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Abstract 

A growing body of evidence shows that both stimulus control and reinforcer control depend 

primarily on a discriminative function. Reinforcer generalization may contribute to 

discriminative control by reinforcer and non-reinforcer stimuli. Such a generalization may 

cause the discriminated reinforcer differential to differ from the actual differential, resulting in 

imperfect control by the contingency. Reinforcers are multi-dimensional, and thus 

generalization may occur not only across the time at which a reinforcer is obtained but also 

across responses that may produce reinforcers. The quantitative modeling approach suggests 

that the generalization of reinforcers across responses may take a similar form to generalization 

across time, but the response dimension has received relatively little attention. To assess 

reinforcer generalization across responses in an environment where an organism discriminates 

the contingency only by responses and obtained reinforcers, we conducted two experiments 

with humans and pigeons separately. In Experiment 1, human participants touched locations 

along a horizontal bar. Touches to the left and right areas could produce reinforcers, but touches 

to the central area could not. Across components in a session, the reinforcer ratio between two 

areas varied. Participants responded in the area that never produced reinforcers. A 

generalization model that redistributed obtained reinforcers across location according to a 

normal distribution described the response distribution of participants who showed some 

degree of control by the location of reinforcers. The similarity between this model and models 

previously described generalization across time suggests that generalization across location and 

time may conform to the same rule. In Experiment 2, pigeon subjects could respond on any of 

three concurrently available keys. All three keys were lit the same color, but only the left and 
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right keys ever produced reinforcers. Across conditions, the left/right reinforcer ratio varied. 

Experiment 2 showed higher overall sensitivity and fewer unreinforced responses than 

Experiment 1, suggesting generalization was reduced under such highly discriminable 

contingencies. Taken together, Experiment 1 and 2 suggest that a generalization-based 

approach may provide a viable explanation for the occurrence of responses that are never 

reinforced. Thus, increasing contingency discriminability – and hence reducing generalization 

– may be an important consideration for reinforcer-based studies. 
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Introduction 

The discriminative function of reinforcer control 

 Skinner’s (1953) ABC contingency used three terms to describe operant conditioning in 

behavioral studies: the Antecedent (a discriminative stimulus), the Behavior, and the 

following Consequence of the behavior. Behavior is controlled by stimulus differences of 

Antecedent and differential reinforcement of Consequences (Davison & McCarthy, 1987). 

The control exerted by stimulus differences is termed stimulus control; the control exerted by 

differential reinforcement is termed reinforcer control. Traditionally, reinforcer control was 

assumed to affect an organism’s behavior by its strengthening effect. The strengthening 

power derives from the natural essence of reinforcement satisfying an organism’s needs (e.g., 

food eases hunger; Baum, 2012). According to the law of effect (Thorndike, 1911; Skinner, 

1938), this power of strengthening increases the likelihood of specific behavior occurring 

again in the future. Such traditional claims viewed stimulus control as a primary source in 

controlling how an organism responds. In this view, the Consequence, as a part of ABC 

contingency, only increases or decreases the possibility of future behavior by its appetitive or 

aversive nature.  

Nevertheless, evidence from decades of research shows that reinforcer control might also 

have a discriminative function. Schneider (1969) designed a single fixed interval (FI, an 

organism can obtain a reinforcer for a response emitted after a fixed time following the 

previous reinforcer) schedule ranged from 16-sec to 512-sec to observe pigeons’ responding 

pattern. All six pigeons developed a relatively constant response rate before the delivery of 

the reinforcement, but the rate suddenly dropped to near zero after the reinforcer delivery. 
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The drop in the response rate lasted for about two-thirds of the interval (e.g., around 40-sec in 

FI 64-sec schedule) before a sudden acceleration of responding started. Since the external 

stimulus in this experiment was an unaltered yellow keylight, pigeons’ behavior was 

controlled by information provided by reinforcement: the different durations between 

deliveries (i.e., different reinforcer rates). The response rate plummeted after food, showing 

the opposite pattern to the traditional view of reinforcer’s “strengthening effect”, which 

assumed pigeons’ response rate would increase after food. Another study with a radial arm 

maze (RAM, Olton & Samuelson, 1969), which had eight radial arms, presents a similar 

pattern. In the experiment, four arms were baited with food, and four other arms were not. 

Once rats visited an arm with food, they would never reenter the same alternative. The 

reinforcement failed to increase the possibility of entering the reinforced arms occurring 

again. Instead, it guided subjects’ behavior to the experimental contingency since food in an 

arm was never followed by more food in that session. In other words, the presence of food 

predicted no more food. Here, reinforcers have strong discriminative control.  

 Data from choice studies also show evidence for a reinforcer’s discriminative function 

since it has a systematic relation to the likelihood of future reinforcers. In the two-alternative 

concurrent choice experiment of Trevett et al. (1972), pigeons made more responses to the 

leaner variable interval (VI, an organism can obtain a reinforcer after a variable amount of 

time, which is defined by a certain averaged time, following an effective response) 180-sec 

schedule than the richer FI 90-sec schedule (Condition 4 and 10). The strengthening view of 

reinforcer would expect more responses on the richer schedule than the leaner schedule, but 

the result provides opposite evidence. In the VI-VI concurrent study of Krägeloh et al. 
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(2005), pigeons exhibited a similar pattern: When the schedule was set as less likely to 

reproduce reinforcer if responding to the same alternative, pigeons learned to shift their 

choice to another alternative once reinforcer was obtained. There was clear evidence in these 

two choice studies showing pigeons used the guidance of “when” and “where” from the 

reinforcer. Without any external cues such as keylight change, pigeons used the previous 

Consequences to choose the behavior more likely to produce the next reinforcer. 

Although it is long since Skinner deemed reinforcers a combination of strengtheners and 

discriminative stimuli (1938, p.242), the definition of strengtheners might violate the 

parsimonious principle (Cowie, 2019) since only discriminative stimuli would function the 

same. Mentioned evidence suggests that reinforcer could provide more information than just 

the satiation function of food per se. Our new perspective advocates the ABC contingency as 

an organic whole. Not only the external stimuli have an informative function. Instead, how 

previous responses relate to reinforcers in different stimulus contexts (i.e., the structure of the 

environment) should be the source that controls behavior. In other words, both stimulus 

control and reinforcer control are discriminative.  

 Cowie et al. (2011) investigated how discriminative control develops when reinforcer 

location changes systematically across time. Two alternatives were illuminated yellow 

throughout each session (except for 3 Conditions in Phase 2). A shorter VI operated on one 

alternative as the sooner schedule, while a longer VI operated on the other alternative as the 

later schedule. Only one of these schedules was ever operative at any one time, and the 

operative schedule changed unpredictably between reinforcers. Thus, each reinforcer signaled 

the start of a period where a reinforcer might be available sooner on one alternative, or later 
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on the other. In one condition, the reinforcer delivered on the alternative where the last 

reinforcer was delivered would be in a longer VI (same later) schedule, and a reinforcer was 

delivered on the other alternative would be set as a shorter VI (other later) schedule. In this 

condition, pigeons’ choices were mainly affected by the elapsed time since the last delivery 

and the response that produced it. Pigeons began by choosing the sooner schedule, which was 

the not-just-reinforced response, and gradually shifted to respond on the later schedule, which 

was the just-reinforced response, as time since the last reinforcer went by. This pattern shows 

control by two factors: 1) the location of the last reinforcer to discriminate the location of the 

sooner and later schedules, and 2) time since the most recent reinforcer to discriminate which 

response was more likely to produce a reinforcer at any given moment. Without the help of 

external cues, the discriminative function in the process of reinforcer control (different 

reinforcer rates) guided pigeons’ choices, but only if they could remember it.  

