only, 

Feedback Only).  

 Analytic Approach. In the present study it was not possible to investigate rate using time 

(i.e.; minutes, seconds, milliseconds) as a measurement. The only measure of time was block. 

Accordingly, learning rate was investigated by determining at what block(s) percent correct 

significantly differed from Block 1 (e.g., Block 1 vs. Block 2, Block 1 vs. Block 3, etc.).  To do so, 

paired samples t-tests compared percent correct between Block 1 and subsequent blocks in the 

Exploration + Feedback, Exploration Only, and Feedback Only conditions.  

 Exploration + Feedback. Percent correct in Block 1 (M=.82, SE=.03) was not significantly 

different from that in Block 2 (M=.84, SE=.02); t(29)=-.93, p=.36, or Block 3 (M=.86, SE=.02); t(29)=-

1.42, p=.17. However, percent correct in Block 1 (M=.82, SE=.03) was significantly different from 

that in Block 4 (M=.88, SE=.02), t(29)=-2.34, p=.03, Block 5 (M=.87, SE=.02), t(29)= -2.21, p=.04, 

Block 6 (M=.91, SE=.02), t(29)=-3.20, p<.01, and Block 7 (M=.92, SE=.02), t(29) =-3.62, p<.01.  

 Exploration Only. Percent correct differed significantly between Block 1 and all 

subsequent blocks. Specifically, percent correct in Block 1 (M=.83, SE=.02) was significantly 

different from that in Block 2 (M=.88, SE=.02), t(29)=-2.31, p=.03, Block 3 (M=.90, SE=.02), t(29)= 

-2.71, p=.01, Block 4 (M=.89, SE=.02), t(29)= -2.60, p=.02, Block 5 (M=.91, SE=.02), t(29)= -4.32, 

p<.01, Block 6 (M=.93, SE=.02), t(29)=-5.64, p<.01, and Block 7 (M=.93, SE=.02), t(29)=-5.30, p<.01.   
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 Feedback Only.  Percent correct in Block 1 (M=.76, SE=.03) was not significantly different 

from that in Block 2 (M=.79, SE=.03); t(29)=-1.07, p=.29, Block 3 (M=.80, SE=.02); t(29) = -1.78, 

p=.09, or Block 4 (M=.82, SE=.03); t(29)=-1.90, p=.07.  However, percent correct in Block 1 (M=.76, 

SE=.02) was significantly different from that in Block 5 (M=.85, SE=.02), t(29)=-3.30, p<.01, but not 

Block 6 (M=.82, SE=.02), t(29)= -1.98, p=.06.  Percent correct in Block 1 (M=.76, SE=.03) was 

significantly different from that in Block 7 (M=.85, SE=.02), t(29)=-3.16, p<.01.  

  Outcome. Paired-samples t-tests revealed that pass-ability judgments in each condition 

improved relative to Block 1 at different points in the experiment.  This could suggest that the 

participants in different conditions improved their pass-ability judgments at different rates. 

Specifically, the Exploration Only condition showed improvement first, followed by the 

Exploration + Feedback condition, and lastly the Feedback Only condition. This suggests that 

learning happens sooner in the Exploration Only condition than it does in the other two 

conditions, and that learning happens the slowest when one is only exposed to feedback.  

Further, learning in the Exploration + Feedback and Exploration Only conditions may have 

been more stable than in the Feedback Only condition. In the Exploration + Feedback and 

Exploration Only conditions, once significant learning was detected, it was always detected 

thereafter.  In the Feedback Only condition, however, significant learning was initially detected at 

Block 5, was not detected at Block 6, and was again detected at Block 7.  It should be noted that 

the significance test for Block 6 in the Feedback Only condition resulted in p = .06.  As such, the 

apparent instability of the learning in the Feedback Only condition could be a statistical artifact. I 

 

Did learning occur in different amounts across conditions in which learning was present? 

 It is possible that participants in different conditions improved their pass-ability 

judgments from Block 1 to Block 7 by different amounts. Such differences could help determine 
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whether participants in those conditions learned differently. For example, if participants in the 

Feedback Only condition improved their pass-ability judgments to a lesser degree than the 

participants in the Exploration + Feedback and Exploration Only conditions, in which participants 

were allowed to explore the environment prior to making pass-ability judgments, it could suggest 

that exploration bolsters learning. 

Dependent Variable. A difference score was created by subtracting each participant’s 

percent correct for Block 1 from their percent correct for Block 7. The resulting score represented 

the overall change in accuracy of pass-ability judgments for a given participant. 

Analytic Approach. Amounts of learning were compared across conditions using 

independent samples t-tests. Specifically, three independent samples t-tests compared the 

following pairs of conditions: 1) Exploration + Feedback vs. Exploration Only, 2) Exploration + 

Feedback vs. Feedback Only, and 3) Exploration Only vs. Feedback Only.  

Difference Scores. The first independent samples t-test revealed that the overall amount 

of learning in the Exploration + Feedback condition (M=.10, SE=.03) was not significantly different 

from that in the Exploration Only condition. (M=.10, SE= .02); t(58)=.20, p=.85.  The second 

independent samples t-test revealed that the overall amount of learning in the Exploration + 

Feedback condition (M=.10, SE=.03) was not significantly different from that in the Feedback Only 

condition (M=.09, SE=.03); t(58)=.42, p=.68. The third independent samples t-test revealed that 

the overall amount of learning in the Exploration Only condition (M=.10, SE=.02) was not 

significantly different from that in the Feedback Only condition (M=.09, SE=.03); t(58)=.30, p=.76.  

Outcome. Results of the three independent samples t-tests indicated that there were no 

differences between any of the three conditions with regard to how much pass-ability judgments 

improved over the course of the experiment. This suggests that participants learned 

approximately the same amount regardless of condition.  
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Investigating learning via Signal Detection Theory.  

Signal Detection Theory (SDT) provides the means to investigate and describe the 

decisions that an observer makes when presented with ambiguous psychophysical data (Green & 

Swets; 1974; Macmillan, 2002; Stanislaw & Todorov, 1999; Wickens, 2002).   Historically, SDT has 

been applied to perceptual studies in which participants distinguish between signal (stimuli) and 

noise (no stimuli).  In the common “yes/no” task, participants respond “yes” when they perceive 

a signal and “no” when they do not. 

Participants’ responses are classified into four categories: hits, false alarms, misses, and 

correction rejections.  Hits occur when a participant responds “yes” and a signal is present.  False 

alarms occur when a participant responds “yes” and a signal is not present.  Misses occur when a 

participant responds “no” and a signal is present.  Correct rejections occur when a participant 

responds “no” and a signal is not present. 

Participants’ hit and false alarm rates can be used to calculate measures of their 

perceptual sensitivity and response bias, which theoretically are independent (Macmillan, 2002).  

Perceptual sensitivity reflects a participant's inherent ability to discriminate signal from noise 

(Macmillan, 2002).  For example, observers with higher auditory sensitivity will hear sounds that 

others with less sensitive hearing cannot (Stanislaw & Todorov, 1999).  Response bias refers to 

participants’ general tendency to respond “yes” or “no” (Stanislaw & Todorov, 1999).  For 

example, observers with higher response bias are more willing to answer “yes” than those with 

lower response bias.  The point that represents “high enough” for the participant to respond “yes”  

is called the criterion (Stanislaw & Todorov, 1999).   

 In the present study, a signal trial is an aperture that the robot can pass-through 

unfettered, whereas a noise trial is an aperture that the robot cannot pass-through. Participants 
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were tasked with responding “yes” when they believed the robot could fit, and “no” when they 

believed that it could not do so. Accordingly, the present study aligns well with the traditional 

uses of SDT in a yes/no task. Participants’ responses can easily be reduced to proportions of hits 

and false alarms. Using these values, it becomes possible to investigate each participants’ 

perceptual sensitivity and response bias. From these values, it may be possible to discern whether 

participants in different conditions made their pass-ability judgments in different ways. 

 

Did participants’ perceptual sensitivity change over the course of the experiment or differ 

across conditions?  

Perceptual sensitivity reflects a participant’s inherent ability to discriminate signal from 

noise. Understanding changes in perceptual sensitivity within each condition or such differences 

between conditions may help to illuminate how pass-ability judgments were made. For example, 

improvements in perceptual sensitivity could reflect participants in that condition learning to 

detect more information from the environment. Further, perceptual sensitivity differences 

between conditions could suggest that more (or less) information was detectable dependent on 

condition.  

Dependent Variable. Perceptual sensitivity is traditionally measured in terms of d’. 

However, d’ requires certain assumptions to be met in order to be independent of response bias.  

Specifically, it is assumed that the signal and the noise distributions are both normal, and they 

have the same standard deviation.  If either of these assumptions is violated, then d' will be 

influenced by participants’ perceptual sensitivity (as intended) as well as their response bias.  As 

such, if either of those assumptions is violated, d’ would not solely measure perceptual sensitivity.   

Unfortunately, those assumptions cannot be tested with a yes/no task, and are generally 

considered to be suspect in most situations in which yes/no tasks are employed (Macmillan, 2002; 
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Stanislaw & Todorov, 1999). The present experiment employed a yes/no task.  Accordingly, an 

alternative measure of perceptual sensitivity was employed, A’, which can measure perceptual 

sensitivity independent of response bias, and does not make assumptions about the underlying 

signal and noise distributions. 

A' was devised by Pollack and Norman (1964), and is the most commonly used 

nonparametric measure of perceptual sensitivity (Stanislaw & Todorov, 1999).  Values of A' 

typically range from .5 to 1.  A score of .5 would indicate that a participant was unable to 

distinguish signal from noise, with scores lower than .5 usually resulting from sampling error.  A 

score of 1 would indicate that the participant perfectly distinguished signal from noise.  

A' can be calculated using the following formulas (from Snodgrass & Corwin, 1988) where 

H is equal to the hit rate and F is equal to the false alarm rate per participant.  

 

𝐴′ = {. 5 + ((𝐻 − 𝐹)(1 + 𝐻 − 𝐹)) ÷ 4𝐻(1 − 𝐹)} when H≥F 

𝐴′ = {.5 + ((𝐹 − 𝐻)(1 + 𝐹 − 𝐻)) ÷ 4𝐹(1 − 𝐻)} when H < F 

 

Hit and false alarm rates were used to determine A’ for each participant at each block 

within all three conditions where participants improved their pass-ability judgments. 

Analytic Approach.  Two sets of analyses were conducted. The first set evaluated whether 

participants’ perceptual sensitivity improved over the course of the experiment. To do so, paired 

samples t-tests compared A’ between Block 1 and Block 7 in the Exploration + Feedback, 

Exploration Only, and Feedback Only conditions. The second set of analyses evaluated whether 

participants’ perceptual sensitivity varied between conditions. To do so, independent samples t-

tests compared A’ between the Exploration + Feedback, Exploration Only, and Feedback Only 

conditions. Separate sets of tests were conducted for each block in order to understand whether 
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any observed differences between conditions varied over the course of the experiment. 

 Change in A' across blocks within condition. The following details the results of the paired 

samples t-tests that compared A’ between Block 1 and Block 7 per condition.  

Exploration + Feedback.  Results of the paired samples t-test indicated that perceptual 

sensitivity improved significantly between Block 1 (M=.74, SE=.03) and Block 7 (M=.87, SE=.03); 

t(29)=-4.10, p<.01.  

Exploration Only. Results of the paired samples t-test indicated that perceptual sensitivity 

improved significantly between Block 1 (M=.76, SE=.03) and Block 7 (M=.88, SE=.03); t(29)=-4.22, 

p<.01.  

Feedback Only. Results of the paired samples t-test indicated that perceptual sensitivity 

improved significantly between Block 1 (M=.66, SE=.03) and Block 7 (M=.78, SE=.03); t(29)=-3.69, 

p<.01.  

A’ differences across conditions by block.  The following details the results of the 

independent samples t-tests that compared A’ across the Exploration + Feedback, Exploration 

Only, and Feedback Only conditions for each block.  For each pair of conditions, seven 

independent samples t-tests compared A’ between those conditions for each block.   

Exploration + Feedback vs Exploration Only.  Perceptual sensitivity in the Exploration + 

Feedback condition did not differ from that in the Exploration Only condition for any of the blocks. 

For details, please see Table 8.  
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Table 8 

 Differences in A' between Exploration + Feedback and Exploration Only 

 Exploration + 
Feedback 

Exploration Only t(58)= Significance 

Block 1 M=.74, SE=.03 M=.76, SE=.03 -0.55 p=.59 

Block 2 M=.74, SE=.03 M=.81, SE=.03 -1.67 p=.1 

Block 3 M=.76, SE=.03 M=.84, SE=.03 -1.81 p=.08 

Block 4 M=.79, SE=.03 M=.84, SE=.03 -0.89 p=.38 

Block 5 M=.79, SE=.03 M=.87, SE=.03 -1.86 p=.07 

Block 6 M=.84, SE=.03 M=.87, SE=.03 -0.91 p=.36 

Block 7 M=.87, SE=.03 M=.88, SE=.03 -0.28 p=.78 

 

Exploration + Feedback vs Feedback Only. Perceptual sensitivity in the Exploration + 

Feedback condition did not differ from that in the Feedback Only condition for any of the blocks.  

For details, please see Table 9. 
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Table 9 

 Differences in A' between Exploration + Feedback and Feedback Only 

 Exploration + 
Feedback 

Feedback Only t(58)= Significance 

Block 1 M=.74, SE=.03 M=.66, SE=.03 1.87 p=.07 

Block 2 M=.74, SE=.03 M=.67, SE=.03 1.20 p=.23 

Block 3 M=.76, SE=.03 M=.72, SE=.03 84 p=.40 

Block 4 M=.79, SE=.03 M=.73, SE=.03 1.30 p=.20 

Block 5 M=.79, SE=.03 M=.78, SE=.03 .17 p=.87 

Block 6 M=.84, SE=.03 M=.75, SE=.03 1.97 p=.05 

Block 7 M=.87, SE=.03 M=.78, SE=.03 2.01 p=.05 

 

Exploration Only vs Feedback Only. Perceptual sensitivity in the Exploration Only 

condition was significantly different from that in the Feedback Only condition for all blocks except 

Block 5. For details, please see Table 10.  
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Table 10 

 Differences in A' between Exploration Only and Feedback Only 

 Exploration Only Feedback Only t(58)= Significance 

Block 1 M=.76, SE=.03 M=.66, SE=.03 2.56 p=.01* 

Block 2 M=.81, SE=.03 M=.67, SE=.03 3.01 p<.01* 

Block 3 M=.84, SE=.03 M=.72, SE=.03 2.63 p=.01* 

Block 4 M=.84, SE=.03 M=.73, SE=.03 2.16 p=.04* 

Block 5 M=.87, SE=.03 M=.78, SE=.03 2.03 p=.05 

Block 6 M=.87, SE=.03 M=.75, SE=.03 3.0 P<.01* 

Block 7 M=.88, SE=.03 M=.78, SE=.03 2.27 p=.03* 

 

 Outcome. The results of these analyses indicated that participants’ perceptual sensitivity 

increased over the course of the experiment in all three conditions in which participants learned 

to make better pass-ability judgments. Specifically, participants improved their abilities to 

determine signal, i.e., an aperture that was passable, from noise, i.e., an aperture that was 

impassable.  

The results also suggested that participants’ perceptual sensitivities differed across 

conditions (Figure 9).  Specifically, participants in the Exploration Only condition were more 

perceptually sensitive than their counterparts in the Feedback Only condition in all but Block 5. 

Given that participants in the Exploration Only condition started out more perceptually sensitive 

than those in the Feedback Only condition, it is difficult to say whether the difference in their 

perceptual sensitivities was the result of the manipulations or an inherent difference between 

participants in those conditions. Note however, that participants were randomized into 

conditions, so a pre-existing difference between conditions is unlikely. At present it can simply 
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not be ruled out completely.  

    

 

Figure 9: Average A’ as a function of blocks for the Exploration + Feedback, Exploration Only, and 

Feedback Only conditions.  Error bars represent + or - 1 standard error. 

 

Did participants’ response bias change over the course of the experiment or differ across 

conditions? 