     

The reinforcer generalization in choice based on time and location 

Behavioral generalization has previously been deemed a type of “mismatch” between 

stimuli and responses: It refers to an organism’s target behavior, which is associated with a 

discriminative stimulus, occurs upon introducing a novel but resembling stimulus (Ghirlanda 

& Enquist, 2006). Generalization has been one focus in the study of stimulus control. To 

study generalization, researchers would firstly train the subjects with responses in the 

presence of a target stimulus producing the reinforcer, then present a range of stimuli 

(included the target one) which vary in one particular dimension (e.g., different wavelengths, 

Guttman & Kalish, 1956; tones with different frequencies, Jenkins & Harrison, 1960; lines 
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with different orientations, Hearst & Koresko, 1968) under extinction (EXT) to observe the 

subject’s response. In these studies, most responses were found at the target stimulus, and 

fewer responses were found as the stimulus differs more from the target stimulus. 

Generalization could be a crucial phenomenon that helps us understand the process of an 

organism using “experience to predict and respond to the future” (Cowie, Davison, 2020b, p. 

3) in a situation where the present is somehow different from the past. 

Bringing the idea that the whole environment structure controls behaviors, we believe the 

generalization could also occur in the relation between response and reinforcer. Davison and 

Nevin (1999) discussed generalizations under different stimuli and different reinforcement 

schedules, based on the notion that an organism’s behavior is controlled by stimulus-behavior 

and behavior-reinforcer relations. Generalization may contribute to both stimulus control and 

reinforcer control, but in separate ways: Generalization of reinforcers across stimuli 

contributes to stimulus control by those stimuli, and generalization across responses that 

could produce a reinforcer contributes to reinforcer control. Here, generalization is more than 

the “mismatch” between stimuli and responses; it reflects errors in learning the contingency. 

Such errors can occur in detecting the stimulus in which the reinforcer occurred, the 

responses that produced the reinforcer, indicating learning the relation between responses and 

reinforcers will be imperfect. Generalization results in a discrepancy between the actual 

contingency (i.e., experimental setting) and discriminated contingency (i.e., what an organism 

learned about the contingency). It is the discriminated contingency that controls behavior 

(Davison & Nevin, 1999). In the contingency-discriminability approach (Davison & Jenkins, 

1985; Davison & Nevin, 1999), generalization, in essence, obstructs the probability of correct 
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allocation of a reinforcer to the response to it. 

The choice procedure of Davison and Jones (1998) illustrates the effect of generalization 

that occurs in learning and causes imperfect control by contingency. Two keys were 

respectively named as the main key and switching key. Response to the switching key could 

alter the main key’s schedule from EXT to VI or VI to EXT. The EXT and VI schedules were 

respectively signaled by a bright light and dim light on the main key. Although the actual 

contingency required pigeons to respond exclusively to the VI schedule, pigeons would 

respond to the switching key and then to the EXT schedule on the main key even after 

extensive training in experiment sessions. Moreover, different reinforcer rates across 

conditions did not result in different behavioral patterns. If there was a generalization across 

the response that produced a reinforcer (bright versus dim keylight), then the EXT schedule 

would not be discriminated, and it would appear as if there was a richer VI and a leaner VI. 

Thus, stimulus generalization might play a major role in the discrepancy between 

discriminated contingency and actual contingency.  

Generalization contributes to the imperfect discrimination of the actual contingency. Thus, 

any manipulation to the discriminability of the contingency may lead to the change of 

generalization. Another similar study (Catania & Cutts, 1963) introduced a changeover delay 

(COD; Herrnstein, 1961) to the EXT-VI concurrent schedule. The COD makes the reinforcer 

delivery possible only after a short period after the changeover to either alternative. Such  

manipulation increases discriminability by limiting the confusion between the outcome and 

several successive responses. Subjects’ responses to the EXT alternative substantially decrease 

due to the COD. In the study of Miller et al. (1980; see also Alsop & Davison, 1991), the 



13 
 

disparity between the stimuli that defined the two responses was manipulated. The two stimuli 

were two white lines with different angles on two keys. The reinforcer rate was different on 

responding to each key. Sensitivity, from generalized matching law (GML; Allen, 1981; Baum, 

1974), was used to show the extent of the reinforcer ratio impacting the choice ratio. A larger 

difference in two angles resulted in higher sensitivity to the reinforcer ratio than a smaller 

difference. In the conditions with identical (0 differed degree) lines, the sensitivity was 

extremely low. Catania and Cutts’s study (1963) altered the arrangement of reinforcers, while 

Miller et al. (1980) changed the similarity between stimuli. As the discriminative stimuli 

getting more similar, there is a greater likelihood of generalizing reinforcers across stimuli, and 

hence less extreme the differences in reinforcer rate appear. Two procedures both resulted in 

the extent to which contingency controlled choice, suggesting both stimulus control and 

reinforcer control contribute similarly to the formation of discriminated contingency, which 

helps an organism predict the possible time and location of the next reinforcer (Cowie & 

Davison, 2016).  

Reinforcers occur both in time and space. Thus, depending on the contingency, 

generalization across either of these dimensions can contribute to weakened control by the 

contingency. Both sources of generalization can be investigated by using the concurrent 

schedule. The concurrent schedule has the procedural merit for the location dimension that 

allows responses to alternatives across space. For the time dimension, choice-response could 

be a more sensitive measure than single-response: According to Neuringer (1967), a sensitive 

measure of changes in response rate can only exist when more responses lead to more 

reinforcers. In the meantime, the choice procedure was not affected by such a premise. In the 
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context of concurrent schedule, generalization manifests the proportion of reinforcers produced 

on one alternative being wrongly allocated to other alternatives.   

 Cowie and Davison (2020a) examined the reinforcer generalization across time using a 

concurrent schedule. Two keys with the same color were associated with alternative 10% and 

90% of possibilities of producing food before 19 sec elapsed. The possibilities on the two 

keys swapped immediately after 19 seconds, making the key that previously had 10% 

reinforcer possibility have 90% (the Lower-to-Higher key) and the key that previously had 

90% reinforcer possibility have 10% (the Higher-to-Lower key). In every condition with its 

Lower-to-Higher key position, one schedule ended with single food delivery. Pigeons 

changed their choice across time since the last reinforcer in approximate accordance with the 

change in reinforcer probabilities, indicating that the information provided by the reinforcer 

guided pigeons’ choices. Without the help of external stimuli (i.e., two keylight colors never 

changed), the reinforcer control became the major source of controlling behavior. Moreover, 

the authors found that temporal generalization could be described in the same way as spatial 

generalization, using a similar mathematical function to shift reinforcers across different 

times and locations. However, using a conventional concurrent schedule with discrete 

alternatives to describe location generalization would be slightly different from describing 

temporal generalization since alternatives make location discrete, while time is a 

continuously changing stimulus.  

 As a further exploration of the joint control from the time and location dimensions to the 

generalization, Cowie and Davison (2020a) also tested the contained both generalizations 

across time and location using a Lineal Model:  
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                                     log 
𝑅1,𝑡

′

𝑅2,𝑡
′ = log (

∑  tmax
𝑛=1 𝑓(𝑡,𝑛,𝛾𝑛)⌊(1−𝑚)𝑅1,𝑛+𝑚𝑅2,𝑛⌋

∑  tmax
𝑛=1 𝑓(𝑡,𝑛,𝛾𝑛)[(1−𝑚)𝑅2,𝑛+𝑚𝑅1,𝑛]

) + log 𝑐            (1) 

 

 This model assumes that generalization across various dimensions (i.e., location and 

time) of the reinforcer would lead to the discriminated reinforcer differential differing from 

the obtained one, resulting in a wrong perceived reinforcer allocation and imperfect control 

by the contingency. In Equation 1, the 𝑅1,𝑡
′  and 𝑅2,𝑡

′  denote discriminated reinforcer on two 

separated alternatives (1, 2) at a particular time bin in the n (from 1s to the maximum time in 

the collected data). The parameter m denotes the extent of the generalization of reinforcer on 

one alternative. The value of this parameter (m) ranges from 0 (perfect discrimination) to .5 

(no discrimination). The parameter log c denotes the subject’s bias towards one alternative 

than another. The function f derives from the probability density function of normal 

distribution (Equation 2), which manifests the time-based generalization across times at the 

acquirement of the reinforcer. In this function, the coefficient of variation γ is assumed to be 

constant, such that the extent of generalization across time increases in direct proportion with 

the time at which a reinforcer is delivered. 

 

                                                                  𝑓(𝑡, 𝑛, 𝛾𝑛) =
𝑒

−.5(
𝑡−𝑛
𝛾⋅𝑛

)
2

√2𝜋𝛾𝑛
                         (2) 

 

 In Equation 2, the time-based generalization, which is the 𝛾 ∗ 𝑛, increases across time. 

However, the authors found that such a character of this model (Equation 1) may result in a 

less ideal account for their data. Instead, a Nonlinear model (Equation 3), which defined both 
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time-based and location-based generalization as increasing in an ogival way across the time 

since a market event, was found to be a more reliable description. 

 

                                                                  𝑚𝑡 = 𝑚0 +
𝑎𝑚

1+𝑒
−(

𝑡−𝑋0
𝛽𝑚

)
,

                                                                  𝑠𝑡 = 𝑠0 +
𝑎𝑠

1+𝑒
−(

𝑡−𝑋0
𝛽𝑠

)

                                                         (3) 

 

 In Equation (3), the parameters mt and st represent the extent of generalization on the 

location and time dimensions, respectively. Parameters m0 and s0 denote the minimum extent 

of generalization on two dimensions (i.e., when the discrimination is perfect). Parameters am 

and X0 are the extent of generalization across time. βm and βs function as two inverse measures 

to the change speed of m and s at the generalization extent of X0. This model well described the 

joint control by both time and location dimensions to the generalization in conditions where 

contingencies of such two dimensions are needed to discriminate, suggesting the two separate 

sources of generalization may conform to the same rules. However, as mentioned above, 

discrete choice alternatives in Cowie and Davison’s (2020a) limited a finer description to the 

location generalization.  

 To describe reinforcer allocation in concurrent settings that only continuous location 

dimension was investigated, Davison et al. (2020) proposed a Gaussian model: 

 

                                           𝑓(𝑥1, 𝑥2) =
1

2𝜋𝜎1𝜎2
exp {

1

2
[(

𝑥1−𝜇1

𝜎1
)

2

+ (
𝑥2−𝜇2

𝜎2
)

2

]}               (4) 

 

 This model describes the generalization of reinforcers across two alternatives of a 
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concurrent schedule as two normal distributions of reinforcers. In Equation 4, 𝜇1  and 𝜇2 

denote the central locations of each alternative, such that their difference between 𝑥1 and 𝑥2 

become the actual central location of each normal distribution of reinforcer. 𝜎1 and 𝜎2 are 

the standard deviations of each distribution, representing the extent of generalization 

(reinforcer misallocation). This single-generalization version of the model has been shown to 

describe behavior under contingencies where only one dimension of a reinforcer (e.g., the 

response that produces it) is relevant in discriminating the contingency. 

 Vulling and Madelain (2018) designed a concurrent VI VI schedule to examine the control 

of saccadic latency. Three different reinforcer ratios were set to two alternatives: short and long 

latencies. The short-latency presents the first quarter of the time range of saccadic latency for 

each participant during the baseline phase, while the long-latency presents the last quarter. Thus, 

the experiment can be regarded as a conventional concurrent VI-EXT-VI schedule. A short-

latency response is a response to the first VI alternative, and a long-latency response is a 

response to the second VI alternative. A saccade with a latency between the first and last 

quarters is a response to the EXT schedule, which locates in the middle of two VI alternatives. 

According to Davison et al. (2020), the Gaussian model well described the distribution of the 

actual response. Additionally, this model allows the description of responses in every bin (i.e., 

time unit), even the time during EXT included.  

 

Present study 

 As subsequent research to explore reinforcer generalization, our study investigated a 

dimension of the reinforcer stimulus that has not explicitly been examined previously: 
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location. In both the human (Experiment 1) and pigeon experiment (Experiment 2), we 

focused on investigating how the reinforcer would generalize across the spatial dimension in 

a vague environment where subjects can only acquire information about the contingency 

based on their responses and the reinforcers they obtain. We used a modified model from 

Davison et al. (2020), which contains only the Gaussian distributions across a single 

dimension, to fit the human data, examining the response pattern in the location dimension in 

different discriminabilities of the contingency.  

Experiment 1 borrowed from the design of the saccade study that gave feedback based 

on the participant’s response to a screen (Vulling & Madelain, 2018) and from the Procedure 

for Rapidly Establishing Steady-State Behavior (PRESS-B; Klapes et al., 2020), which 

produces control of human behavior by the reinforcer ratio in a short time. Participants 

responded by touching a bar on a screen. Responses were defined by their horizontal location 

along this bar. An area in the center of the bar never produced any reinforcer, but this area 

was not visually separated from the two side areas that could produce reinforcers. A single 

session lasted for 50 min, segmented into 5 components with 5 different but symmetrical 

reinforcer ratios. In one condition, all components were not associated with any 

discriminative stimulus, and in the other, each component was associated with its own 

discriminative stimulus. This experiment allowed us to examine generalization of reinforcers 

across location as a continuous dimension. 