For this experiment, response bias represents how prone a participant was to answering 

“yes” when asked whether an aperture was passable. Changes in response bias over the course 

of the experiment could help to illuminate how participants in different conditions improved their 

pass-ability judgments. Improvements in response bias could, in part, explain how learning 

occurred in the various conditions. Additionally, any differences in response bias between the 

conditions could help to illuminate differences that exist between how participants in the 

conditions learned to make pass-ability judgments.  

Each participant sets their own criterion for when to respond “yes”, which reflects their 
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response bias. Lord (1985) suggested that response bias reflects participants’ cognitive schema, 

and Macmillan (2002) emphasized that observers can change their own criteria. Accordingly, 

changes in response bias could reflect changes in a participant’s cognitive schema.  

Dependent Variable. Response bias is traditionally measured in terms of β, which 

assumes that responses are based on a likelihood ratio.  As with A’, the calculation of β requires 

several assumptions that cannot be tested with a yes/no task. If any of these assumptions are 

violated, then changes in perceptual sensitivity can affect β. Accordingly, an alternative measure 

of response bias was employed, c, which is unaffected by changes in perceptual sensitivity 

(Macmillan, 1993) and is generally considered to be superior to β (Macmillan & Creelman, 1990; 

Snodgrass & Corwin, 1988).  

C represents the distance between the participant’s criterion, i.e., the point at which the 

participant responds "yes", and the neutral point, i.e., the point at which the participant favors 

neither a "yes" or a "no" response (Stanislaw & Todorov, 1999). If the criterion is located at the 

neutral point, c is 0. Negative values of c represent a bias towards answering "yes", whereas 

positive values of c represent a bias towards answering "no". The formula for calculating c is as 

follows (Macmillan, 1993) where Φ-1 represents the conversion of hits (H) and false alarms (F) into 

z-scores: 

   

c=-((Φ-1(H)+Φ-1(F))/2 

 

Response bias was calculated by first converting participants’ pass-ability judgments into 

hits and false alarms, which were subsequently converted into z-scores (Macmillan & Creelman, 

1991; Stanislaw & Todorov, 1999). The formula above was used to convert those z-scores into c.  

Analytic Approach. Two sets of analyses were conducted. The first set evaluated whether 
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participants’ response bias changed over the course of the experiment. To do so, paired samples 

t-tests compared c between Block 1 and Block 7 in the Exploration + Feedback, Exploration Only, 

and Feedback Only conditions. The second set evaluated whether participants’ response bias 

varied across conditions on a block-by-block basis. To do so, independent samples t-tests 

compared c between the Exploration + Feedback, Exploration Only, and Feedback Only 

conditions. Separate sets of tests were conducted for each block in order to understand whether 

any observed differences between conditions varied over the course of the experiment. 

Change in c across blocks within condition.  The following details the results of the paired 

samples t-tests that compared c between Block 1 and Block 7 per condition.   

Exploration + Feedback. Results of a paired samples t-test indicated that response bias 

significantly changed between Block 1 (M=-.62, SE=.10) and Block 7 (M=-.32, SE=.10); t(29)=-2.43, 

p=.02.  The directionality of the change indicated that participants in the Exploration + Feedback 

condition became less biased towards responding “yes” between Block 1 and Block 7. 

Exploration Only. Results of a paired samples t-test indicated that response bias did not 

significantly change between Block 1 (M=-.52, SE=.12) and Block 7 (M=-.27, SE=.11); t(29)=-2.10, 

p=.05.  The descriptive statistics suggest that participants in the Exploration Only condition 

became less biased toward responding “yes”, but that shift was not significant. 

Feedback Only. Results of a paired samples t-test indicated that response bias significantly 

changed between Block 1 (M=-.98, SE=.13) and Block 7 (M=-.45, SE=.12); t(29)=-3.37, p<.01. The 

directionality of the change indicated that participants in the Feedback Only condition became 

less biased towards responding “yes” from Block 1 to Block 7.  

c differences across conditions by block. The following details the results of the 

independent samples t-tests that compared c across the Exploration + Feedback, Exploration 

Only, and Feedback Only conditions for each block.  For each pair of conditions, seven 
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independent samples t-tests compared c between those conditions within each block.  

Exploration + Feedback vs. Exploration Only. Response bias in the Exploration + Feedback 

condition did not differ from that in the Exploration Only condition for any of the blocks except 

Block 3. Please see Table 11 for details.   

 

Table 11 

 Differences in c between Exploration + Feedback and Exploration Only 

 Exploration + 
Feedback 

Exploration Only t(58)= Significance 

Block 1 M=-.62, SE=.10 M=-.51, SE=.12 -.68 p=.50 

Block 2 M=-.73, SE=.11 M=-.44, SE=.11 -1.87 p=.07 

Block 3 M=-.75, SE=.11 M=-.38, SE=10 -2.48 p=.02* 

Block 4 M=-.61, SE=.12 M=-.33, SE=.14 -1.54 p=.13 

Block 5 M=-.58, SE=11 M=-.31, SE=.11 -1.74 p=.09 

Block 6 M=-.46, SE=.10 M=-.31, SE=.10 -1.03 p=.31 

Block 7 M=-.32, SE=10 M=-.27, SE=.11 -.35 p=.73 

 

Exploration + Feedback vs. Feedback Only. Response bias in the Exploration + Feedback 

condition differed from that in the Feedback Only condition at Block 1. Specifically, at Block 1, 

participants in the Exploration + Feedback condition were significantly less biased than those in 

the Feedback Only condition.  Please see Table 12 for details.  
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Table 12 

 Differences in c between Exploration + Feedback and Feedback Only  

 Exploration + 
Feedback 

Feedback Only t(58)= Significance 

Block 1 M=-.62, SE=.10 M=-.98, SE=.13 2.15 p=.04* 

Block 2 M=-.73, SE=.11 M=-.89, SE=.10 1.04 p=.30 

Block 3 M=-.75, SE=.11 M=-.62, SE=.15 -.69 p=.49 

Block 4 M=-.61, SE=.12 M=-.64, SE=.15 .16 p=.87 

Block 5 M=-.58, SE=11 M=-.48, SE=.11 -.59 p=.60 

Block 6 M=-.46, SE=.10 M=-.49, SE=.16 .14 p=.89 

Block 7 M=-.32, SE=10 M=-.45, SE=.15 .69 p=.49 

 

Exploration Only vs Feedback Only.  Response bias in the Exploration Only condition 

differed from that in the Feedback Only condition at Blocks 1 and 2.  Specifically, in both blocks, 

participants in the Exploration Only condition were significantly less biased than those in the 

Feedback Only condition. Please see Table 13 for details.    
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Table 13 

 Differences in c between Exploration Only and Feedback Only 

 Exploration Only Feedback Only t(58)= Significance 

Block 1 M=-.51, SE=.12 M=-.98, SE=.13 -2.58 p=.01* 

Block 2 M=-.44, SE=.11 M=-.89, SE=.10 2.89 p<.01* 

Block 3 M=-.37, SE=.10 M=-.62, SE=.15 1.33 p=.19 

Block 4 M=-.33, SE=.14 M=-.64, SE=.15 1.50 p=.14 

Block 5 M=-.31, SE=.11 M=-.48, SE=.11 .95 p=.34 

Block 6 M=-.31, SE=.10 M=-.49, SE=.16 .94 p=.35 

Block 7 M=-.27, SE=.11 M=-.45, SE=.15 .95 p=.35 

 

Outcome. The results of the analyses indicated that participants’ response bias 

significantly changed over the course of the experiment in the Exploration + Feedback and 

Feedback Only conditions (Figure 10).  The directionality of those shifts, i.e., from more to less 

negative, indicated that participants became less biased towards answering “yes” over the course 

of the experiment. Further, the results indicated that participants’ response bias did not 

significantly change over the course of the experiment in the Exploration Only condition. This, 

however, should be interpreted cautiously as the associated p-value was equal to .05.  

Previous analyses indicated that learning in all three conditions was restricted to 

apertures that were narrower than the robot.  For those apertures, improving pass-ability 

judgments would be associated with a shift from answering “yes” to “no”.  The present analyses 

indicated that participants in two out of the three conditions, the Exploration + Feedback and 

Feedback Only conditions, became significantly less biased over the course of the experiment.  

The combined results of both sets of analyses suggests that reductions in response bias may have 
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contributed to learning in the Exploration + Feedback and Feedback Only conditions, but perhaps 

not in the Exploration Only condition.  Therefore, it may be possible that participants changed 

their answers from “yes” to “no” for apertures narrower than the robot in fundamentally different 

ways across conditions.  However, it is important to remember that participants in all three 

conditions improved their perceptual sensitivity, which could also have contributed to the 

observed learning.  

Finally, the results indicated that participants’ response bias differed between conditions 

for certain blocks.  Specifically, during early blocks, participants in the Exploration + Feedback and 

Exploration Only conditions were less biased toward answering “yes” than their counterparts in 

the Feedback Only condition.  Those differences, however, were not observed for later blocks.  

 

Figure 10. Average c as a function of blocks for the Exploration + Feedback, Exploration Only, and 

Feedback Only conditions.  Error bars represent + or - 1 standard error.  Note that this graph is set 

in the second quartile, and negative scores indicate that participants were biased towards 

answering “yes” when making pass-ability judgments.  



Texas Tech University, Elizabeth Schmidlin December 2014 

 

60 
 

 

 

Was learning different between conditions?  

Before summarizing the implications of the preceding analyses, it is important to note 

that those analyses were not corrected for inflation of the Type I error rate.  Such correction would 

have increased the likelihood of overlooking an effect that might help to explain why participants 

in the Feedback Only condition learned, which was considered too costly.  The lack of correction, 

though, means that the results of those analyses are provisional and require confirmation by 

future studies designed to replicate the effects noted herein. 

 Where were the differences in learning?  

● Participants in the Exploration Only condition learned sooner than participants in 

the other conditions. Specifically, significant learning was detected in the 

Exploration Only condition by Block 2, whereas significant learning was not 

detected until, at least, Block 4 in the other two conditions.  

● Participants’ response bias in the Exploration Only condition did not significantly 

increase or decrease over the course of the experiment; participants’ response 

bias in the other conditions significantly decreased over the course of the 

experiment. 

Where were there not differences in learning?  

● There was no difference in the overall amount of learning between conditions in 

which learning was present. 

● Participants’ perceptual sensitivity increased over the course of the experiment 

in all conditions in which learning was present. 
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CHAPTER IV  

CONCLUSIONS  

Tele-operated USAR robots benefit rescue workers in a multitude of ways. For example, 

they allow workers to remain at a distance from the hazards of a rescue site (Van Erp, 1999), 

deploy faster than a standard rescue team (Casper & Murphy, 2003), and allow a variety of rescue 

workers to safely view and assess a disaster zone (Murphy, 2000). However, tele-operating USAR 

robots can be problematic. Specifically, in the field, operators have frequently gotten tele-

operated robots stuck (Casper & Murphy, 2003), which can destabilize the search area as well as 

delay rescue operations.  

Casper (2002) noted that operators reported difficulty determining whether a robot was 

able to enter an opening or overcome an obstacle. Determining whether the robot can enter an 

opening is an affordance judgment, which has been referred to as “pass-ability” (Jones, Johnson, 

& Schmidlin, 2011). Specifically, it is a judgment about the fit between a robot’s width and an 

aperture’s width. If an aperture is wider than the robot, then the aperture is passable, and should 

be judged as such.  

It is not presently possible for USAR robots to behave autonomously. To do so, robots 

would need extensive information about their environment. Currently, most commercial USAR 

robots are equipped only with a single front facing camera (Baker, Casey, Keyes, & Yanco, 2004). 

Additional sensors beyond that of a single camera are not a viable option because other sensors 

are often too large for the robot and can make it difficult to navigate through the environment 

(Keyes, 2007), and more sensors drain the robot’s battery (Keyes, 2007). Accordingly, these robots 

must be tele-operated, and, as such, it is important to understand how people make pass-ability 

judgments for a tele-operated robot.  

Previous research has indicated that people make relatively good pass-ability judgments 
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(Jones & Johnson, 2008; Jones, Johnson, & Schmidlin, 2011; Moore, et al., 2007, 2009; Moore & 

Pagano, 2006). However, when Jones, Johnson, & Schmidlin (2011) investigated whether 

participants learned to make better pass-ability judgments with practice, they failed to show 

evidence for learning. This was surprising because their tele-operators were novices, were 

allowed to actively explore their environment, and were provided feedback.  Accordingly, one 

would expect to see pass-ability judgments improve over the course of their experiment.  

 

Addressing Gaps in Previous Research 

         The current experiments addressed two gaps in the previous research. First, to date, the 

literature had failed to demonstrate that participants can learn to make better pass-ability 

judgments for a tele-operated robot. It was hypothesized that this was an artifact of the 

dependent variable that had been used to analyze learning (absolute thresholds), and using a 

different dependent variable (percent correct) would reveal that participants can learn to make 

better pass-ability judgments. Re-analysis of Jones, Johnson, and Schmidlin’s (2011) data 

indicated that participants learned to make better pass-ability judgments, but that learning was 

only detected when utilizing a different measure than the one employed in their experiment. 

Specifically, to detect learning, it was necessary to analyze data using percent correct rather than 

absolute thresholds. Accordingly, the goal of Experiment 1 was to demonstrate that learning could 

be revealed by analyzing pass-ability judgment data in terms of percent correct, and would not 

be revealed when analyzing such judgments in terms of absolute thresholds.  

Second, it was important to address the following question: “What enables participants 

to learn to make better pass-ability judgments?”.  This question is not answered simply, nor is it 

definitively answered here.  However, a first step was taken by exploring the separate facets of 

Jones, Johnson, and Schmidlin’s (2011) pass-ability experiment.  In that experiment, participants 
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were allowed to explore their environment (drive the robot towards the aperture prior to making 

their judgment) and they received feedback (by attempting to drive the robot through the 

aperture after making their pass-ability judgment).  In Experiment 2, conditions were created with 

different combinations of exploration and feedback in order to investigate whether each factor 

enables learning.  Accordingly, the goal of Experiment 2 was to determine whether participants’ 

learning varied across four conditions: 1) Exploration + Feedback, 2) Exploration Only, 3) Feedback 

Only, and 4) No Exploration + No Feedback.  It was hypothesized that participants who explored 

(drove the robot toward the aperture) would learn to make better pass-ability judgments over 

the course of the experiment, and that, in the absence of exploration, participants would not 

learn.  

 

Our Findings 

         Experiment 1 

         Participants learned to make better pass-ability judgments. Experiment 1 demonstrated 

that participants’ learning was revealed when pass-ability judgments were analyzed in terms of 

percent correct, and not when pass-ability judgments were analyzed in terms of absolute 

thresholds.  The latter replicated the results of Jones, Johnson, and Schmidlin (2011).  This finding 

suggests that contrary to Jones, Johnson, and Schmidlin’s conclusions, participants who tele-

operated a robot learned to make better pass-ability judgments with practice.  

Experiment 2 

Learning was present, even where it wasn’t expected. Experiment 2 demonstrated that 

participants in the Exploration + Feedback, Exploration Only, and Feedback Only conditions 

learned to make better pass-ability judgments over the course of the experiment. The control 

condition (No Exploration + No Feedback) did not show a change in the accuracy of their pass-
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ability judgments. This indicated that, in the absence of both exploration and feedback, 

participants were unable to learn how to make better pass-ability judgments.  

There were some general performance differences between the conditions. The 

following questions were explored to investigate general performance differences between the 

test conditions: 1) Were there differences in the accuracy of participants’ pass-ability judgments?; 

and 2) Were there differences in the accuracy of participants’ feedback in conditions that were 

allowed to attempt driving through apertures?  

Regarding the first question, the percentage of correct pass-ability judgments within each 

condition was determined block by block. Independent samples t-tests were then utilized to 

compare the accuracy of participants’ pass-ability judgments across conditions at each block. 