 Experiment 2 used a three-alternative VI-EXT-VI schedule, where each schedule 

operated on its own distinct key. Pigeons’ responses to the left and right alternatives were 

reinforced in three conditions, each with a different reinforcer ratio, while the middle 
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alternative was illuminated but was always on EXT. This experiment, similar to Experiment 

1, focused on the number of responses made to the middle alternative, but after prolonged 

experience that ensured a stable responding pattern was established.  

 

Experiment 1 

Method 

Participants 

Thirteen adult college human participants were recruited as contestants in a game. 

Participants were told to gain points to contribute to a score during the game session. The 

participant with the highest scores in each condition would win a voucher valued at $100 New 

Zealand Dollars. All participants were encouraged to participate in the game for both conditions 

and for multiple times. All participants participated in Condition 1 Session 1. Some participants 

also participated in Condition 2, which only had one session. Some participants participated in 

an additional session in Condition 1 (Session 2). The actual participation was shown in the 

Appendix (Table A1). 

Apparatus and software 

A BASIC language programmed the game, and its interface was displayed on a Microsoft® 

Surface Pro tablet with a Windows® 10 Professional (64-bit), which also served as the data 

collection apparatus. The tablet had an Intel® i5-7300 CPU with 4GB of RAM, and its touch 

screen size was 12.3 inches. During the experiment, no more than one touch input would be 

detected at a time. All the responses made into the target area were recorded with the response’s 

two-dimensional (i.e., horizontal and vertical) coordinate and its time since the start of the 
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session.  

Procedure 

 Each participant was asked to sit in a quiet space with the experiment runner, who would 

briefly introduce the game’s rules and goal before the start, then asked the participant to read 

through the participation information sheet (see Appendix B) and sign the consent form (see 

Appendix C). Before starting the experiment, participants needed to understand that they were 

required to touch inside the black rectangle on the screen to earn as many points as possible in 

one session (50 min) divided into five components (10 min each). The experiment runner 

stayed with the participant throughout the session in case of any needs during the experiment. 

Participants played the game one at a time. 

In all session types (Condition 1 Session 1, Condition 1 Session 2, and Condition 2), 

sessions were divided into five components. Every component commenced with a black 

rectangle on the computer screen (Figure 1). Participants were required to touch inside the 

rectangle to acquire points as reinforcers. An “effective touch” (i.e., one that could earn points) 

was marked by a green line of words, which appeared on the screen after the touch, between 

the scoreboard and the rectangle (Figure 2).  
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Figure 1 

The experiment program interface at the beginning of one session (Condition 1). 

 

 

Figure 2 

The feedback showing after an effective response. 

 

 

The black bar was functionally divided into three segments by a specific horizontal range: 

the left zone (34-534 pixels), the middle zone (534-834 pixels), and the right zone (834-1334 

pixels). As shown in Figures 1 and 2, such segments were invisible to participants. Reinforcers 

were arranged for touches to the left or the right areas only. Throughout a component, any 

response that resulted in attaining a point and the start of the following schedule. Any response 
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to the middle area or outside the rectangle would not lead to any reinforcer delivery or any 

schedule change. Nevertheless, the same as any valid response, these invalid responses’ 

location and time information were recorded.  

 Each condition lasted for one session, which contained five successive components. Each 

component constituted concurrent VI 5s EXT VI 5s schedules and lasted for 600s. Schedules 

were dependently scheduled. If the left area set up a reinforcer, a participant cannot obtain any 

reinforcer in the right area until the one in the left area was obtained, and vice versa. After the 

delivery of the last possible reinforcer in each component, a 3-second inter-component-interval 

(ICI) started with a prompt “Between Component” displaying on the screen (for the first four 

components) or the ending of the experiment with a prompt “Thank you for participating my 

experiment” (for the fifth component). 

 Across components, the relative reinforcer ratio between the left and right zones varied 

across five ratios. For instance, for a component with a 0.1 relative reinforcer ratio, the 

possibility of reinforcer locating on the left zone is 10% and on the right is 90%. Five relative 

ratios (0.1, 0.25, 0.5, 0.75, and 0.9) were pseudo-randomly arranged across five components 

so that every ratio would appear once in each session randomly. In Condition 1, these 

component reinforcer ratios were not differentially signaled (i.e., the display on the screen was 

identical across all five components). In Condition 2, each separate component was associated 

with an indicator (Figure 3) comprising five continuous squares. A different single square from 

the indicator was blackened for each of the five relative ratios. From left to right, the five 

blackening locations represented the relative reinforcer ratio as 9:1, 3:1, 1:1, 1:3, and 1:9. 

Participants were not told any information about the function of the indicator. 
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 All participants who did Condition 1 were invited back to participate in the second session 

of Condition 1 and in Condition 2. 9 out of 13 participants agreed to come back. Thus, we had 

13 participants complete Condition 1 Session 1, 6 completed Condition 1 Session 2, and 3 of 

these plus the other 6 participants from Condition 1 Session 1 complete Condition 2. This 

arrangement allowed us to examine both the role of repeated experience (Condition 1 Session 

1 versus 2) and the role of stimulus conditions (Condition 1 versus Condition 2). 

 

Figure 3 

The experiment program interface in one session (Condition 2). 

 

Note. The blackened square indicator in this component indicated that the relative reinforcer 

ratio was 3:1. 

 

Results 

Consistency of total response rate across components 

 We first assessed the effect of the order of components on response rates. Klapes et al. 

(2020) confirmed the stability of the response rate in the PRESS-B procedure by comparing 

the median response rate in each minute. The present study, which borrowed their design to 
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establish a stable responding pattern in human participants, assessed similar time-based 

measures to test the effect of the different component order on the response rate. To assess the 

stability of response rates across components, we segmented each 50-min session in both 

conditions into 5-min time bins. The median group response rate in each time bin in both 

conditions is plotted separately in Figure 4. The error bar on each time bin in both conditions 

denotes the interquartile range (25th to 75th percentile) around the median. 

 

Figure 4 

Median response rate as a function of elapsed 5-min time bin in two conditions.  

 

Note. Error bars denote the interquartile range (25th to 75th percentile) around the median. A 

10-min component comprises two successive time bins (1 and 2, 3 and 4, 5 and 6, 7 and 8, 9 

and 10). Data points in two conditions in the same time bins were horizontally staggered to 

avoid overlapping error bars. 
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0

100

200

300

400

500

600

1 2 3 4 5 6 7 8 9 10

R
es

p
o
n
se

 r
at

e 
in

 e
ac

h
 t

im
e 

b
in

Elapsed time bin (5 minutes)

Condition 1

Condition 2



25 
 

higher than in the first half, but the response rate remained relatively stable across components, 

with extensive overlap of the 25th to the 75th interquartile ranges. Because each participant 

experienced components in a random order, we conducted a repeated-measures analysis of 

variance (RM-ANOVA) to isolate any order effect to an individual’s response rate from the 

variability with the sample across time bins. Firstly, we used the “Tukey fence” method (Tukey, 

1977) to exclude individual sessions with outliers. The fence was described as a range: [Q1 – k 

(Q3 – Q1), Q3 + k (Q3 – Q1)], where Q1 and Q3 represent the 25th and the 75th interquartile values, 

and k was set as 1.5. In the two conditions, data from 5 out of 17 individual sessions in 

Condition 1 and 1 out of 7 individual sessions in Condition 2 were excluded for having outliers.  

 According to the result of RM-ANOVA, there was no significant effect of component order 

on the response rate across components, in either Condition 1, F (2.50, 27.53) = .63, p = .57, 

η2 = .05 or Condition 2, F (2.75, 13.76) = .83, p = .49, η2 = .14. Thus, response rates did not 

differ across components. 

We excluded all three sessions from Participant 10 in the subsequent analysis (but not in 

the preceding analysis) because the sensitivity values were negative under both sensitivity 

measures.  

 

Choice analysis 

 To assess the change in relative response (i.e., choice) across components with changes in 

reinforcer ratios, we plotted the relative response rate as a function of obtained reinforcer ratio 

for each participant in Condition 1 Session 1, Condition 1 Session 2, and Condition 2 (Figure 

5). Trend lines show a positive correlation between relative response and relative reinforcer 
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ratio in all three session types, suggesting the group tendency of choice was positively affected 

by the reinforcer ratio in Condition 1 Session 1, Condition 1 Session 2, and Condition 2.  

 

Figure 5 

Relative response (L: R) as a function of reinforcer ratio (L: R) for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Dotted lines are the trend lines for all data points in each panel.  

 

Bias and sensitivity analysis 

We fitted a straight line to each participant’s choice ratios as a function of component (i.e., 

each individual’s data as shown in Figure 5) to obtain bias and sensitivity values as the intercept 

and slope of the straight line (Table A1). Bias was generally small and unsystematic, ranging 

from -.19 to .12.   

We calculated two measures of sensitivity, one using all responses and a second 

(Sensitivity’; Table A1) using only unreinforced responses (c.f. Davison, 2021). There was only 

a slight decrease of values due to the alternative method of calculating sensitivity, resonating 

with Davison’s (2021) calculation for the data from Klapes et al. (2020). Overall, sensitivity 

values calculated by all responses ranged from .06 to .96, showing a substantial individual 

variability across participants and sessions. 

To assess the effect of repetitive participation (from Condition 1 Session 1 to Condition 1 

Session 2) and condition change (from Condition 1 Session 1 to Condition 2) on sensitivity, we 

selected participants who participated in Condition 1 Session 1 and Condition 1 Session 2 
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(Participant 2, 8, 9, 11, and 12) and participants who both participated in Condition 1 Session 

1 and Condition 2 (Participant 2, 5, 6, 7, 11, 12, and 13). We plotted the first group of 

participants’ sensitivity values in each session as the function of participated sessions (Figure 

6, upper panel) and the second group of participants’ sensitivity values as the function of 

conditions (Figure 6, lower panel). Across participants, there is no systematic pattern showing 

the increase or decrease in sensitivity value due to repetitive participation or condition change. 

The group average in Condition 1 Session 1 (mean = .35, SD = .37) slightly dropped in 

Condition 1 Session 2 (mean = .29, SD = .39) and increased from Condition 1 Session 1 (mean 

= .30 SD = .36) to Condition 1 Session 2 (mean = .47, SD = .16). Paired sample t-tests showed 

no significant difference in the sensitivity values for each selected participant between 

Condition 1 Session 1 and Condition Session 2; t(4) = 1.84, p = .14. and no significant 

difference in the sensitivity values for each selected participant between Condition 1 Session 1 

and Condition 2; t(6) = -1.16, p = .29.  
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Figure 6  

Sensitivity in each session for each selected participant as the function of repetitive 

participation (upper panel) and condition change (lower panel). 

 

   

Null responses analysis 
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was no systematic pattern in the number of null responses across different reinforcer ratios. 

The variability across participants was large in each type of session (Condition 1 Session 1, 

Condition 1 Session 2, and Condition 2).  

 We plotted the proportion of null responses as a function of reinforcer ratio in each 

component for each participant in Condition 1 Session 1, Condition 1 Session 2, and Condition 

2 (Figure 8). As shown in Figure 8, there was no systematic pattern in the proportion of null 

responses across different reinforcer ratios. The variability across participants was large in each 

type of session.  

 

Figure 7 

The number of null responses as a function of reinforcer ratio (L: R) for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Dotted lines are the trend lines for all data points in each panel.  
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Figure 8 

The proportion of null responses as a function of reinforcer ratio (L: R) for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Dotted lines are the trend lines for all data points in each panel.  

 

 Did the number and proportion of null responses show any learning effect, decreasing 

according to the successive component in one session? We plotted Figure 9, which shows the 

number of null responses as a function of five successive components in each session for each 

participant in Condition 1 Session 1, Condition 1 Session 2, and Condition 2. There is no 

evidence suggesting a general pattern of decreasing in the number of null responses following 

successive components across participants in all three types of sessions. The variability of the 

number of null responses across successive components of each participant is large.  
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Figure 9 

The number of null responses as a function of successive components for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Bars denote the group average in each successive component. 

 

To assess the effect of the successive component on the proportion of null responses, we 

plotted Figure 10, which shows the proportion of null responses as a function of five successive 

components in each session for each participant in Condition 1 Session 1, Condition 1 Session 

2, and Condition 2. There is no evidence suggesting a general pattern of decreasing in the 

proportion of null responses following successive components across participants in all three 

types of sessions. The variability of the proportion of null responses across successive 

components of each participant is large. 
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Figure 10 

The proportion of null responses as a function of successive components for each participant 

in Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Bars denote the group average in each successive component. 

 

To assess the effect of repetitive participation (from Condition 1 Session 1 to Condition 1 

Session 2) on the number and proportion of null responses, we selected Participant 2, 8, 9, 11, 

and 12, who participated in Condition 1 Session 1 and Condition 1 Session 2. We plotted these 

participants’ average number of responses in each session as the function of participated 

sessions (Figure 11, upper panel) and these participants’ average proportion of responses in 

each session as the function of participated sessions (Figure 12, upper panel). The individual 

variability in the averaged number and proportion of null responses are both large. No group 

pattern showed in the number or proportion of null responses as the changing of sessions. The 

group average number of null responses in Condition 1 Session 1 (mean = 345.88, SD = 197.19) 

slightly dropped in Condition 1 Session 2 (mean = 319.20, SD = 206.57). The group average 

proportion of null responses in Condition 1 Session 1 (mean = .18, SD = .08) slightly dropped 
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in Condition 1 Session 2 (mean = .15, SD = .09). A paired sample t-test showed no significant 

difference in the average number of null responses for each selected participant between 

Condition 1 Session 1 and Condition Session 2; t (4) = 1.58, p = .19. Another paired sample t-

test showed no significant difference in the average proportion of null responses for each 

selected participant between Condition 1 Session 1 and Condition Session 2; t (4) = 2.16, p 

= .10.  