Results indicated that there were several differences between the conditions. For example, 

percent correct for conditions that were allowed to explore their environment was often better 

than percent correct for conditions that were not allowed to explore. Specifically, participants in 

the Exploration + Feedback condition made more accurate pass-ability judgments at Block 6 and 

Block 7 than did participants in the Feedback Only condition or the No Exploration + No Feedback 

condition. Participants in the Exploration Only condition made more accurate pass-ability 

judgments at Blocks 1, 2, 3, 4, 6, and 7 when compared to participants in the Feedback Only 

condition, and at Blocks 4, 5, 6, and 7 when compared to participants in the No Exploration + No 

Feedback condition. Further, results indicated that there were no differences in pass-ability 

judgment accuracy between the Feedback Only and the No Exploration + No Feedback conditions, 

or the Exploration + Feedback and the Exploration Only conditions, at any block. 

It is important to address the fact that the descriptive statistics for Block 1 indicated that 

participants in the Feedback Only condition made less accurate pass-ability judgments than their 

counterparts in the No Exploration + No Feedback condition.  Accordingly, it was prudent to 
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explore whether the apparent learning in the Feedback Only condition was simply regression to 

the mean.  To do so, the results of the independent samples t-test that compared percent correct 

between the Feedback Only and No Exploration + No Feedback conditions at Block 1 was 

examined. Results indicated that the difference between those conditions was not statistically 

significant, which undercut the possibility that the apparent learning reflected regression to the 

mean.   

Regarding the second question, the accuracy of participants’ feedback was investigated. 

Participants in conditions that included feedback attempted to drive the robot through a given 

aperture following their pass-ability judgment. However, the accuracy of participants’ feedback 

may have varied from person to person. For example, good drivers may have always made it 

through pass-able apertures, whereas bad drivers may have failed in every attempt.  To the 

degree to which that was true, participants may have received more or less accurate feedback for 

the same apertures. Accordingly, it was important to investigate the accuracy of participants’ 

feedback for passable apertures. Feedback accuracy was measured in terms of the percentage of 

attempts where participants did not collide with passable apertures. Results of the analysis 

suggested that feedback accuracy was equivalent across conditions for each of the passable 

apertures. Accordingly, it is unlikely that feedback accuracy confounded any learning differences 

between conditions that subsequent analyses might reveal.  

There were some differences in learning between conditions. The following questions 

were explored to investigate whether participants in the Exploration + Feedback, Exploration 

Only, and Feedback Only conditions learned differently: 1) Did learning occur only for apertures 

that were narrower or wider than the robot?; 2) Did participants learn at different rates across 

conditions?; 3) Did participants learn different amounts across conditions?; 4) Did participants’ 

perceptual sensitivity improve across blocks or differ between conditions?; and 5) Did 
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participants’ response bias change across blocks or differ between conditions? 

First, for each of the conditions in which learning was present, the percentages of correct 

pass-ability judgments in Blocks 1-3 were compared to those in Blocks 5-7.  Data associated with 

apertures that were narrower than the robot were analyzed separately from those that were 

wider than the robot. Results indicated that, for all three conditions in which learning was present, 

learning to make better pass-ability judgments was restricted to apertures that were narrower 

than the robot. Additionally, when examining the raw percent correct for apertures that were 

wider than the robot, the scores were very high (i.e., 98% accurate). In fact, for all three 

conditions, percent correct for apertures that were wider than the robot started out above 90% 

accuracy.  

Second, learning rates were investigated by determining, for each condition, the blocks 

at which the percentages of correct pass-ability judgments were significantly greater than at Block 

1.  This analysis indicated that the percentage of correct pass-ability judgments for Block 2 through 

7 significantly differed from Block 1 in the Exploration Only condition.  In contrast, the percentage 

of correct pass-ability judgments from Block 4 through 7 significantly differed from Block 1 in the 

Exploration + Feedback condition. Finally, the percentage of correct pass-ability judgments from 

Blocks 5 and 7 significantly differed from Block 1 in the Feedback Only condition. These findings 

suggest that participants in the Exploration Only condition learned more quickly than those in the 

other two conditions in which learned occurred. 

Third, learning amounts were examined by computing, for each condition, the difference 

between the percentage of correct pass-ability judgments for Block 1 and Block 7, and then 

comparing those differences across conditions.  The results indicated that participants in the 

Exploration + Feedback, Exploration Only, and Feedback Only conditions learned an equal amount 

over the course of the experiment.  
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Fourth, the participants’ perceptual sensitivity was investigated using A’. Specifically, A’ 

was used to determine two things: 1) Did perceptual sensitivity improve from Block 1 to Block 7 

in each of the conditions in which learning was present?; and 2) Was perceptual sensitivity within 

each block different between the conditions? Results indicated that participants in all conditions 

significantly improved their perceptual sensitivity over the course of the experiment. Further, 

results indicated that perceptual sensitivity for each block was equivalent in the Exploration + 

Feedback and the Exploration Only conditions. However, perceptual sensitivity differed between 

the Exploration + Feedback and the Feedback Only conditions at Block 7. Most interestingly, 

though, there were several differences in perceptual sensitivity between the Exploration Only and 

Feedback Only conditions. Specifically, participants in the Exploration Only condition were 

significantly more sensitive to passable apertures than their counterparts in the Feedback Only 

condition at Blocks 1, 2, 3, 4, 6, and 7.  This outcome suggests that, from the beginning to the end 

of the experiment (with the exception of Block 5), participants who explored and did not receive 

feedback were more perceptually sensitive than participants who did not explore but received 

feedback.  Please note that this difference persisted even though participants in the Feedback 

Only condition improved their perceptual sensitivity over the course of the experiment.   

Fifth, the response bias of participants across the various conditions was investigated 

using c. Specifically, c was used to determine two things: 1) Did response bias change from Block 

1 to Block 7 in each of the conditions in which learning was present?; and 2) Was response bias 

within each block different between the conditions? Interestingly, results indicated that 

participants in only two of the three conditions, the Exploration + Feedback and Feedback Only 

conditions, became significantly less biased across blocks. The data suggested that participants in 

the Exploration Only condition did not significantly shift their response bias over the course of the 

experiment. Further, response bias within certain blocks differed across conditions. Specifically, 
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participants in the Exploration + Feedback condition were significantly more biased than those in 

the Exploration Only condition at Block 3.  Participants in the Exploration + Feedback condition 

were significantly less biased than their counterparts in the Feedback Only condition at Block 1 

and significantly more biased than those in the Feedback Only condition at Block 3.  Lastly, 

participants in the Exploration Only condition were significantly less biased than their 

counterparts in the Feedback Only condition at Block 1 and 2.  These response bias differences 

support the possibility that in conditions in which participants were allowed to receive feedback 

there was a shift in their response bias, and in the absence of that feedback no criterion shift took 

place. Additionally, it is important to note that the condition that did not receive feedback started 

off making significantly less biased pass-ability judgments than the Feedback only condition, and 

while the difference was not significant the Exploration Only condition was less biased than the 

Exploration + Feedback condition. This could suggest that the feedback biased judgments initially, 

and that effect washed out with experience.  

Analyses of learning for apertures wider and apertures narrower than the robot revealed 

that learning in all three conditions was restricted to apertures that were narrower than the robot. 

For those apertures, improvement would be represented by a change in participants’ answers 

from “yes” this aperture is passable to “no” this aperture is not passable. In the present 

experiment, shifts in response bias reflected participants shifting their responses from “yes” to 

“no”. Accordingly, the current results suggest that the learning present in the Exploration + 

Feedback and Feedback Only conditions could be accounted for, in part, by shifts in response bias. 

However, the learning in the Exploration Only condition cannot definitively be accounted for by 

such a shift. 

The results of the A’ and the c analyses are interesting in combination. Specifically, The 

Exploration + Feedback condition improved in sensitivity and bias, the Exploration Only condition 
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improved in sensitivity only, and the Feedback Only condition improved in sensitivity and bias. 

When evaluating the implications of shifts in perceptual sensitivity and response bias, there seems 

to be an interesting parallel between direct and indirect perception. Specifically, indirect 

perception is a mediated process whereas indirect perception is not (Rock, 1997). Likewise, 

changes in response bias are driven by conscious shifts in criterion whereas changes in perceptual 

sensitivity are not the result of conscious effort (Macmillan, 2002). Specifically, Macmillan (2002) 

noted that participants can consciously choose to change their response criterion, but not their 

perceptual sensitivity. Accordingly, for the Exploration Only condition, the shift in perceptual 

sensitivity but not response bias could indicate that participants were making their pass-ability 

judgments more in accordance with theories of Direct Perception. Specifically, participants in the 

Exploration Only condition may not have depended on cognition to make their judgments, and 

accordingly had no need to shift their response bias. Likewise, participants in the Exploration + 

Feedback and the Feedback Only conditions may have been more reliant on properties of 

cognition when making their judgments. Minimally, the shift in response bias suggests that an 

element of cognition was involved in participants’ perception of pass-ability in the Exploration + 

Feedback and Feedback Only conditions. This would place participants in these conditions more 

in alignment with theories of Indirect Perception.  

 

Practical Implications 

         Results of Experiment 1 confirmed that participants were able to learn to make better 

pass-ability judgments for a tele-operated robot. Further, Experiment 1 confirmed that percent 

correct was a better measure than thresholds for capturing such learning. This suggests two 

things. First, future studies should employ percent correct when trying to measure learning to 

make pass-ability judgments for a tele-operated robot. Second, it suggests that operators were 
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able to improve their pass-ability judgments without the addition of extra sensors to the robot. 

USAR robots are typically equipped with few sensors other than a single camera due to the fact 

that additional sensors are often too large to fit on the robot, can make it difficult to fit the robot 

in narrow spaces, and more sensors impose more battery drain on the robot, which shortens it’s 

operational field time (Keyes, 2007). For these reasons, it is an important finding that operators 

were able to improve their pass-ability judgments with only a single front facing camera.  

Experiment 2 demonstrated that learning to make pass-ability judgments occurred in 

three conditions: Exploration + Feedback, Exploration Only, and Feedback Only.  It was expected 

that participants would learn when they were allowed to explore (Exploration + Feedback, 

Exploration Only), and would not learn when they were not allowed to explore, even if they were 

provided feedback (Feedback Only).  Theoretically, feedback provided by driving through the 

aperture could have improved participants’ abilities to pick up information through exploration.  

Participants in the Feedback Only condition, though, were not allowed to explore before making 

their judgments.  Accordingly, even if feedback improved their abilities to explore, they should 

not have been able to leverage that improvement when making their pass-ability judgments 

(Gibson, 2000b).  Mark et al. (1990) demonstrated that restricting exploration prior to making 

affordance judgments reduced the accuracy of those judgments, and prevented learning to 

improve those judgments. However, participants in the Feedback Only condition did learn to 

improve their pass-ability judgments, and that learning was not simply regression to the mean. 

That indicates that there are multiple ways to improve a participant’s pass-ability judgments for 

a tele-operated robot. Several differences and similarities existed across the conditions that may 

reveal important information about how people make pass-ability judgments for tele-operated 

robots. Those differences, similarities, and their implications are discussed presently.  

First, with regard to the accuracy of pass-ability judgments, participants in conditions that 
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were allowed to explore made more accurate pass-ability judgments than participants in 

conditions that were not allowed to explore. Specifically, accuracy in the Exploration + Feedback 

condition was better than that in the Feedback Only and No Exploration + No Feedback conditions 

at Blocks 6 and 7. Additionally, accuracy in the Exploration Only condition was better than that in 

the Feedback Only condition at Blocks 1, 2, 3, 4, 6, and 7 (which paralleled observed differences 

in perceptual sensitivity between those conditions), and better than that in the No Exploration + 

No Feedback condition at Blocks 4, 5, 6 and 7.  Interestingly, no significant differences were found 

when comparing the two conditions that allowed exploration to each other and the two 

conditions that did not allow exploration to each other. However, in terms of raw percent correct, 

the Exploration Only group performed the best, followed by the Exploration + Feedback group, 

and then the Feedback Only group. The greater accuracy of pass-ability judgments in conditions 

that were allowed to explore compared to that in conditions that were not allowed to explore 

highlights the importance of active exploration in the pickup of information (Mark, et al., 1990). 

Accordingly, pass-ability judgments should not be made when exploration is restricted. Or 

perhaps, more realistically, a wider safety margin should be given to pass-ability estimates that 

are made without the benefits of exploration.  

Second, results suggested that, when participants learned to make better pass-ability 

judgments over the course of the experiment, that learning was restricted to the range of 

apertures that were narrower than the robot. With regards to USAR, learning to make better pass-

ability judgments for apertures that are narrower than the robot will result in operators less 

frequently attempting to pass through apertures that are too narrow, which should reduce the 

amount of opportunities robots have to become stuck in the environment. Interestingly, there 

were differences in the accuracy of pass-ability judgments between the Exploration Only and 

Feedback Only conditions. Specifically, for Blocks 1-3 and Blocks 5-7, participants in the 
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Exploration Only condition made significantly better pass-ability judgments than their 

counterparts in the Feedback Only condition for apertures that were narrower than the robot. 

This suggests that operators who are trained with exploration only will less frequently judge 

impassable apertures as passable, and thus, less frequently get robots stuck in the environment 

when compared to operators trained with feedback only. 

Third, results suggested that participants in the Exploration Only condition improved their 

pass-ability judgments sooner than did their counterparts in the Exploration + Feedback and 

Feedback Only conditions. Accuracy in the Exploration Only condition significantly improved 

between Block 1 and Block 2, whereas accuracy in the other two conditions did not improve, 

relative to accuracy in Block 1, until Block 4 at the earliest.  With regard to training time, this would 

suggest that operators can be trained to improve their pass-ability judgments most quickly by 

simply letting them explore (drive forward towards an aperture). Interestingly, it also suggests 

that providing feedback, in addition to exploration, will not further enhance the rate of learning 

beyond the effects of exploration alone. Accordingly, if the only feedback that is available is 

naturalistic feedback, it may be best to conduct training without feedback given that it 

(attempting to drive the robot through an aperture) creates opportunities to get the robot stuck 

or damage the robot. The present study however, cannot speculate on the possible benefits of 

other kinds of feedback.  

 Fourth, results suggested that operators improved their perceptual sensitivity in all of the 

conditions in which learning was present. Macmillan (2002) noted that changes to perceptual 

sensitivity represent a reduction in the overlap between perceived signal and perceived noise 

trials. Further, he suggested that observers do not control this change in perceptual sensitivity. 

This finding suggests that participants were better able to distinguish signal from noise trials over 

the course of the experiment in the Exploration + Feedback, Exploration Only and Feedback Only 
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conditions. Accordingly, all three conditions represent viable training methods for improving 

perceptual sensitivity when driving USAR robots. However, it is important to note that 

participants in the Exploration Only condition were significantly more perceptually sensitive than 

their counterparts in the Feedback Only condition at Blocks 1, 2, 3, 4, 6, and 7, and that 

participants in the Exploration + Feedback condition were never more perceptually sensitive than 

those in the Feedback Only condition. Thus, allowing participants to explore their environment, 

but not receive feedback produced the highest perceptual sensitivity. This highlights the 

importance of active information pick-up (Mark, et al., 1990), and suggests that perhaps feedback 

may be negatively impacting participants’ pass-ability judgments.   

 Finally, results suggested that participants’ response bias only changed in conditions that 

provided feedback. Macmillan (2002) noted that participants have control over where they set 

their response criterion. Further, Lord (1985) suggested that participants’ response criterion 

reflects their cognitive schema. In the Exploration Only condition, it would seem that participants’ 

response criterion did not change significantly. This could suggest that learning in the Exploration 

Only condition mainly reflected improvement in perceptual sensitivity. Given that participants 

cannot willfully change their perceptually sensitivity, but can willfully change their response 

criterion, it is possible that improvements in the Exploration Only condition were not cognitive, 

but rather reflect direct perception processes. More specifically, feedback may have induced 

cognitive processes, thereby resulting in a change in response bias for conditions that received 

feedback.  

 

Future Research 

         The purpose of the present study was to confirm that participants can learn to make 

better pass-ability judgments for a tele-operated robot. Additionally, the present study took the 
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first step towards understanding how such learning happens by creating four conditions with 

various combinations of exploration and feedback. As with all research, the results of this 

investigation raised new questions.  Accordingly, there is much ground for future investigation.    

        One of the analyses from Experiment 2 revealed that participants in the Exploration and 

Feedback, Exploration Only, and Feedback Only conditions improved the accuracy of their pass-

ability judgments by approximately the same amount. Later, a separate analysis revealed that for 

each of the three conditions in which learning was present, that learning was limited to apertures 

that were narrower than the robot. Aperture widths in the current study maintained the ratios 

between robot width and aperture width that were employed in Jones, Johnson, and Schmidlin 

(2011).  Those ratios, however, may have been too easy for participants in the present 

experiments. Specifically, of all the apertures that were wider than the robot, only Aperture 1 was 

less than 15% wider than the robot. Aperture 5 was 52% wider than the robot. It is possible that 

the accuracy of participants’ judgments represents the ease of the task, rather than an inherent 

skill. Future studies should be conducted with narrower apertures. For example, apertures sized 

10.77, 11.28, 11.79, 12.30, and 12.81 inches would be the equivalent of 5, 10, 15, 20, and 25% 

wider than the robot. A more challenging task could increase the effect size and help to illuminate 

any differences that may exist between the conditions.  

Another future study should explore the nature of the learning in conditions that provided 

feedback. In conditions that were permitted to drive the robot through the aperture, participants 

received naturalistic feedback. Participants were not told if they were successful, instead, they 

had to infer it from what they could see on the iPad. However, participants could also hear if they 

hit the aperture or not. Specifically, the robot made a scraping noise if it made contact with the 

aperture, and participants reported that they were able to hear it. It was impossible to separate 

the auditory feedback from the visual feedback in the current study. Accordingly, we cannot 
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conclude whether participants were learning from the visual or the auditory feedback. While this 

does not invalidate the finding that learning occurred in conditions that were allowed to receive 

feedback, it simply makes it impossible, at present, to answer the question of how that learning 

occurred. It is possible that participants learned visually, auditorily, or multimodally. Future 

studies should re-create the feedback conditions but in auditory isolation. For example, 

participants could wear noise canceling headphones.  If learning does not occur in either 

condition, it would suggest that participants were learning from auditory rather than visual 

feedback. If this were the case, during training, it may be beneficial for operators to receive 

auditory feedback.  

Earlier, the possible effects of active exploration on learning to make accurate pass-ability 

judgments were discussed. However, from this study alone, one cannot determine whether it was 

self-generated exploration or simply the optic flow from the robot moving through the 

environment that contributed to participants making better pass-ability judgments. Accordingly, 

future research should investigate the pass-ability judgments of participants who are not in direct 

control of the robot. For example, if the video feed is prerecorded motion towards the aperture 

rather than self-generated are participants’ judgments still accurate? Do participants still learn? 

Such research would better highlight what contributes to learning to make pass-ability judgments.  

The exploration of the data from Experiment 2 may not have been able to fully determine 

that the learning in the Feedback Only condition was in fact genuine learning and not an artifact. 

Specifically, the procedures employed in Experiment 1 and 2 may not have fully prevented 

participants from memorizing apertures or adopting strategies to make their judgments. Of 

particular concern is the use of strategies to compensate for lack of active exploration. Two 

potential strategies have been considered that could have been used by participants to assist in 

making their pass-ability judgments. First, participants may have simply memorized whether each 
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aperture width was passable. Second, participants may have developed a strategy based on how 

much of the iPad screen was taken up by the aperture. For example, they may have though that 

if more than 40% of the screen was aperture space, then the aperture was judged passable. To 

test the first possibility, it would be beneficial to change the widths of all the apertures in the last 

block. If participants had simply memorized aperture widths, this change would cause a change 

in the accuracy of pass-ability judgments. To test the second possibility, one could adjust the 

distance from which participants viewed the apertures in the last block. If participants were 

employing a strategy based on how much of the iPad screen was taken up by the aperture, then 

this change would impact the accuracy of their pass-ability judgments. Such a test would help us 

to more fully understand how participants in each group were making their judgments, and 

therefore how participants in each group were learning.  

Additionally, the present research focused exclusively on pass-ability judgments, that is, 

judgments about whether the robot can fit through the aperture. Future research should recreate 

the present investigation with a focus on drive-ability judgments, that is, judgments about 

whether the operator can drive the robot through the aperture.  Pass-ability and drive-ability are 

very different affordance judgments. Specifically, pass-ability is an affordance judgment for the 

robot, whereas drive-ability is an affordance judgment for the robot and self.  It cannot be known 

for certain whether the present results will hold for drive-ability judgments.  Further, determining 

why operators were getting robots stuck in the field involves more than just understanding if the 

robot can fit through the aperture (pass-ability). For example, it is possible for an aperture to be 

simultaneously passable, but not driveable to a particular operator. In such instances, it would be 

important to recognize that the robot can fit, but requires a better driver to avoid becoming stuck.  

As such, future research should examine the effects of exploration and feedback on drive-ability 

judgments. 
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Lastly, the present study did not address the effects of exploration and feedback on pass-

ability judgments over an extended period of time. Specifically, participants completed the entire 

study in under one hour, and were not brought back to the lab for follow-up testing. As such the 

present study may not generalize well to USAR training. Future studies should investigate the 

impact that exploration and feedback have on longer term learning of pass-ability judgments.  

While the current study was unable to definitively conclude how the conditions learned 

differently, due to the exploratory nature of the analyses, it provides a first step towards 

understanding how participants learn to make pass-ability judgments for a tele-operated robot. 

Better understanding of this process will be vital if Urban Search and Rescue robots are to 

continue to replace humans in the effort to find survivors.  
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APPENDIX I 

Experiment 1/Experiment 2 Group 1 (Exploration Only)  

  

1 hour prior to participant arrival:  

1. Rover: Change batteries, attach 

antenna 2. I-pad: Check charge: if 

lower than 70% plug in  

5 minutes prior to participant arrival:  

1. Forms: set out informed consent form - check that number matches 

participant number  

2. Sanitation: Set out hand sanitizer  

3. Rover: turn on Wi-Fi,  cover lens for practice  

Once the participant has arrived:  

1. Thank the participant for their participation  

2. Have participant sign informed consent - place immediately in data file 
for proper storage  

3. Explain the study   

a. You’re going to be carrying out four activities. First, you will view 

an aperture via a camera mounted on a rover.  An aperture is 

like a passageway or a doorway. Second, you will drive the rover 

toward the aperture and stop before you cross a white line, 13 

inches in front of the aperture. Third, you will judge whether or 

not the robot can pass through the aperture without touching 

the sides. Fourth, you will attempt to drive the robot through 

that aperture. When the experiment starts the robot will be 

facing the wall, when I turn it you’ll be able to see the aperture 

and the white line. Let me know if you can’t see the white line 

and I’ll come around and point it out to you. You are not allowed 

to see the vehicle while you drive. In between trials, I will 

position the rover so that it faces the wall, at this time please 

don’t drive around. Once I have changed the aperture I’ll turn 

the rover and say “go ahead”. Start driving the rover towards 

the aperture. Sometime before you cross the white line answer 

the question "Can the robot fit through the aperture? (yes/no)". 

Then attempt to drive the robot through the aperture. When I 

say “stop” the trial has ended.  
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b. Offer the participant hand sanitizer (if they can’t take it please 
ask them to wash and thoroughly dry their hands)  

4. Bring out rover and Ipad  

5. Turn on Ipad, go to settings and connect to the rover's Wi-Fi  

6. On the Ipad launch the "Brookstone Rover" ap  

7. Let participant familiarize themselves with the controls for the vehicle: 
while they are doing this set up the first aperture  

8. When the participant is ready take the rover behind the curtain, remove 

the lens cover, and place the rover towards the curtain.  

9. Remind the participant:  

a. "Before crossing the white line you are tasked with answering 

the question "Can the robot fit through the aperture?", please 

answer "yes"  or "no" “.  

10. Turn the rover to face the apertures, and begin the trials  

11. At the conclusion of the study, turn over the data sheet and ask them 

probing questions such as “how did you make your judgment?”  

12. Have the participant fill out the demographic questionnaire  

13. Thank them for participating in the study  

14. Read debriefing  

15. Make sure that the data and demographic sheets are numbered 
correctly  

16. Turn off and put back all equipment   

Debrief  

September 11, 2001 was the first time in which robots were used in a search 

and rescue capacity. However, these robots often ended up stuck in the 

environment. It was predicted that robots became stuck because operators 

were unable to judge whether or not the robot could fit through an aperture. 

However, previous research indicated that judgments of pass-ability are fairly 

accurate, but that operators may not learn to make better judgments with 

practice. Accordingly, the purpose of this study was to investigate if people are 

able to learn how to make better judgments of pass-ability for a robot in a tele-

operated environment.   
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APPENDIX II 

Experiment II Group 2 (Exploration Only)  

  

1 hour prior to participant arrival:  

1. Rover: Change batteries, attach 

antenna 2. I-pad: Check charge: if 

lower than 70% plug in  

5 minutes prior to participant arrival:  

1. Forms: set out informed consent form - check that number matches 

participant number  

2. Sanitation: Set out hand sanitizer  

3. Rover: turn on Wi-Fi,  cover lens for practice  

Once the participant has arrived:  

1. Thank the participant for their participation  

2. Have participant sign informed consent - place immediately in data file 
for proper storage  

3. Explain the study   

4. You’re going to be carrying out three activities. First, you will view an 

aperture via a camera mounted on a rover.  An aperture is like a 

passageway or a doorway. Second, you will drive the rover toward the 

aperture and stop at a white line 13 inches in front of the aperture. 

Third, you will judge whether or not the robot can pass through the 

aperture without touching the sides. When the experiment starts the 

robot will be facing the wall, when I turn it you’ll be able to see the 

aperture and the white line. Let me know if you can’t see the white line 

and I’ll come around and point it out to you. You are not allowed to see 

the vehicle while you drive. In between trials, I will position the rover so 

that it faces the wall, at this time please don’t drive around. Once I have 

changed the aperture I’ll turn the rover and say “go ahead”. Start driving 

the rover towards the aperture. At the white line answer the question 

"Can the robot fit through the aperture? (yes/no)".  

When I say “stop” the trial has ended.   

5. Offer the participant hand sanitizer (if they can’t take it please ask them 

to wash and thoroughly dry their hands)  

6. Bring out rover and Ipad  
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7. Turn on Ipad, go to settings and connect to the rover's Wi-Fi  

8. On the Ipad launch the "Brookstone Rover" ap  

9. Let participant familiarize themselves with the controls for the vehicle: 

while they are doing this set up the first aperture  

10. When the participant is ready take the rover behind the curtain, remove 
the lens cover, and place the rover towards the curtain.  

11. Remind the participant:  

a. "At the white line you are tasked with answering the question 

"Can the robot fit through the aperture?", please answer "yes"  

or "no"”.    

  

12. Turn the rover to face the apertures, and begin the trials  

13. At the conclusion of the study, turn over the data sheet and ask them 

probing questions such as “how did you make your judgment?”  

14. Have the participant fill out the demographic questionnaire  

15. Thank them for participating in the study  

16. Read debriefing  

17. Make sure that the data and demographic sheets are numbered 

correctly  

18. Turn off and put back all equipment   

Debrief  

September 11, 2001 was the first time in which robots were used in a search 

and rescue capacity. However, these robots often ended up stuck in the 

environment. It was predicted that robots became stuck because operators 

were unable to judge whether or not the robot could fit through an aperture. 

However, previous research indicated that judgments of pass-ability are fairly 

accurate, and that operators are able to learn, with practice, how to make 

better judgments. Accordingly, the purpose of this study was to investigate 

where in the environment the learning is coming from, either exploration, 

feedback, or a combination thereof.    
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APPENDIX III 

Experiment 2 Group 3 (Feedback only)  

  

1 hour prior to participant arrival:  

1. Rover: Change batteries, attach 

antenna 2. I-pad: Check charge: if 

lower than 70% plug in  

5 minutes prior to participant arrival:  

1. Forms: set out informed consent form - check that number matches 

participant number  

2. Sanitation: Set out hand sanitizer  

3. Rover: turn on Wi-Fi,  cover lens for practice  

Once the participant has arrived:  

1. Thank the participant for their participation  

2. Have participant sign informed consent - place immediately in data file 
for proper storage  

3. Explain the study   

a. You’re going to be carrying out three activities. First, you will 

view an aperture via a camera mounted on a rover.  An aperture 

is like a passageway or a doorway. Do not drive the rover at this 

time. Second, you will judge whether or not the robot can pass 

through the aperture without touching the sides by answering, 

"yes" or "no" to the question "Can the robot fit through the 

aperture?". Third, you will attempt to drive the rover through 

that aperture.  When the experiment starts the robot will be 

facing the wall, when I turn it you’ll be able to see the aperture. 

You are not allowed to see the vehicle while you drive. In 

between trials, I will position the rover so that it faces the wall, 

at this time please don’t drive around. Once I have changed the 

aperture I’ll turn the rover and say “go ahead”. You will have 2 

seconds to answer the question "Can the robot fit through the 

aperture? yes/no". Following your judgment attempt to drive 

the rover through the aperture. When I say “stop” the trial is 

over.    

b. Offer the participant hand sanitizer (if they can’t take it please 

ask them to wash and thoroughly dry their hands)  
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4. Bring out rover and Ipad   

5. Turn on Ipad, go to settings and connect to the rover's Wi-Fi  

6. On the Ipad launch the "Brookstone Rover" ap  

7. Let participant familiarize themselves with the controls for the vehicle: 

while they are doing this set up the first aperture  

8. When the participant is ready take the rover behind the curtain, remove 
the lens cover, and place the rover towards the curtain.  

9. Remind the participant:  

a. "Before driving the rover you are tasked with answering the 

question "Can the robot fit through the aperture?", please 

answer "yes"  or "no"”    

  

10. Turn the rover to face the apertures, and begin the trials  

11. At the conclusion of the study, turn over the data sheet and ask them 

probing questions such as “how did you make your judgment?”  

12. Have the participant fill out the demographic questionnaire  

13. Thank them for participating in the study  

14. Read debriefing  

15. Make sure that the data and demographic sheets are numbered 
correctly  

16. Turn off and put back all equipment   

Debrief  

September 11, 2001 was the first time in which robots were used in a search 

and rescue capacity. However, these robots often ended up stuck in the 

environment. It was predicted that robots became stuck because operators 

were unable to judge whether or not the robot could fit through an aperture. 

However, previous research indicated that judgments of pass-ability are fairly 

accurate, and that operators are able to learn, with practice, how to make 

better judgments. Accordingly, the purpose of this study was to investigate 

where in the environment the learning is coming from, either exploration, 

feedback, or a combination thereof.    
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APPENDIX IV 

Experiment 2 Group 4 (No Exploration + No Feedback)  

  

1 hour prior to participant arrival:  

1. Rover: Change batteries, attach 

antenna 2. I-pad: Check charge: if 

lower than 70% plug in  

5 minutes prior to participant arrival:  

1. Forms: set out informed consent form - check that number matches 

participant number  

2. Sanitation: Set out the hand sanitizer  

3. Rover: turn on Wi-Fi,  cover lens for practice  

Once the participant has arrived:  

1. Thank the participant for their participation  

2. Have participant sign informed consent - place immediately in data file 
for proper storage  

3. Explain the study   

4. You’re going to be carrying out two activities. You will not be driving the 

rover. First, you will view an aperture via a camera mounted on a rover.  

An aperture is like a passageway or a doorway. Second, you will judge 

whether or not the robot can pass through the aperture without 

touching the sides. When the experiment starts the robot will be facing 

the wall, when I turn it you’ll be able to see the aperture. In between 

trials, I will position the rover so that it faces the wall,,. Once I have 

changed the aperture I’ll turn the rover and say “go ahead”. You will 

have 2 seconds to answer the question "Can the robot fit through the 

aperture? yes/no". When I say “stop” the trial is over.  Offer the 

participant hand sanitizer (if they can’t take it please ask them to wash 

and thoroughly dry their hands)  

5. Bring out  Ipad  

6. Turn on Ipad, go to settings and connect to the rover's Wi-Fi  

7. On the Ipad launch the "Brookstone Rover" ap  

8. Remind the participant:  
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a. "Without driving the rover you are tasked with answering the 

question "Can the robot fit through the aperture?", please 

answer "yes"  or "no"”.    

  

9. Turn the rover to face the apertures, and begin the trials  

10. At the conclusion of the study, turn over the data sheet and ask them 

probing questions such as “how did you make your judgment?”  