 

Figure 11 

The sessional averaged null responses for each selected participant as the function of repetitive 

participation (upper panel) and condition change (lower panel). 
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Note. Bars denote the group averaged number of null responses of all selected participants. 

 

Figure 12 

The sessional averaged proportion of null responses for each selected participant as the 

function of repetitive participation (upper panel) and condition change (lower panel). 
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Note. Bars denote the group averaged number of null responses of all selected participants. 

 

Similarly, to assess the effect of condition change on the number and proportion of null 

responses, we selected participants who participated in Condition 1 Session 1 and Condition 2 

(Participant 2, 5, 6, 7, 11, 12, and 13) and plotted their average number of responses in each 

session as the function of conditions (Figure 11, lower panel). We plotted these participant’s 

average proportion of null responses in each session as the function of conditions (Figure 12, 

lower panel). Across participants, the variability of the average number and proportion of null 

responses are both large, showing no general pattern of increase or decrease. The group average 

decreased from Condition 1 Session 1 (mean = 362.03 SD = 188.94) to Condition 1 Session 2 

(mean = 267.00, SD = 219.10). The average proportion of null responses increased from 

Condition 1 Session 1 (mean = .16, SD = .07) to Condition 1 Session 2 (mean = .17, SD = .11). 

A paired sample t-test showed no significant difference in the average number of null responses 

for each selected participant between Condition 1 Session 1 and Condition 2; t(6) = 1.41, p 

= .21. Another paired sample t-test showed no significant difference in the average proportion 
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of null responses for each selected participant between Condition 1 Session 1 and Condition 2; 

t(6) = 1.73, p = .13.  

 

Relative frequency distribution of responses 

To reveal each participant’s local (horizontal) response pattern, we divided the 1300 pixels 

into 26 50-pixel blocks. Then, the proportion of responses in each block was calculated, 

forming a relative frequency of responses across horizontal location bins for each participant 

(see Figure 13). Peak location is defined by the x-coordinate where the maximum in responses 

occurs. We first assessed the effect of the component reinforcer ratio on peak location in each 

distribution. In all session types, the variability is large across participants. In Condition 1 

Session 1 and Condition Session 2 (Figure 14, upper and middle panel), there is no general 

pattern of the group showing that the location of the highest peak changed systematically with 

the component reinforcer ratio. In Condition 2 (Figure 14, lower panel), a weak group tendency 

(R² = .11) shows the x-coordinate as the reinforcer ratio increases. This tendency means that 

the peak location would move towards the right orientation when the reinforcer becomes more 

likely to appear on the left zone. Such a tendency is against our expectations.    
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Figure 13 

The relative frequency distribution of responses for one representative participant. 

 

 

Figure 14 

Peak location as the function of relative reinforcer ratio (L: R) for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Dotted lines are the trend lines for all data points in each panel.  

 

Did component reinforcer ratio affect the height of each major peak? To answer this, we 

set the peak height. We plotted the most extreme relative response rate measure (i.e., the 

response rate at the x-coordinate plotted in Figure 14) as a measure of peak height. Since we 

expected that a more extreme component reinforcer ratio would lead to a larger peak height, 

the reinforcer ratio set as 1:1 should be the least extreme, while both 1:9 and 9:1 should be the 
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most extreme ratio. Thus, instead of using reinforcer ratio, the reinforcer disparity, defined by 

the difference between the actual reinforcer ratio and 0.5 (i.e., the ratio between L and R is 1:1) 

in each component, was set as the independent variable (Figure 15). The reinforcer disparity 

manifests the extent of the reinforcer ratio being extreme between two alternatives. No general 

pattern in all three session types suggests that the reinforcer disparity affected peak height. 

 

Figure 15 

Peak height as the function of reinforcer disparity in each component for each participant in 

Condition 1 Session 1, Condition 1 Session 2, and Condition 2. 
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Note. Dotted lines are the trend lines for all data points in each panel. Peak height is defined 

by the proportion of responses located in the 50-pixel area of the highest peak. Reinforcer 

disparity is defined by the difference between the actual reinforcer and 0.5 in each 

component. 
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we averaged peak height across all components to assess the effect of repetitive participation 

(from Condition 1 Session 1 to Condition 1 Session 2) and condition change (from Condition 

1 to Condition 2) on peak height. To assess the effect of repetitive participation and condition 

change on peak height, we selected participants who participated in Condition 1 Session 1 and 

Condition 1 Session 2 (Participant 2, 8, 9, 11, and 12) and participants who participated in 

Condition 1 Session 1 and Condition 2 (Participant 2, 5, 6, 7, 11, 12, and 13). We plotted the 

first group of participants’ averaged peak height in each session as the function of sessions 

(Figure 16, upper panel) and the second group of participants’ averaged peak height in each 

session as the function of conditions (Figure 16, lower panel). Across participants, the group 

average of peak height in Condition 1 Session 1 (mean = .13, SD = .09) slightly increased in 

Condition 1 Session 2 (mean = .15, SD = .10), reflecting an increase for all individuals except 

for Participant 8. The group average of peak height increased from Condition 1 Session 1 (mean 

= .12, SD = .08) to Condition 2 (mean = .18, SD = .07). A paired sample t-test showed a 

significant difference in the averaged peak height between Condition 1 Session 1 and Condition 

Session 2; t(4) = -2.95, p = .04. Another paired sample t-test showed no significant difference 

in averaged peak height in each session between Condition 1 Session 1 and Condition 2; t(6) = 

-2.00, p = .09.  
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Figure 16 

Averaged peak height in each session for each selected participant as the function of repetitive 

participation (upper panel) and condition change (lower panel). 

 

Note. Each averaged peak height is the average value of height in five components in each 

session. 
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Modeling and parameter fitting 

To assess the ability of the generalization model (Equation 4) to account for our data, we 

fitted our model to data from the second half of every component (i.e., data after 300 seconds) 

to avoid any unstable response pattern at the beginning of a component. We chose non-

reinforced second-half responses instead of all second-half responses to minimize the influence 

of sensitivity overrating. 

We fitted Equation 5, which was modified from Equation 4, to the data. Equation 5 

represents the summation of generalizations of obtained reinforcers in each location bin (from 

l to lmax; here, from 0-25 50-pixel bins), formed by multiple Gaussian distributions with the 

same standard deviation ( 𝜎 ) on each location bin. 𝜇𝑛  represents the average of the x-

coordinate of the left and right boundaries of each location bin (i.e., the mid-point of the bin 

and the peak of the gaussian). 

 

             𝑓(𝑥) = ∑  𝑛=lmax
𝑛=1

1

√2𝜋𝜎2
exp 

−(𝑥𝑛−𝜇𝑛)2

2𝜎2                       (5)     

 

 

The fits of Equation 5 to the data were carried out by using the evolutionary algorithm in 

Excel Solver. We fitted Equation 5 to data from each subject and component separately.  