11. Have the participant fill out the demographic questionnaire  

12. Thank them for participating in the study  

13. Read debriefing  

14. Make sure that the data and demographic sheets are numbered 

correctly  

15. Turn off and put back all equipment   

Debrief  

September 11, 2001 was the first time in which robots were used in a search 

and rescue capacity. However, these robots often ended up stuck in the 

environment. It was predicted that robots became stuck because operators 

were unable to judge whether or not the robot could fit through an aperture. 

However, previous research indicated that judgments of pass-ability are fairly 

accurate, and that operators are able to learn, with practice, how to make 

better judgments. Accordingly, the purpose of this study was to investigate 

where in the environment the learning is coming from, either exploration, 

feedback, or a combination thereof.    
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APPENDIX V 

  

Demographic Form   
  

Subject # ______  

   Experiment/Group: _______  

  

  

Age: ______________  

  

  

Gender:    Male _____ Female______  

  

  

How motivated were you to do well in this study   

  

Not at all  

  

  Neutral     Very  

  

  

         

  

  

  

How many hours (per week) do you play First Person style video games  

  

 

Never  

  

1-3 hours  3-5 hours  5-7 hours  7 + hours  

  

  

        

  

  

Have you ever used remote control vehicles?   

  

Yes  

  

No  

  

  

  

   

If yes: what was your experience?   
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Have you ever tele-operated a vehicle before?   

  

Yes  

  

No  

  

  

  

   

If yes: what was your experience?   

  

  

  

  

  

  

  

  

  

  

Additional questions or comments:   
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APPENDIX VI 

Full unreported p values from Experiment 2 

 

Under what circumstances did participants learn to make more accurate pass-ability 

judgments?   

 Exploration + Feedback 

o p=.001 

 Exploration Only 

o p=.000 

 Feedback Only 

o p=.004 

 No Exploration + No Feedback 

o p=.136 

Were there differences in the accuracy of participants’ pass-ability judgments between 

conditions block by block?  

 Exploration + Feedback vs Exploration Only 

o Block 1: p=.626 

o Block 2: p=.189 

o Block 3: p=.172 

o Block 4: p=.690 

o Block 5: p=.177 

o Block 6: p=.456 

o Block 7: p=.707 

 Exploration + Feedback vs Feedback Only 

o Block 1: p=.141 

o Block 2: p=.095 

o Block 3: p=.118 

o Block 4: p=.090 

o Block 5: p=.583 

o Block 6: p=.006 

o Block 7: p=.018 

 Exploration + Feedback vs No Exploration + No Feedback 

o Block 1: p=.522 

o Block 2: p=.914 

o Block 3: p=.926 
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o Block 4: p=.087 

o Block 5: p=.083 

o Block 6: p=.006 

o Block 7: p=.005 

 Exploration Only vs Feedback Only 

o Block 1: p=.026 

o Block 2: p=.004 

o Block 3: p=.002 

o Block 4: p=.041 

o Block 5: p=.051 

o Block 6: p=.000 

o Block 7: p=.007 

 Exploration Only vs No Exploration + No Feedback 

o Block 1: p=.188 

o Block 2: p=.246 

o Block 3: p=.160 

o Block 4: p=.037 

o Block 5: p=.002 

o Block 6: p=.000 

o Block 7: p=.002 

 Feedback Only vs No Exploration + No Feedback 

o Block 1: p=.337 

o Block 2: p=.083 

o Block 3: p=.158 

o Block 4: p=.923 

o Block 5: p=.217 

o Block 6: p=1 

o Block 7: p=.684 

Were there differences in the accuracy of participants’ feedback in conditions that were allowed 

to attempt driving through apertures?  

 Blocks 1-3 
o Aperture 1: p=.792 
o Aperture 2: p=.902 
o Aperture 3: p=.751 
o Aperture 4: p=.510 
o Aperture 5: p=.710 

 Blocks 5-7 
o Aperture 1: p=.273 
o Aperture 2: p=.553 
o Aperture 3: p=.452 
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o Aperture 4: p=.760 
o Aperture 5: p=.304 

Did the observed learning occur with apertures that were narrower and wider than the robot?  

 Exploration + Feedback 
o Narrower: p=.003 
o Wider: p=.109 

 Exploration Only 
o Narrower: p=.001 
o Wider: p=.110 

 Feedback Only 
o Narrower: p=.002 
o Wider: p=.448 

 

Did learning occur at different rates across conditions in which learning was present? 

 Exploration + Feedback  
o Blocks 1-2: p=.361 
o Blocks 1-3: p=.167 
o Blocks 1-4: p=.026 
o Blocks 1-5: p=.035 
o Blocks 1-6: p=.003 
o Blocks 1-7: p=.001 

 Exploration Only 
o Blocks 1-2: p=.028 
o Blocks 1-3: p=.011 
o Blocks 1-4: p=.015 
o Blocks 1-5: p=.000 
o Blocks 1-6: p=.000 
o Blocks 1-7: p=.000 

 Feedback Only 
o Blocks 1-2: p=.293 
o Blocks 1-3: p=.085 
o Blocks 1-4: p=.067 
o Blocks 1-5: p=.003 
o Blocks 1-6: p=.057 
o Blocks 1-7: p=.004 

 

Did learning occur in different amounts across conditions in which learning was present? 

 Exploration + Feedback vs Exploration Only: p=.845 

 Exploration + Feedback vs Feedback Only: p=.675 

 Exploration Only vs Feedback Only: p=.763 
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Did participants’ perceptual sensitivity change over the course of the experiment or differ 

across conditions?  

 Exploration + Feedback: p=.000 

 Exploration Only: p=.000 

 Feedback Only: p=.001 

 Exploration + Feedback vs Exploration Only 
o Block 1: p=.588 
o Block 2: p=.100 
o Block 3: p=.076 
o Block 4: p=.375 
o Block 5: p=.068 
o Block 6: p=.364 
o Block 7: p=.779 

 Exploration + Feedback vs Feedback Only 
o Block 1: p=.066 
o Block 2: p=.233 
o Block 3: p=.403 
o Block 4: p=.198 
o Block 5: p=.866 
o Block 6: p=.053 
o Block 7: p=.049 

 Exploration Only Vs Feedback Only 
o Block 1: p=.013 
o Block 2: p=.004 
o Block 3: p=.011 
o Block 4: p=.035 
o Block 5: p=.047 
o Block 6: p=.004 
o Block 7: p=.027 

 
Did participants’ response bias change over the course of the experiment or differ across 

conditions? 

 Exploration + Feedback: p=.021 

 Exploration Only: p=.048 

 Feedback Only: p=.002 

 Exploration + Feedback vs Exploration Only 
o Block 1: p=.497 
o Block 2: p=.067 
o Block 3: p=.016 
o Block 4: p=.129 
o Block 5: p=.088 
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o Block 6: p=.307 
o Block 7: p=.731 

 Exploration + Feedback vs Feedback Only 
o Block 1: p=.036 
o Block 2: p=.301 
o Block 3: p=.493 
o Block 4: p=.872 
o Block 5: p=.559 
o Block 6: p=.887 
o Block 7: p=.493 

 Exploration Only Vs Feedback Only 
o Block 1: p=.012 
o Block 2: p=.005 
o Block 3: p=.189 
o Block 4: p=.140 
o Block 5: p=.344 
o Block 6: p=.352 
o Block 7: p=.348 
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APPENDIX VII 

EXTENDED LITERATURE REVIEW 

 

CHAPTER I 
Urban Search and Rescue 

 

In the early 1980’s, the Fairfax County Fire and Rescue and Metro-Dade County Fire 

Department joined forces to create a search-and rescue team unlike any the nation had ever seen 

(FEMA, 2012). The purpose of this team was to search for survivors following disasters that 

collapsed of buildings and trapped survivors. The result was the creation of the first Urban Search 

and Rescue (USAR) team.  

USAR is defined as the process of locating, extracting, and, if necessary, providing 

immediate medical treatment for persons trapped in a collapsed structure (FEMA, 2000; 

Goodman & Hogan, 2009; Hew & Sunshine, 2002; Anderson, 2002; Murphy, 2000). Such services 

were provided by state organizations such as Firefighters and Policemen until 1989 when the 

Federal Emergency Management Agency (FEMA) established the national USAR response system. 

The mission of FEMA is to provide state and local officials with the technical assistance and the 

resources required for rescues and logistic support. 

 The national USAR system is made up of multiple task forces, incident support teams, and 

other technical specialists totaling over 5,000 persons (Hew & Sunshine, 2002). A single task force 

consists of two 31-person teams, four canines, and all of their associated equipment needed for 

a rescue operation (FEMA, 2000). Once deployed, FEMA’s USAR teams coordinate their efforts 

with local fire and police departments, military, and other federal agencies on site to work as 

quickly as possible to locate and rescue survivors. 
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Profiles of Disaster Response Personnel  

 

The USAR response begins at the local level with Fire Departments, Emergency 

Management, and State Law Enforcement. If a disaster warrants national support, then FEMA will 

respond by deploying the three closest USAR task forces within six hours of receiving notification 

(FEMA, 2000). 

Each FEMA specialist begins their component of the rescue task at the disaster site. There 

are a variety of specialists involved in the complicated task of USAR, each with a very precise job 

description. Specifically, the task requires seven different teams: logistics specialists, structural 

specialists, search teams, medical teams, hazardous materials teams, heavy rigging teams, and 

technical communication teams are all required to complete a successful rescue mission (FEMA, 

2012). Each specialist is responsible for a unique component of the USAR problem.  

Logistics specialists manage the flow of resources during disaster responses. Specifically, 

they oversee the various pieces of equipment needed to support search and rescue efforts. More 

than 16,000 pieces of equipment are needed due to the variety of the environments (FEMA, 

2012). This equipment ranges from search cameras and concrete cutting saws to the food and 

water needed on site.  

Licensed Professional Engineers, or structural specialists, are in charge of monitoring the 

safety of the rescuers. This task involves monitoring and providing advice to task force members 

about the structural integrity of the building as well as the risk of any subsequent collapses. The 

risk of an additional collapse is often great due to the unstable nature of the environments, the 

movement of workers throughout, the weight of the equipment needed, and the need to shift 

collapsed materials off trapped survivors (FEMA, 2012).  
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Specialized search teams are utilized to explore the areas around and within a collapsed 

structure. While exploring, search teams are dually tasked with reinforcing structures and locating 

trapped survivors. The location of survivors is a daunting task, but search teams have a number 

of useful tools at their disposal such as electronic listening devices, extremely small search 

cameras, and specially trained search canines to help locate survivors (FEMA, 2012).  

Specialized medical teams consist of onsite trauma physicians, emergency room nurses, 

and paramedics. Medical team members provide medical care to survivors as well as to injured 

rescue workers. They generally treat their patients from fully stocked, mobile emergency rooms 

(FEMA, 2012). However, medics may need to enter the collapsed structure to provide immediate 

aid. A subset of the medical teams is veterinary specialists who are on site to provide care to the 

search and rescue canines.  

Hazardous materials specialists are required to evaluate the safety of the disaster site. 

Collapsed structures are filled with dangerous contaminants and debris, such as asbestos, and as 

such require constant monitoring. Additionally, hazardous materials specialists decontaminate 

rescue and medical team members who may have exposed themselves to hazardous materials or 

decaying bodies in the course of their mission (FEMA, 2012).  

Heavy rigging specialists are required to operate the specialized digging equipment such 

as the cranes and bulldozers in the collapsed structure. The recovery of trapped survivors often 

requires that heavy debris are shifted in order to extricate them. Heavy rigging specialists work 

with structural specialists to help ensure the safety of survivors and rescuers inside the collapsed 

structures (FEMA, 2012).  

Technical information and communication specialists are required to organize 

communication amongst the various USAR personnel. Their key task involves facilitating search 

efforts, coordinating evacuation in the event of a secondary collapse, and managing 
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communication between task force leaders (FEMA, 2012). In a disaster situation, each team must 

work together seamlessly with varying task forces and organizations to rescue survivors.   

Each member of the task force is required to work quickly and harmoniously to ensure a 

successful rescue operation. Much like trauma medicine has a “golden hour”, USAR has a “golden 

day” (Goodman, & Hogan, 2007). This “golden day” is a reference to the notion that after 24 hours 

the chance of recovering survivors drops dramatically (Goodman & Hogan, 2007), falling to near 

0% after 72 hours (Voyles & Choset, 2007). Therefore, USAR workers must work as quickly as 

possible without making costly mistakes with time, resources, and lives.  This task can be difficult 

given the number of people on site and the amount of work that has to be coordinated.  

 

Why USAR is Dangerous 

 

Over the years, there have been numerous disasters that called for USAR efforts. It is 

important to remember that during a disaster the collection of information about them is tertiary 

to the primary task of rescuing survivors. As such, many reports focus less on details and more on 

the end results of efforts that were taken. However, the overarching structure of each disaster is 

similar, i.e. something bad happens, buildings collapse, Task Forces are sent in, and survivors are 

rescued. It is their variety though, not their similarities, that makes rescues so dangerous.  

 For example, collapses present different dangers than fires, and debris present different 

dangers than flooding. These dangers do not exist separately, but rather compound to create 

more perilous situations. Fires can weaken the structure, and risk causing further collapse, which 

can trap or crush workers. Debris can get into workers eyes or lungs, or toxic debris can be swept 

to surrounding areas by floods. Another concern for persons in the collapsed building is the rise 

of dangerous gas as a result of poor ventilation, the use of power tools, and leaking gas lines (Hew 
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& Sunshine, 2002). Therefore, it is critical to monitor the carbon monoxide, carbon dioxide, 

methane, and other hazardous gas levels in the air. Under such circumstances, things can turn 

deadly quickly.  

Over the years, many workers have given their lives in the hopes of saving others. After 

the 1985 Mexico City earthquake, 135 rescue workers were lost, 65 as a result of flooding (Casper 

& Murphy, 2003). After the September 11, 2001 attacks, over 350 emergency workers from New 

York City were killed (Grady & Revkin, 2011), and workers continue to perish to this day as a direct 

result of their rescue efforts from various lung complications. 

 Currently, there is no way to completely remove the danger inherent in a rescue 

operation. However, the dangers, and the exposure to the dangers can be reduced for workers. 

Accordingly, it seems prudent to investigate ways to minimize rescue workers’ exposure to the 

dangers of USAR.  

 The first line of defense for USAR personnel is extensive training.  A large part of FEMA’s 

goal is to establish and maintain well-trained task forces throughout the country (FEMA, 2012). 

Part of this training comes from information provided by the United States Fire Administration on 

USAR tactics, technology, management, and the lessons learned on job sites (Mershon, 2009). 

However, training operators to better manage a disaster still involves humans placing themselves 

in potentially dangerous situations.  

Ideally, there would be a solution that allows for a rescue operation to be executed 

without placing USAR personnel or their canine associates in danger. One such solution involves 

the use of robots. Specifically, robots can be used to collect data about the disaster area, as well 

as to help rescuers find survivors.  

 

What is a Robot? 
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The term robot was not born from science, but rather theater. The first documented 

appearance of the word robot was in the play Rossum's Universal Robots (R.U.R). Since then, the 

term has undergone a dramatic transformation resulting in no singular clear and accepted 

definition or description of what does and does not constitute a robot (Trevelyan, 1999). For 

example, most current definitions of robot include some degree of autonomy, if only minimal. 

However, few robots in tele-operation have any autonomy, but they still receive the label of 

'robot'.  

So what constitutes a robot? Trevelyan (1999, pg. 1211) argues robots, and robotics 

should be redefined to include more general technologies. Specifically, robotics should be "the 

science of extending human motor capabilities with machines". Such a definition does not limit 

robots to autonomous machines, but rather extends to fully autonomous and tele-operated 

(Bongard & Sayers, 2002).  

A fully autonomous robot acts of its own accord (Sheridan, 1995) following a series of pre-

programmed commands and algorithms. Each autonomous robot must be equipped with 

numerous sensors and actuators to complete their tasks (Kiener & von Stryk, 2010). These robots 

can be monitored by a human user, but do not need a human to oversee their actions in a 

master/slave relationship. Rather, the human user can approach their interactions with more of 

a supervisory role (Sheridan, 1995). 