Parameters from the fits and variance accounted for (VAC) in each component across 

participants are shown in Appendix Table A2. 

 VAC ranged from 0 to 97.67% (except for the first component of Participant 2 in 

Condition 2, where the AVC = -7844.68). For each participant, the variability of VAC within 

each session was also large.  



49 
 

SD value represents the extent of the location-based generalization in each component. To 

assess the relation between VAC and SD, we plotted VAC as a function of SD in each 

component (Figure 17). As shown in Figure 17, a larger VAC value is associated with a smaller 

SD value, suggesting that the model could explain more obtained data when the extent of 

generalization is weaker, although the relationship is weak (R = 0.25).  

 

Figure 17 

VAC as a function of SD in each component. 

  

Note. Data is extracted from Appendix Table A2. Several extreme data points with 100,000 SD 

values and negative VAC values are removed.  

 

 SD ranged from 1.17 to 100,000 (SD value equal to or greater than 100,0000 units were 

presented as 100,000) units. For each participant, the variability of SD within each session was 

large. To assess SD across components, we plotted SD as the function of successive component 

for each participant (Figure 18). Across participants, there is no systematic pattern of SD 
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changing across successive component. However, on the group level, the averaged SD 

substantially dropped in the last two components of Condition 1 Session 2 and the last four 

components of Condition 2. 

 

Figure 18 

SD as the function of successive component for each participant. 
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Note. Bars denote the group average in each successive component. Each Y-axis is presented 

on a logarithmic scale. 

 

To assess the effect of repetitive participation and condition change on averaged SD values 

in each session, we selected participants who participated in Condition 1 Session 1 Condition 

1 Session 2 (Participant 2, 8, 9, 11, and 12) and participants who participated in Condition 1 

Session 1 and Condition 2 (Participant 2, 5, 6, 7, 11, 12, and 13). We plotted the first group of 

participants’ averaged SD value in each session as the function of participated sessions (Figure 

19, upper panel) and the second group of participants’ averaged SD value in each session as 

the function of conditions (Figure 19, lower panel). Across participants, there is no general 

pattern of changes in the averaged SD values due to repetitive participation but averaged SD 

values decreased from Condition 1 Session 1 to Condition 2, except for Participant 13. The 

group average in Condition 1 Session 1 (mean = 36445.40, SD = 26070.88) decreased in 

Condition 1 Session 2 (mean = 20242.30, SD = 24494.28). A paired sample t-test showed no 
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significant difference in the averaged SD values for each selected participant between 

Condition 1 Session 1 and Condition Session 2; t(4) = 1.387, p = .24. The group average 

decreased from Condition 1 Session 1 (mean = 28988.85, SD = 30312.28) to Condition 2 (mean 

= 2957.16, SD = 7539.11). A paired sample t-test showed a significant difference in average 

SD values in each session for each selected participant between Condition 1 Session 1 and 

Condition 2; t(6) = 2.486, p = .04.  

 

Figure 19 

Averaged SD in each session for each selected participant as the function of repetitive 

participation (upper panel) and condition change (lower panel). 
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Note. All data is extracted from Appendix Table A2. 

 

Discussion 

 As the first attempt that combined the PRESS-B procedure (Klapes et al., 2020) with 

continuous alternatives across space (Vulling & Madelain, 2018), Experiment 1 established a 

stable response rate across components for all participants. On the group level, participants’ 
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pattern of a higher sensitivity value across participants. We did not observe a similar pattern 
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component were not affected by the actual reinforcer ratio, or by prolonged exposure to a 

condition (1 session versus 2; upper panels of Figure 11 & 12), or by the presence/absence of 

a discriminative stimulus, which differentiated components (Condition 1 versus Condition 2, 

lower panels of Figure 11 & 12). 

In the analysis of the major peak of the relative frequency distribution of responses, a 

surprising finding suggested that in the condition with discriminative stimulus, the location of 

the major peak would move towards the opposite direction of where the reinforcers were 

more likely to obtain. Considering the correlation was weak (Figure 14, lower panel), we 

assumed such a finding might originate from the large variation across participants.  

Fits of a generalization model to relative response rates at each horizontal location bin 

(Eq. 5) showed that only the introduction of discriminative stimulus decreased the extent of 

generalization (i.e., SD, Figure 19, lower panel). Our model cannot provide cannot any 

explanation for this. Such an effect could result from less generalization from reinforcers in 

different components due to the discriminative stimulus.  

Fits also showed that the generalization approach could account for relative response 

rates in a task where the relevant dimension of a reinforcer was its location on a continuous 

dimension, although there was substantial variation in the model’s ability to fit data of 

different individuals (VAC; Table A2). The ability of the generalization model to describe our 

data suggests that responses that have never been reinforced but continue to occur (i.e., null 

responses) may be the result of reinforcer generalization across those responses.  

Because Experiment 1 arranged the location of reinforcers across a continuous 

dimension, it allowed a more thorough test of generalization across location than have 
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previous experiments where reinforcer location was discretely different (e.g., Cowie et al., 

2011; Miller et al., 1980). The location generalization in the present study was modeled in the 

same way as previous studies have modeled temporal generalization (e.g., Cowie & Davison, 

2020a), which used a normal distribution to redistribute reinforcers across surrounding time 

bins. The ability of this model to describe our data suggests that location-based generalization 

may conform to the same rules as does temporal generalization.  

   

Experiment 2 

Method 

Subjects 

 Five pigeons numbered 161, 162, 163, 165, and 166 served as subjects. The pigeons were 

maintained at 85% ± 15g of their free-feeding weight and fed mixed grain when necessary. 

Water and grit were available at all times. The pigeons lived in a time-shifted environment in 

which the room lights were lit from 12 midnight until 4 pm. 

Apparatus 

 The pigeons were housed individually in their home cages (375 mm high by 375 mm deep 

by 370 mm wide), serving as experimental chambers. Two wooden perches were mounted 60 

mm above the floor, one parallel and the other at a right angle to the back wall. On one wall of 

the cage, 200 mm above the floor, were three 20-mm diameter plastic keys set 100 mm apart 

center to center. Each key could be illuminated yellow, and responses to illuminated keys 

exceeding about 0.1 N were recorded. Beneath the center key, 60 mm from the perch, was a 

magazine aperture measuring 40 mm by 40 mm. When a reinforcer was delivered, keylights 
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were extinguished, the aperture was illuminated, and the hopper containing wheat was raised 

for 2.5 s. The subjects could see and hear other pigeons in the room during experimental 

sessions; no person entered the room during this time. 

Procedure 

 The pigeons had experience working on concurrent schedules. Once the session 

commenced, all three keys were illuminated yellow, and reinforcers were delivered on a VI 

schedule. The pigeons first underwent training sessions in which responses to all three keys 

were reinforced on dependently scheduled VI 60-sec schedules. In subsequent experimental 

conditions, the center key remained illuminated but produced no reinforcers (EXT). Across 

conditions, we manipulated the left/right reinforcer ratio, forming three reinforcer ratio pairs 

(Ratio column in Table1): VI 60s and VI 60s, VI 60s and VI 20s, VI 20s and VI 60s. All 

conditions, including training, were run until visual analysis suggested numbers of responses 

on the center key, and choice between the left and right keys, had stabilized (Table 1). Each 

daily training session started at 1:55 am and ended at 2:55 am. Each session ran either one hour 

or until 80 reinforcers were obtained in total. 