 A tele-operated robot is not capable of acting of its own accord, but rather must wait for 

input from a human operator before it can extend the capabilities of that user. These robots 

extend a person’s mechanical action beyond their reach. Such robots may or may not be 

anthropomorphic, and often have an onboard mounted camera (Sheridan, 1995). However, what 

all tele-operated robots have in common is the ability to extend the capabilities of the human 

operator, and a lack of fully autonomous behavior.   
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Shared traits of USAR robots 

 

A variety of different robots are utilized in USAR. These robots can be tracked (Murphy, 

2004; Jones, Johnson, & Schmidlin, 2011), round (Seeman, Broxvall, Safiotti, & Wide, 2006), boats 

(Leff & Plushnick, 2010), as big as cars (Cosenzo, Parasuraman, & de Visser, 2010), or shaped more 

like snakes (Chellali, Brenier, Baizid, & Zaoui, 2011; Murphy, 2000). However, the most common 

shared features of successful USAR robots include a tracked drive system, durability, and the use 

of a single camera.  

Systems such as URbot, Foster-Miller's Talon, or iRobot's PackBot (Figure 1) are based off 

a tank-like tracked system, which allow the robots to navigate unstable and uneven terrain. 

Further, the tank-like tracked system is suitable for a variety of terrains, and environmental 

conditions.  

 

 

Figure 1: From left to right: URbot, Foster-Miller’s Talon, and iRobot’s PackBot 

 

 In addition to being able to reach the site of the disaster, USAR robots must be resistant 

to damage. These robots must enter dangerous and unstable environments where parts of 

buildings could collapse, or there could be fire or flooding, all of which is destructive to sensitive 
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electronics. As such, USAR robots have hard exoskeleton exteriors, which protect their 

electronics.  

Additionally, USAR robots usually carry one or more video cameras but few other sensors 

(Keyes, 2007). Sensors, like mechanical components, impose a drain on battery life.  Accordingly, 

having more sensors translates into less time spent searching and more time spent recharging 

(Keyes, 2007). Furthermore, many sensors are too large or not well suited for the rugged 

conditions of USAR (Keyes, 2007). As a result, commercial USAR robots are traditionally only 

equipped with a single video camera (Jones, Johnson, & Schmidlin, 2011).  

 The limited number of sensors on the robot restricts that robot’s ability to operate 

autonomously. In order for robots to perform their duties autonomously, they would need 

significantly more information about their environments than what is available through a 

standard camera. This is especially true in the more complex USAR environments (Baker, Casey, 

Keyes, & Yanco, 2004). Therefore, control of USAR robots must come from human operators. 

Specifically, USAR robots must be tele-operated.  
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CHAPTER II 
 

Tele-operation and Urban Search and Rescue Robots 
 

What is Tele-operation?  

 

The prefix tele is Greek in origin, meaning at a distance. Thus, tele-operation refers to the 

operation of an object from a distance.   This can range from a task as simple as the early stages 

of tele-operation in chemical plants where operators simply stood further away from objects that 

needed to be manipulated and used stick-like mechanical extensions of their arms (Lichiardopol, 

2007), to the more advanced systems that allow users to tele-operate a vehicle on the surface of 

Mars.  

Tele-operation of a robot is comprised of up to three tasks: 1) remote navigation of a 

vehicle over a distance (Fong & Thorpe, 2001), 2) perception of the environment that the robot is 

located in via sensors and cameras (Sheridan, 1992; 1995), and 3) the manipulation of objects in 

that environment (Chadwick, 2005; Lichiardopol, 2007). While all tele-operated robotic vehicles 

are capable of the first two tasks, not all tele-operated robots are equipped to manipulate objects 

in the field.  

The tele-operation of a robot inherently involves a human user, or operator, and humans 

make mistakes. The importance of minimizing robot faults cannot be understated. From its 

inception, the purpose of tele-operation was to remove humans from dangerous situations. 

Acceptance of faults that put humans at risk is counter to that purpose, and undermines the value 

of such a technology.  

 

An Abbreviated History of Tele-operation 
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 It may be surprising to learn that tele-operation was one of the first domains of robotics 

(Farkhatdinov & Ryu, 2007). Tele-operation dates back to 1898 when Nikola Tesla first developed 

a system to control a moving boat via radio control (Tesla, 1898). Tesla called the new technology 

‘The Art of Teleautomatics’, and thought it would change the world.  However, he was perhaps 

too far ahead of his time. Despite pitching the device as able to remotely deliver a warhead, he 

was unable to find funding for the project as teleautomatics created little interest with the 

American government (Krishnan, 2009).  

 Tele-operation has made several appearances throughout history. It is a recurrent theme 

in war, from World War II and the German 'wunderwaffen' (wonder weapons) (Krishnan, 2009) 

to the current war in Afghanistan (Chadwick, 2005; Lichiardopol, 2007; Krishnan, 2009; Singer, 

2009). Tele-operation has proven to be a useful tool for jobs that are too dangerous or too far 

away for people to do (Habib, 2000). Some examples include, but are not limited to, tele-

operation in chemical plants (Fong & Thorpe, 2001; Sheridan, 1995), deep sea or space 

exploration (Lichiardopol, 2007), medicine (Passmore, Nielsen, Cosh, & Darzi, 2001), and security 

(Lichiardopol, 2007; Seeman, Broxvall, Safiotti, & Wide, 2006) 

Recently, the importance of tele-operated robots has been thrust into the spotlight of 

disaster management. The events of September 11, 2001 led to the first recognized use of tele-

operated robots for Urban Search and Rescue (Murphy, 2004; Casper & Murphy, 2003). In the 

wake of September 11, 2001 the tasks for undertaken by tele-operated robot teams included 

searching for victims, finding paths through the rubble, inspecting the structure of the collapsed 

towers, and detection of hazardous materials (Murphy, 2004; Casper & Murphy, 2003). Since 

then, there has been an increase in the involvement of robots for USAR tasks such as the terrorist 

attacks in London and Spain, hurricanes in the United States, earthquakes in Japan, Australia, and 

Turkey, and mine collapses in Chile and the US (Voyles & Choset, 2007).  
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Pro’s and Con’s of tele-operation for USAR 

 

Tele-operation allows human operators to extend their natural capabilities (Habib, 2000; 

Sheridan, 1995; Van Erp, 2000). This extension of human abilities is not without limitations.  As 

such, it is critical that both the benefits and the drawbacks to tele-operation be understood. 

 

Pros 

Tele-operation involves human users being removed from a dangerous environment, and 

robots that are controlled via remote being sent in their place (Van Erp, 1999). There are many 

positive aspects to utilizing tele-operation. For example, robots are disposable, robots can more 

easily access areas that are too small for humans, tele-operation allows humans to stay in the 

loop, robots take less preparation to deploy than people, and robots can serve a multitude of 

tasks.  

First, perhaps the most valuable contribution of robots lies in their disposable nature. 

That is not to say that robots are cheap and can be thrown away after only a couple uses. Quite 

the contrary, even the robots considered to be inexpensive can cost upwards of $5,000 (Singer, 

2009). Rather, it emphasizes the point that robots are expendable (Casper & Murphy, 2004; Van 

Erp, 2000). Likewise, a robot is not a human. “When a robot dies, you don’t have to write a letter 

to its mother.” (Singer, 2009, pg. 21). No matter the terrain, the environments best suited for tele-

operation are dangerous (Habib, 2002; Murphy, 2000), and any tool or practice that can reduce 

that danger to humans should be exploited.    

Second, robots tend to be smaller than their rescue counterparts, and as such can enter 

smaller, more unstable areas with greater ease (Seeman, Broxvall, Saffiottie, & Wise, 2006). In 
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unstable areas, it is important not to distrube the balance of the environment. Robots are smaller 

and lighter than humans and they don’t have to pick up their ‘feet’ when they walk. As such, 

careful maneuvers around obstacles or driving on loose gravel is something robots are well suited 

for (Seeman, Broxvall, Soaffiotti, & Wise, 2006).  

Third, tele-operation allows rescue workers to remain in the loop (Van Erp, 1999; 2000; 

Chadwick, 2005; Seeman et al., 2006; Jansen & Van Erp, 2010). By remaining in the loop, humans 

can contribute to vital tasks such as mission planning, interpreting images from a remote location, 

and decision-making (Van Erp, 2000). Specifically, tele-operation allows humans to have 

perceptual and decision making control of the systems’ activities (Van Erp, 1999; 2000; Chadwick, 

2005; Seeman, Broxval, Saffiotti, & Wise, 2006). This is important because humans excel in their 

ability to generate new solutions by seeing opportunities and linking seemingly unrelated 

information (Jansen & Van Erp, 2010; Van Erp, 2000).  

Fourth, tele-operation allows for a more efficient deployment of resources (Casper & 

Murphy, 2003). For example, OSHA requires that USAR workers equip themselves with hand 

protection, foot protection, respiratory protection, hearing protection, eye protection, and fall 

protection equipment (OSHA fact sheet, DSTM 9/2005). Equipping a task force with that much 

gear is time consuming, tele-operated robots allow for that element of human involvement in the 

task while taking less time to be deployed (Casper & Murphy, 2003). This allows operators to begin 

the time-critical search for survivors while persons in charge of extraction begin their safety 

checklist.  

Finally, robots can be used in a variety of situations that would normally require several 

different kinds of personnel. For example, robots can collect visual and seismic data as well as 

assist in the assessment of structural damage (Murphy, 2000).  Alternatively, robots can be used 
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to bring food, medication, water, or even small radios to survivors (Murphy, 2000), thus relieving 

paramedics, and making possible prolonged communications with survivors.   

 

Cons 

In the literature concerning tele-operated vehicles and USAR, the drawbacks are mainly 

identified as the distortion of images and the delay of feedback (Darken, Kempster, & Peterson, 

2001; Cui, Tosunoglu, Roberts, Moore, & Repperger, 2003; Lichiardopol, 2007; Chen, Durlach, 

Sloan, & Bowens, 2005; Chellali, 2009). Tele-operation differs from being physically present in the 

environment in a number of ways, and this can be limiting for operators (Hoppenot, Rybarczyk, 

Mestre, & Colle, 2005; Phillips, Thompson, & Voshell, 2004; Vertut & Coiffet, 1985). For example, 

when tele-operating, the world is not seen through one's eyes, but rather through a camera 

mounted to a robot, and in order to receive that image there is a need for a data-link to be 

established, and any degradation to such information can cause delay to the feedback and hinder 

performance.  

 

Distortion 

An unavoidable implication of tele-operation is that the visual information that is 

provided is different as compared to directly viewing an environment. Specifically, viewing a 3D 

world through a 2D robot-mounted camera causes distortion of that world (Chadwick & 

Pazuchanics, 2007; Chadwick, 2008). Cameras provide reduced spatial resolution, reduced field 

size, and impoverished color. Such distortion can contribute to poor spatial awareness (Darken, 

Kempster, & Peterson, 2001) and make it difficult to appropriately judge the environment around 

you or detect and identify objects within that environment (Van Erp, 2000) 



Texas Tech University, Elizabeth Schmidlin December 2014 

 

118 
 

Additionally, distortion in the tele-operated environment can also lead to the ‘soda-straw 

effect’ (Van Erp, 2000; Voshell, Woods, & Phillips, 2005) in which the observer has the sense of 

trying to understand the world through a soda straw because of limited angular view. When 

looking through this ‘soda-straw’, operators have a difficult time understanding the visual layout 

of the environment. Further, this limited angular view can contribute to missed events, increase 

the difficulty of navigating in novel environments, or create gaps and incoherent models of 

previously explored areas (Voshell, Woods, & Phillips, 2005).  

When an operator is viewing the world through a robot-mounted camera rather than 

through their own eyes, there is a restricted field of view (FOV). A normal human FOV is reported 

to span 180º horizontally and 120º vertically (Lichiardopol, 2007; Vertut & Coiffet, 1985). This FOV 

is far superior to what can be achieved with robot mounted cameras. While there is no literature 

detailing the ideal FOV for tele-operation (Moore, Gomer Pagano, & Moore, 2009), there is 

research to suggest that when it comes to tele-operation and FOV, bigger is better. Specifically, 

small FOVs can cut out valuable visual information about surrounding areas and possibly induce 

misperceptions of size, distance, and direction (Darken, Kempster, & Peterson, 2001; Chadwick, 

Pazuchanics, & Gillan, 2006). Specifically, Van Erp and Padmus (1998) demonstrated that a 

minimum field size of 50 degrees diagonally is required for efficient tele-operation, with 100 

degrees being preferable. Additionally, Chadwick, Pazuchanics, & Gillan (2006) found that 

reducing FOV from 60 to 48 significantly increased completion time and led to increased 

collisions.  If one were to translate that to the USAR domain that would mean slower times when 

searching for survivors and more opportunities to cause collapse or get the robot stuck.  

 

Delay of Feedback  
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Delay of feedback to or from the operator can come from three places: signal strength, 

bandwidth, and latency. All three of these factors can vary by time or site (Brownbridge, 2008). 

These three components function both separately and together to impact the quality and 

timeliness of data received.  

For example, signal strength is impacted by distance from the transmitter, and signal 

strength impacts latency. Latency is a reference to the delay between the sending and the 

receiving of a data packet. This delay can occur in two directions: from the robot and to the robot 

(Luck, McDermott, Allenden, & Russell, 2006). Additionally, bandwidth, which describes the 

amount of data that can be sent via a communication channel within a given time (Brownbrige, 

2008) can impact the amount of delay. Higher bandwidth means the operator can send more 

information quickly. Bandwidth is, however, finite and even a large bandwidth under heavy load 

can experience problems with lag.  

The visual images that are needed for an operator to effectively drive and steer the robot 

requires a data-link with a large capacity (Van Erp, 2000). At times, such a requirement is not only 

difficult, but impossible to maintain. If data must be restricted, the resulting time difference, or 

lag, can, and often does, affect an operator's ability to track objects in the environment and steer 

the robot effectively. This is sometimes referred to as the perceptual time delay problem.  

 The perceptual time delay problem was identified as early as 1962 (Sheridan, 1993). To 

avoid the instability created by the lag, operators often adopted a move-and-wait strategy 

(Ferrell, 1965). The result of such a strategy meant operators could only commit to a small position 

change. Where necessary, predictor displays have been shown to be very effective against such 

delays (Noyes, 1984; Noyes & Sheridan, 1984; Bejczy & Kim, 1990).  However, such a stop and go 

strategy is not ideal in an unstable USAR environment where time is of the essence.  
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The Future of USAR 

Robots can support rescue personnel in conducting their physical searches and rescues in 

buildings, but only if they are better utilized, or utilized at all. However, their performance at 

disaster sites has been underwhelming. For example, robots used at the World Trade Center 

disaster site became stuck approximately 2.1 times per minute during each deployment (Casper 

& Murphy, 2003). This is a problem for many reasons. First, getting the robot stuck can destabilize 

the already volatile search area. Second, getting USAR robots stuck disrupts operations and causes 

distractions from the primary goal of rescuing survivors. Third, getting a robot stuck means that 

it must be retrieved if possible, potentially placing rescuers in harm’s way to manipulate a tether 

or safety line that is connected to the robot.  

It is perhaps for these reasons that USAR has experienced the most vigorous development 

in recent years in the robotics community (Carpin, Lewis, Wang, Balakirsky, & Scrapper, 2006). 

Efforts to improve tele-operation need not be limited to enhancements in the technology alone. 

Tele-operation also involves a human element that must, for the foreseeable future, guide a 

robot’s motion through the environment, and decide where the robot can and cannot go through. 

Accordingly, it is necessary to explore how operators perceive in the tele-operated environment 

in order to provide suggestions for improving the human element of the human-robot team. This 

is especially relevant given that Casper (2002) noted from her observations that perhaps tele-

operators had difficulty determining whether a robot would fit into an aperture. 
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CHAPTER III 
Affordance Judgments and Direct Perception  

 

Direct Perception  

How does one perceive the world around them and make judgments about their abilities 

within that world? In the perception literature, there are two theoretical approaches that a 

researcher can take; Indirect Perception or Direct Perception. Many researchers have attempted 

to simplify the differences between the competing theories of perception, but perhaps most 

useful is Rock's (1997) clarification: In adhering to the principals of Indirect Perception one 

perception is somehow dependent on another (or a memory), so in effect there is a causality chain 

which leads to a perception. Alternatively, Direct Perception is not mediated.   

Jones (2003) notes that if one adheres to the principles of Indirect Perception, objects 

and events have no inherent meaning. Therefore, meaning must be created for them. Specifically, 

something must be added to an incoming stimulus. Sensory inputs must be represented as 

images, schemata, or models, before a perceptual response can be obtained (Gordon, 2004). If 

something must be added to the perception, this suggests that an element of cognition is involved 

in perception (Gordon, 2004).  

Conversely, according to Direct Perception, objects and events have inherent meaning 

that can be detected and exploited by an animal without the need for mental calculations (Jones, 

2003). According to Indirect Perception, we are taught that vision is dependent on the eye 

connected to the brain. Whereas according to Direct Perception, vision is part of a more global 

system, i.e., the eyes set in the head, on a body that can move around the environment (Gibson, 

1986). That is to say, according to the theory of Direct Perception, vision is supported by moving 

around the world, exploring your environment, and picking up the information about affordances.  
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The concept of affordance was introduced by James Gibson, and is defined as “a specific 

combination of the properties of its substance and its surface taken with reference to an animal” 

(Gibson, 1977, p. 67). It is a fundamental tenet of Gibson’s Ecological Approach to Perception that 

affordances are perceived directly and that this occurs because they are specified (Stoffregen, 

Gorday, Sheng, & Flynn, 1999).  

 Therefore, an affordance is a reference to the fit between an animal’s capabilities, 

limitations, what the environment supports, as well as opportunities that makes possible an 

action (Gibson, 2000b; Stoffregen, 2003). It is an inherent meaning about properties of the 

environment as they are related to an animal's ability to use them (Gibson, 2000b). Specifically, 

the environment provides opportunities and resources for action as well as the information that 

is needed to guide an action (Gibson & Pick, 2000). Further, once an animal has taken an action 

in an environment, the consequences of that action provide more information to that animal 

(Gibson, 2000b). The relationship, between the animal in the environment and objects in that 

environment, and its associated meaning exists outside of the animal's ability, or even their 

desire, to pick up that information (Gibson, 2000).  

 

Pickup of Information 

If an affordance is to be perceived, there must be information about it. Specifically, 

information about the animal-environment system is needed to support individuals’ perception 

of their action capabilities (Stoffregen, 2003).  Perceivers actively pick up information for any given 

task through exploration of their environment, and they must do so anew every time (Mark et al., 

1990). This relationship is referred to as the perception-action link (Gibson, 1986).  It is postulated 

that movement is important to the perception-action link (Oudejans, Michaels, Bakker, & Vrije, 

1996).  
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Actions, or movements, create a flow pattern. These flow patterns are used in a variety 

of ways by observers, particularly for steering and determining the location of one's own body in 

relation to the location of other objects in the environment (Gibson, 1992). This is possible 

because the point of observation and the environment are cospecified. Specifically, the optic array 

is structured not only by the shapes of things, but by the position of things relative to the point of 

observation (Stoffregen, 2003). It is the patterns in the optic array that are crucial to the 

specification of affordances for actors (Stoffregen et al., 1999).  It is important to note, however, 

that just because we can see where we are, and how we are moving, does not imply that we must 

also be able to see what we can do in that environment (Stoffregen, 2003). To perceive directly, 

there must be sufficient information in the environment to specify the affordance and there must 

be a perceiver who is able to pick up that information (Gibson & Pick, 2000). However, identifying 

the information that specifies an affordance remains a challenge (Stoffregen, 2003).  

 

Judgments of Abilities 

 

 To successfully interact with the world around us, people must be able to accurately judge 

their own abilities in relation to a given environment. Daily activities such as climbing stairs, 

reaching for an item on the top shelf, or even walking through a doorway can be disastrous if an 

actor is unable to make such judgments. Likewise, we must be able to make judgments about the 

abilities of those around us. 

 In the case of tele-operation, are operators making judgments for themselves or for 

others? It depends. There are many diverse scenarios that an operator may encounter while tele-

operating. When tele-operating through apertures, Jones, Johnson & Schmidlin (2011) identified 

two possible judgments. Specifically, when tele-operating through apertures, operators can make 
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judgments of either pass-ability or drive-ability. A judgment of pass-ability is one where the 

operator must determine whether the robot can fit through a given aperture unfettered. 

Conversely, a judgment of drive-ability requires an operator to determine whether they are able 

to drive that same robot through a given aperture unfettered (Jones, Johnson, & Schmidlin, 2011).  

 Under these conditions, operators are performing two very different tasks. In the pass-

ability condition, they are making a judgment about the robot's physical size in relation to the 

width of the aperture. This could be considered akin to a judgment for others. In the drive-ability 

condition, they are making a judgment about their ability to control a robot of a given size through 

an aperture. This could be considered a judgment for self.   

There is one very important difference to note between tele-operation pass-ability 

judgments and previous literature on determining an affordance for another person. In previous 

research, when a participant had to make an affordance judgment for another actor, they were 

able to see that actor as they moved around the environment. In contrast, when operators are 

tele-operating and making a judgment of pass-ability, they cannot see the robot (actor) in the 

environment, rather they are presented an image as if they were the actor in the environment. In 

this sense, a judgment made about remote tele-operation is unlike the judgments traditionally 

studied in the affordance literature. It is a judgment for another from the perspective of that 

other.  

Estimation of Affordances for Self 

 It is important for all actors in an environment to be able to determine their 

abilities.  Take, for example, the activity of stair climbing.  Climbers need to be aware of their own 

physical limitations with relation to the environment. For example, as one approaches a set of 

stairs, they may need to adjust their gate in order to climb successfully. If they attempt to climb a 

set of stairs, and are not physically capable of doing so, the end result could be injury.  



Texas Tech University, Elizabeth Schmidlin December 2014 

 

125 
 

To study this, researchers’ have participants make verbal judgments about their own 

ability to perform a task such as walking through an aperture (Warren & Whang, 1987), sitting 

(Mark & Vogele, 1987), reaching (Carello, Grosofsky, Reichel, Solomon, & Turvey, 1989), stair 

climbing (Konczak, Meeuwsen, & Cress, 1992; Warren, 1984), or gap crossing (Cornus, Montagne, 

& Laurent, 1999; Jiang & Mark, 1994; Mark, Jiang, King, & Paasche, 1999). In these studies, the 

action is defined and then the perceiver makes a series of yes or no judgments about their ability 

to complete the task in question. The perceiver is usually presented with a range of stimuli inside 

and outside their ability, allowing researchers to assess the actor’s ability to determine their own 

critical boundary, which is defined as the point at which an actor can no longer perform the 

desired action and must transition to a new action (Warren, 1984; Warren & Whang 1987; Choi 

& Mark, 2004; Mark, 2007).  

Research has generally shown that actors are capable of detecting their critical 

boundaries (Cornus, Montagne, & Laurent, 1999; Heft, 1993; Konczak, Meeuwsen, & Cress, 1992; 

Warren, 1984; Mark, 1987; Warren & Whang, 1987). For example, when perceivers have been 

asked to estimate their ability to complete a task such as walking through an aperture, or climbing 

a stair, they make accurate judgments of their own abilities. Even when the action capabilities of 

that actor have been altered, such as having participants wield occluded hand-held objects 

(Wagman & Taylor, 2005), they make accurate judgments. However, a few studies have indicated 

that actors overestimated their own abilities slightly (Carello et al., 1989; Bootsma, Bakker, 

Snippenberg, & Tdlohreg, 1992; Heft, 1993; Rochat, 1995).  

Why would some literature indicate that perceivers are very good at making estimations 

of affordances for themselves, while other literature would indicate otherwise? Perhaps it has to 

do with the methodology of some of the studies tapping into cognitive judgments rather than 

affordance judgments. For example, Carello et al. (1989) argued that overestimations in her 
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studies could be attributed to the fact that individuals were making verbal assessments without 

actually completing the task, whereas in natural situations the act itself can fine tune judgments. 

Likewise, Heft (1993) who demonstrated both overestimation and accuracy, noted that 

overestimations decreased dramatically when the task was embedded in a superordinate task or 

a time limit was applied. Heft (1993) suggested that perhaps the reason for the overestimations 

is because in conditions with unlimited time participants were making more cognitive judgments 

than affordance judgments. This suspicion is reasonable given that the cognitive literature has 

shown that people often over estimate their own abilities (Dunning, Johnson, Ehrlinger & Kruger, 

2003; Hodges, Regehr, & Martin, 2001; Kennedy, Lawton, & Plumlee, 2002; Sulheim, Ekeland, & 

Bahr, 2006). 

 

Estimation of Affordances for Others 

 We live in a world where we must interact with other people in the environment daily. 

Further, many common tasks involve people acting together to achieve a goal (Davis, Riley, 

Shockley, & Cummins-Sebree, 2010). Therefore, it is reasonable to expect that an actor must be 

able to determine the capabilities of another person (Gibson, 1986; Zaff, 1995; Mark, 2007). 

Common examples are parents who are able to recognize the abilities of their children, or athletes 

able to recognize the limitations of their teammates.  Under these, and similar circumstances, we 

adapt our behavior to best match our partners.  

To date, many researchers have examined a person’s ability to determine the capabilities 

of another person (Rochat, 1995; Stoffregen, Gorday, Sheng, & Flynn, 1999; Ramenzoni, Riley, 

Davis, & Snyder, 2005; Mark, 2007; Ramenzoni, Riley, Davis, Shockley, & Armstrong, 2008; 

Ramenzoni, Riley, Shockley, & Davis, 2008b; Ramenzoni, Davis, Riley, & Shockley, 2010). In these 

tasks, participants are allowed to view the actor. Results of these studies indicated that perceivers 
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were able to make a judgment about another actor’s ability to perform a task such as reaching, 

stair climbing, or sitting with accuracy.  

To do so, they must rely on properties of the environment relative to the actor, rather 

than relative to themselves to make their decision (Stoffregen, et al., 1999). This is not 

problematic because information is public and available to anybody capable of picking it up 

(Gibson, 1986). This allows observers to be sensitive to the capabilities, and the changes of those 

capabilities, for another actor in the environment (Ramenzoni, et al., 2008).  

The terrain where we locomote is rarely an open environment, there are usually various 

elements of clutter (Gibson, 1986). These elements of clutter limit and direct our movements. 

Specifically, in a fully open environment, an animal can locomote in any direction, whereas in a 

cluttered environment locomotion is limited to openings. The ability to locomote through these 

openings without colliding with its edges is a characteristic of all visually controlled locomotion. 

This should not differ when making tele-operated judgments. Gibson often wrote about 

animal/environment coupling (Gibson, 1986). Specifically, “No animal could exist without an 

environment surrounding it. Equally, although not so obvious, an environment implies an animal 

(or at least an organism) to be surrounded” (Gibson, 1986, pg.8). 

Imagine that while traveling, the path of locomotion involves moving simultaneously 

towards the destination and away from the obstacle. Further, every obstacle has what Gibson & 

Crooks (1938, pg. 127) term a “halo of avoidance”, representing the clearance around that 

particular object. It was their belief that this safety margin exists for all locomotion (Gibson & 

Crooks, 1938). Such a safety margin has been demonstrated empirically. For example, past studies 

have shown that when walking through apertures people use a ratio of aperture to shoulder width 

greater than or equal to 1.0 which could be considered their safety margin for natural body sway 

(Warren & Whang, 1987; Gordon & Rosenblum, 2004). 
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Under these circumstances, an aperture takes on a dual role. It is simultaneously an 

obstacle that must be avoided and an opening that invites passing through. Part of the 

information about the size of the aperture is revealed in the opening (Gibson, 2000). Specifically, 

when approaching an aperture, the background is progressively uncovered (Gibson, 2000) 

revealing information about size of the aperture. This information is available to anyone in the 

environment engaged in locomotion (Gibson, 2000).  

 

Direct Perception and Tele-Operation 

 

When making an affordance judgment in a tele-operated environment, operators will be 

determining the affordance for the robot they are controlling. Specifically, in a pass-ability 

judgment, there is a human-robot team, and the human operator must be able to determine the 

capabilities and limitations of their robot partner. The robot is not autonomous; it must be driven 

through the environment by the operator.  

Gibson and Crooks (1938) postulated that driving is psychologically analogous to walking 

or running except that driving is locomotion via a tool. Therefore, one may assume that driving is 

a type of locomotion through a field of space. Further, they postulated that whilst they are 

locomoting, perceivers must stay within a field-of-safe-travel to avoid accidents or collisions with 

other objects in the environment. This is the zone that extends in front of the traveling vehicle, 

and is the zone in which one can safely operate their vehicle while not engaging obstacles. In this 

zone, operators must maintain their safety margin, the zone between stopping and safe travel 

(Gibson & Crooks, 1938), between themselves and obstacles. This can be challenging.  

When driving a car, it is said that the vehicle becomes an extension of the user, like a tool 

(Gibson & Crooks, 1938). This creates a [person + object] system, where an object enhances the 
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capabilities of the user (Wagman & Taylor, 2005). This effect is moderated by the degree to which 

the tool is incorporated into the functionality of the operator and treated as an extension.  For 

example, Shaw, Flascher, and Kadar (1995) demonstrated that participants were able to 

successfully perceive the pass-ability for cars driving through apertures. In the case of tele-

operation, the robot extends an operator's ability to locomote through a remote and dangerous 

environment. Likewise, Wagman and Taylor (2005) found that participants were able to judge the 

pass-ability for objects extended in front of them, and objects extended to the side of them.  

The ability to make accurate pass-ability judgments extends into the virtual world as well 

(Gross, Stanney, & Cohn, 2005). For example Geuss, Stefanucci, Creem-Regher, & Thompson 

(2010) indicated that actors were able to make equally accurate pass-ability judgments for 

themselves in either "real" or "virtual" environments. Further researchers have found that 

participants are able to make accurate pass-ability judgments while tele-operating a robot (Jones 

& Johnson, 2008; Jones, Johnson, & Schmidlin, 2011; Moore, et al., 2007, 2009; Moore & Pagano, 

2006).  

Along with the accuracy of pass-ability judgments, Jones, Johnson, and Schmidlin (2011) 

were interested in learning to improve pass-ability judgments. Specifically, did participants' pass-

ability judgments improve with practice? However, when their data set was analyzed they were 

unable to detect any significant learning.  

Perceptual learning can be thought of as an improvement to complex perceptual-based 

skills, such as driving or reaching, as a result of training (Sowden, Davies, & Roling, 2000). There is 

vast support to suggest that children learn affordances as early as one year of age (Adolph, 1997; 

Adolph, Eppler, & Gibson, 1993; Gibson, 2000; Gibson, 2003). Accordingly, it was peculiar that 

participants did not show signs of learning in the novel task of making pass-ability judgmentspass-

ability judgments while tele-operating a robot in Jones, Johnson, and Schmidlin (2011).  
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The Ecological Approach to Perceptual Learning 

 

“The simplest affordances, as food, for example, or a predatory 

enemy, may well be detected without learning for some young 

animals, but in general learning is all important for this kind of 

perception...the human observer learns to detect what have been 

the values or meanings of things, perceiving their distinctive 

features, putting them into categories and subcategories, noticing 

similarities and differences, and even studying them for their own 

sakes, apart for learning what we do about them” - (Gibson, 1966, 

pg. 285) 

 

Behavioral researchers commonly define learning as a relatively enduring change in an 

actor’s underlying capability for responding (Winstein & Schmidt, 1990). It could be said that all 

things behavioral are learned (Gibson, 2000b).   Given that an affordance exists regardless of an 

organism’s ability to detect or act upon it (Gibson, 2000b), it stands to reason that a degree of 

learning would be required to pick up an affordance. Perceptual learning is defined as an 

intrinsically motivated and self-generated process of selection through exploratory activity, such 

as moving one’s head or moving around the world that provides potential information to an actor 

in an environment (Gibson, 1992). The notion of perceptual learning being intrinsically motivated 

stems from the inherent relationship between perception and action, and further highlights that 

perception cannot be thrust upon an actor but rather must be actively sought out.  

For example, Heild & Hein (1963) demonstrated the importance of self-generated 

locomotion for perceptual learning. Specifically, they created a kitten carousel in which one kitten 

sat passively while a second kitten actively moved through the environment, pulling behind it the 
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passive kitten. When presented with a visual cliff, the active kitten avoided it while the passive 

kitten failed to do so. The critical difference between these two kittens was active exploration.  

 Throughout our development, we learn to perceive affordances of events, objects and 

places (Gibson, 2000b). While the perception of some affordances may, or may not, be innate, 

learning is a key component to our perceptual development. Just because an affordance does 

exist, or can be perceived, does not imply that learning it is automatic. Some affordances are easily 

learned, while others may require exploration or practice, even for adults (Gibson, 2000b).  

What information do we learn to pick up? What we learn to pick up depends on the 

environment (Gibson, 2000b). This includes the distinctive features of things, the invariants of 

events, and the higher order structures of both (Gibson, 1992; Gibson, 2000b). Each distinct 

environment yields a unique set of affordances. Accordingly, perceptual learning consists of an 

organism responding to a variable, or variables, not previously responded to (Gibson & Gibson, 

1955). For example, a child who has never seen ice cannot sufficiently gauge whether its surface 

can be walked upon. However, with time and exposure to ice the task becomes less difficult to 

judge.  

As the body grows and changes, the capabilities for action change.  “The process of pickup 

(of information) is postulated to be very susceptible to development and learning. The 

opportunities for education attention, for exploring and adjusting, for extracting and abstracting, 

are unlimited” (Gibson, 1986, p. 250). For example, the glasses on the top shelf that were 

unreachable to me at seven years of age can now be taken down at will. As we change, we must 

adapt to our new abilities. We can do this because the perception-action cycle is continuous, and 

continuously evolving (Gibson, 2000b). This continuous cycle allows an organism's possibilities for 

action to evolve and adapt to changes in their ability and environments.  
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The perception-action cycle is clearly demonstrated in perceptual learning. Perception 

guides action in accordance with the environmental supports or impediments presented, and 

further action yields more information for guidance, thus creating the perception-action cycle 

(Gibson, 2000b). Even without introducing new potential sources of information, simply providing 

a perceiver with repeated opportunities to sample the optic array might allow them to extract 

new information that may have previously gone undetected (Mark, et al., 1990). This process of 

perceptual attunement is demonstrated by an organism responding to variables of stimulation 

that were not previously responded to (Gibson & Gibson, 1955).  One possibility is that operators 

learn to exploit more reliable sources of information (Fajen & Devaney, 2006; Fajen, 2008; 

Ramenzoni, Davis, Riley, & Shockley, 2010). 

As we learn, we are better able to pick up information in our environments and control 

our actions to achieve our goals. The control of action is fundamental to the successful 

performance of both routine and highly skilled tasks (Fajen, 2005). Further, the perception of 

affordances is vital for the guiding of action, which in turn makes perceptual learning vital to 

survival (Gibson, 1992).  

For example, people must often judge if they are able to pass through a gap without fear 

of collision. Traditionally, when studying pass-ability, experimenters observed humans making 

judgments about their own pass-ability through an aperture (Chang, Wade, & Stoffregen, 2009; 

Fath & Fajen, 2011; Warren & Whang, 1987; Wagman & Taylor, 2005; Wagman & Malek, 2007). 

Results of these studies indicated that under various conditions, people are able to make accurate 

judgments about their ability to pass-through an aperture.  Further, results of such studies 

indicate that if an actor's abilities are modified in some way they are able to re-adjust their 

judgments to match their new abilities. For example, research from Higuchi, Takada, Matsuura, & 



Texas Tech University, Elizabeth Schmidlin December 2014 

 

133 
 

Imanaka (2004) indicated that novice wheelchair users were sensitive to pass-able boundaries, 

but with time became even more precise in their pass-ability judgments.   

Independent locomotion is a complex activity that requires a diverse set of skills such as 

temporal regulations of gait, inter-limb coordination, maintenance of trunk position and guidance 

around obstacles and through openings in the environment (Schmuckler & Gibson, 1989). 

However, little research has examined the development of guidance or locomotion abilities 

(Schmuckler & Gibson, 1989). Given the prevalence of perceptual learning in human development 

and acquisition of new skills, it is therefore important that affordance perception, and more 

specifically, perceptual learning in tele-operation is explored.  To that end Jones, Johnson, and 

Schmidlin (2011) explored participants learning pass-ability judgments  and reported that no 

learning was present. This is surprising because perceptual learning for novel tasks is a well-

documented phenomenon.  
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CHAPTER IV 
 

Re-analysis of Jones, Johnson, and Schmidlin (2011) 
 

Previous Analysis of Jones, Johnson, and Schmidlin (2011) 

 

Jones, Johnson, and Schmidlin (2011) investigated an operator’s ability to successfully 

determine pass-ability for a tele-operated robot. To do so, a series of apertures were created, 5 

that were larger and 5 that were smaller than the robot. Each participant completed 7 blocks of 

trials. In each block, the participant had 14 trials, 5 with apertures that were narrower than the 

robot, 5 with apertures that were wider than the robot, and 4 randomly selected repetitions of 

the test apertures to act as fillers. Fillers were included to vary the proportion of apertures that 

were larger and smaller than the robot across blocks. This was done to discourage participants 

from basing their responses on the number of times they had said “yes” or “no” during a particular 

block.  

For the purpose of their study, it was necessary to compare participants’ pass-ability 

judgments directly with the robot’s width to determine what size apertures participants had 

deemed pass-able. To do so, the raw data was converted to a form that could be directly 

compared to the robot’s width. Specifically, data was converted to absolute thresholds, which 

were calculated using the average z-score method (Woodworth & Scholsberg, 1954).  

In order to create an absolute threshold, the data underwent an elaborate 

transformation. First, the apertures were split into two equal groups, apertures that were 

narrower than and apertures that were wider than the robot. Then, the percentage of times that 

the participant responded positively (note, not correctly, just positively) to the question "can the 

robot fit through the aperture?" was determined. For example, a participant who responded "yes" 
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one out of three times had a judgment score of 33.33 for that particular aperture. These judgment 

scores were converted into z-scores, which were then used to determine the absolute thresholds 

for a participant.  

Using these absolute thresholds, confidence intervals were created to determine the 

overall accuracy of participants’ pass-ability judgments. Judgments were considered to be 

accurate if the width of the robot was included in the confidence interval. The results from 

Experiment 1 and 2 indicated that pass-ability judgments were accurate. Specifically, in 

Experiment 1 and 2, the 95% confidence intervals included the robot’s width. This indicates that 

participants were sensitive to the size of the robot relative to the aperture.  

In addition to determining the overall accuracy of pass-ability thresholds, it was possible 

to utilize Jones, Johnson, and Schmidlin’s (2011) data set to investigate learning of pass-ability. 

However, to evaluate learning, one must be able to evaluate change over time. The data, 

however, were not set up to evaluate change over time. Accordingly, to evaluate learning, two 

thresholds had to be created, one representing early judgments and one representing later 

judgments. To do this, the data was split between Blocks 1-3 and Blocks 5-7. The resulting absolute 

thresholds were created by aggregating the data from Blocks 1-3 and Blocks 5-7 separately.  In 

Experiment 1 and Experiment 2, as well as a combination of the data from Experiment 1 and 2, a 

comparison of the absolute thresholds associated with Blocks 1-3 and Blocks 5-7 failed to reveal 

a significant difference.  

 

Conclusions from Jones, Johnson, and Schmidlin (2011) 

 The absolute threshold analysis of this data suggested that inexperienced operators were 

able to make accurate pass-ability judgments, and that those pass-ability judgments did not 
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improve with practice. This was surprising because perceptual learning for novel tasks is a well-

documented phenomenon.  

There are two possible explanations for why pass-ability judgments failed to improve with 

practice. First, perhaps there were not enough people in the original study to reveal the effects 

of learning using thresholds. Second, perhaps participants did learn how to make better pass-

ability judgments, but thresholds were unable to capture that.  

 

Re-Evaluating Learning in Pass-ability in Jones, Johnson, and Schmidlin (2011) 

  

Given that perceptual learning is a well-documented phenomenon, it stands to reason 

that some degree of learning would occur with pass-ability judgments. Two possibilities were 

offered for why learning may not have been discovered: 1) there were not enough people in the 

study to reach statistical significance, and 2) absolute thresholds failed to capture the learning 

that was present.  

To address the first possibility, Jones, Johnson, and Schmidlin’s (2011) data were 

subjected to a post hoc power analysis.  Specifically, the data from their two experiments were 

combined into a single data set.  The effect size for the difference between Blocks 1-3 and Blocks 

5-7 was determined to be d = .19.   Given the effect size of .19, a combined sample size of 35, and 

an alpha of .05, post-hoc power was .20.  Cohen (1977, 1988) suggested that a power of .80 is 

reasonable, but stressed the importance of balancing Type I and Type II error.  In order to reach 

a power of .80, a sample of 209 participants would be needed. Such a sample size would be 

extremely difficult to obtain with the available participant pool.  Accordingly, it was concluded 

that revealing learning by only increasing power was not viable.  
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To address the second possibility, it was necessary to explore whether the use of 

thresholds could have made it difficult to detect changes in participants’ pass-ability judgments. 

In Jones, Johnson, and Schmidlin (2011), participants answered “yes” or “no” to whether the 

robot could pass through a given aperture. Those answers were used to determine absolute 

thresholds for Blocks 1-3 and Blocks 5-7.  Each absolute threshold identified the boundary that 

separated apertures that participants deemed pass-able for the robot from those that were 

deemed not pass-able.  

Those absolute thresholds were calculated via the average z-score method (Woodworth 

& Schlosberg, 1954).  That method first required Jones, Johnson, and Schmidlin (2011) to calculate 

the proportion of “yes” responses for each aperture, which was converted into a z-score.  Next, 

those z-scores were separated into two sets: one set for apertures that were narrower than the 

robot and another set for apertures that were wider than the robot.  Then, the average z-score 

for each set was computed, and those averages were used to form a line.  Finally, the mid-point 

of that line was converted into an aperture width, which represented the absolute threshold. This 

process was repeated for all participants.  

This absolute threshold calculation can transform different patterns of responses into the 

same threshold.  For example, consider the response patterns depicted in the left and right panels 

of Figure 3.  The outermost points on the lines represent the average z-scores associated with the 

apertures that were smaller and larger than the robot.  The center points on the lines represent 

the thresholds.  In the left panel, the proportions that were used to derive the average z-scores 

associated with apertures that were narrower and wider than the robot were slightly less and 

slightly more than 50%, respectively.  In the right panel, the proportions that were used to derive 

the average z-scores associated with apertures that were narrower and wider than the robot were 
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substantially less and substantially more than 50%, respectively.  However, the response patterns 

in the left and right figures produce the same absolute threshold value. 

 

Figure 3: Two hypothetical graphs representing the difficulty with discovering learning in pass-

ability judgments using absolute thresholds. Note, both graphs have the same threshold, but 

two different lines are created. Using the absolute thresholds, that difference is undetectable.  

 

 If the left panel represented the response pattern for Blocks 1-3 and the right panel 

represented the response pattern for Blocks 5-7, then absolute thresholds would not change 

across blocks despite the fact that the response pattern changed across blocks.  As such, it is 

possible that participants’ response patterns changed across blocks in Jones, Johnson, and 

Schmidlin (2011), but those changes were not captured by the absolute threshold calculations.  In 

other words, it is possible that participants learned to make better pass-ability judgments, but 

that learning was hidden by the threshold calculations.  

Given that possibility, it was decided to identify an alternative measure that could 1) 

represent participants’ ability to make pass-ability judgments, and 2) capture subtle changes in 

response patterns across blocks.  A candidate measure was percent correct, that is, the percent 

of trials that participants correctly judge the aperture to be pass-able or not pass-able.  Percent 

correct could represent how accurately participants make pass-ability judgments, and it could also 
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detect the changes in response patterns depicted in the left and right panels of Figure 3.  

Specifically, the data from the left panel of Figure 3 would produce a lower percent correct than 

the data from the right panel. 

 As with thresholds, the percent correct data was also aggregated into Blocks 1-3 vs. Blocks 

5-7. With the raw data converted to accuracy scores, the first step was to conduct a paired 

samples t-test to compare the means of the Blocks 1-3 vs. Blocks 5-7. Due to the exploratory 

nature of the data analysis, Type I error was not controlled (Tukey, 1977). A paired samples t-test 

revealed a significant difference between Blocks 1-3 (M=.87, SD=.08) and Blocks 5-7 (M=.91, 

SD=.09); t(34)=-2.28, p=.03, d=.47. This suggests that learning occurred in pass-ability judgments 

between early trials (Blocks 1-3) and late trials (Blocks 5-7).  

Aside from collapsing the data between Blocks 1-3 vs. Blocks 5-7, percent correct allows 

for a comparison of data from block to block. For the purposes of exploration, each pair of 

adjacent blocks were compared. Specifically, the pairs created were as follows, Block 1 vs. Block 

2, Block 2 vs. Block 3, Block 3 vs. Block 4, Block 4 vs. Block 5, Block 5 vs. Block 6, and Block 6 vs. 

Block 7. This allowed for the comparison of the means for each block individually, as well as an 

exploration of the correlation between participants’ responses. The means of each block are 

plotted below (Figure 4).  
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Figure 4: Mean percentage correct as a function of block. Error bars represent ± 1 standard 

error of the mean.  
 

The results of that analysis failed to reach significance with any of the pairs (Table 1). 

However, it is interesting to note that the correlations between the data were all significant 

except for the correlations between Block 1 vs. Block 2, and Block 2 vs. Block 3 (Table 2). This 

suggests that perhaps there may be differences between the responses given in the early trials as 

opposed to the later trials.  Such a difference may also indicate that learning is occurring early in 

trials of pass-ability.  
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Table 14: Paired samples t-tests comparing percent correct for each pair of adjacent blocks 

 

 

 

 

 
 

 

  

 
 

Table 2: Correlations of percent correct for each pair of adjacent blocks. 

 

Does learning occur in a tele-operated environment for pass-ability judgments? These 

combined data suggest that learning may be occurring in tele-operated pass-ability judgments, 

and that such learning may take place early, between Block 1 and Block 2. Further, this data 

Paired Samples Test 

 Paired Differences t df Sig. (2-

tailed) Mean Std. 

Deviation 

Std. Error 

Mean 

95% Confidence Interval of 

the Difference 

Lower Upper 

Pair 

1 

Block1 - 

Block2 
-.0400000 .1459250 .0246658 -.0901270 .0101270 -1.622 34 .114 

Pair 

2 

Block2 - 

Block3 
.0057143 .1304807 .0220553 -.0391074 .0505360 .259 34 .796 

Pair 

3 

Block3 - 

Block4 
-.0200000 .0994100 .0168034 -.0541485 .0141485 -1.190 34 .242 

Pair 

4 

Block4 - 

Block5 
0E-7 .0766965 .0129641 -.0263462 .0263462 .000 34 1.00 

Pair 

5 

Block5 - 

Block6 
-.0028571 .1042782 .0176262 -.0386780 .0329637 -.162 34 .872 

Pair 

6 

Block6 - 

Block7 
-.0085714 .0919444 .0155414 -.0401555 .0230126 -.552 34 .584 

Paired Samples Correlations 

 N Correlation Sig. 

Pair 1 Block1 & Block2 35 .167 .337 

Pair 2 Block2 & Block3 35 .326 .056 

Pair 3 Block3 & Block4 35 .671 .000 

Pair 4 Block4 & Block5 35 .781 .000 

Pair 5 Block5 & Block6 35 .532 .001 

Pair 6 Block6 & Block7 35 .633 .000 
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suggests that the use of thresholds that were calculated via the average z-score method may have 

hidden learning.  

This analysis, however, was exploratory. There is reason to suspect that a replication of 

the present analysis with a single data set should yield similar results, but it should be empirically 

tested. Accordingly, additional research is needed to determine if learning of pass-ability 

judgments in a tele-operated environment is occurring in Blocks 1-3.  

 

 