 

Results 

 To assess pigeon’s stable response pattern, we analyzed the responses to left, middle (null), 

and right alternatives for the last 10 sessions of each condition. We plotted each pigeon’s 

left/right choice (i.e., the choice between alternatives that provided a reinforcer) as the function 

of the relative obtained reinforcer ratio (Figure 20). The choices of all pigeons were positively 

associated with the relative reinforcer ratio, indicating that the relative reinforcer ratio provided 
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information for pigeons allocating their choices. 

 

Figure 20 

Choice (L: R) as the function of relative reinforcer ratio (L: R) for each subject. 

 

Note. Data points were extracted from each last ten sessions of each condition (training 

session included). Dotted lines are the trend lines for all data points in each panel. 
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 Sensitivity and bias (Table 1) were calculated by the slope and intercept between the 

logarithmic L/R responses (log B) and logarithmic L/R reinforcers (log R) across three 

conditions. Bias was unsystematic across pigeons. Measures calculated from unreinforced 

responses only were slightly different from those calculated with all responses. The bias of 

Pigeon 161, 162, and 163 was more extreme when calculated with unreinforced responses than 

the traditional measure, but the bias of the other two pigeons remained unchanged under the 

two measures. Pigeon 161, 163, and 165 had sensitivity values (the slope of each linear fit; 

Figure 21) larger than 1 (i.e., overmatching) under both measures, and these measures were 

higher than the traditional measure, which is contradictory to sensitivity under two measures 

in Experiment 1 (see Table A1) and the patterns of Pigeon 162 and 166.   
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Table 1 

Aggregated responses made to three alternatives for the last 10 sessions of each condition for 

each subject, sensitivities calculated by all and unreinforced responses, and bias from the 3 

conditions for each subject.  

Note. Bias was calculated using unreinforced responses. 

 

 

 

 

 

 

 

 

  

Subject 

Reinforcer 

ratio (L/R) 

Response 

(L) 

Response 

(null) 

Response 

(R) Sensitivity Sensitivity'  Bias 

 

161 1:1 7766 679 11071 1.60 1.81 -0.59 

 3:1 10301 1 7897    

 1:3 450 1 12054    
162 1:1 14280 0 8212 0.52 0.47 0.11 

 3:1 10610 0 5532    

 1:3 2437 0 4129    
163 1:1 1754 127 5119 1.78 1.98 -0.60 

 3:1 1314 8 855    

 1:3 569 15 12463    
165 1:1 7157 2 10536 1.20 1.22 0 

 3:1 9047 0 2087    

 1:3 2061 0 6824    
166 1:1 8890 120 8765 0.57 0.55 -0.03 

 3:1 13821 53 7803    

 1:3 3914 2 8493    
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Figure 21 

Log response ratio (L: R) as the function of log reinforcer ratio (L: R) across conditions for 

each subject. 
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Note. Traditional measure data points were calculated by all responses. Unreinforced measure 

data points were calculated by unreinforced responses. Two dotted lines in each panel 

represent the linear fits of data points from each measure.   

 

Null responses 
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third condition (VI 20s VI 60s) on an extremely low level. Pigeon 166’s number of null 

responses decreased across three conditions. 

 

Figure 22 

The number of null responses as the function of successive conditions for each subject.  

 

Note. Bars represent the group averaged number of null responses.  

 

Discussion 
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to discriminate than the continuous bar of Experiment 1 or differences in brightness of stimuli 

that are never concurrently available (Davison & Jones, 1998). Thus, we might expect few null 

responses in Experiment 2. 

 3 out of 5 pigeons overmatched, and their sensitivity under the unreinforced measure was 

surprisingly larger than under the traditional measure. Davison (2021) only discussed the help 

of unreinforced measures to weaken the overestimation of sensitivity towards 1.0 in 

undermatching occasions. The case of overmatching was not explicitly examined. Our finding 

suggested that the unreinforced measure might drive all sensitivity away from 1.0 compared to 

the traditional measure, leading to a decreased sensitivity in undermatching and an increased 

sensitivity in overmatching.    

 

General Discussion 

 The present study investigated how an organism allocates choices in an environment 

where the external stimuli provide little information, and reinforcers are differential with 

respect to the location of the response. In both experiments, responses to a particular location 

(null responses) never produced reinforcers. In Experiment 1, the location was defined on a 

continuous horizontal dimension, with the null location not visually separated. In Experiment 

2, the location was defined discretely, such that the null location was more discriminable. 

Generally, sensitivity was higher, and null responses were lower when different reinforcer 

ratios were associated with their own discriminative stimulus than when they were not 

(Experiment 1 Condition 2 versus 1) and when locations were discretely differently 

(Experiment 2). Our fits of the model to data in Experiment 1 suggest that responses that 
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occur despite never having produced a reinforcer may occur as a result of generalization of 

reinforcer across the relevant dimension. 

 The number of null responses was much larger in Experiment 1 than in Experiment 2. 

What caused the sensitivity and null responses to substantially differ between Experiment 1 

and Experiment 2? Discriminability could play a major role. The studies of Miller et al. 

(1980) and Alsop and Davison (1991) showed that the sensitivity, and hence, control by the 

reinforcer ratio, increased as the discriminability of contingency increased. The finding of 

Miller et al. (1980) was also well described by the continency-discriminability model 

(Davison & Jenkins, 1985), which predicts that generalization of reinforcers across responses 

decreases as the responses’ relevant dimension becomes more easily to discriminate. As the 

contingency becomes more discriminable, an organism might be more able to allocate its 

choice more closely towards the actual contingency. Apparently, discrete alternatives in 

Experiment 2 are easier to discriminate than the continuous dimension in Experiment 1. 

Similarly, our human participants had more null responses than subjects in Davison and 

Jones’ (1998) pigeons, who responded on two discrete alternatives. 

 The speed of the environmental change could also be a reason for differences in 

sensitivity and null responses in Experiment 1 and 2. In Experiment 1, all human participants 

completed one session, which comprised five different reinforcer ratios, in 50 min. In 

Experiment 2, pigeons repetitively responded to the same schedule every day until the 

response pattern stabilized. In other words, the experience between participants in 

Experiment 1 and subjects in Experiment 2 was different. Experiment 1 did not show a 

general pattern of increased sensitivity or decreased null responses due to repetitive 
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participation. However, the low sensitivity for pigeons in rapidly changing procedural 

settings (e.g., Davison & Baum, 2000; Baum & Davison, 2004) suggests that experience 

might contribute to the high sensitivity and low null responses in Experiment 2.  

 The external stimulus in Condition 2 of Experiment 1 was set to make the components 

more discriminately different. With the introduction of external stimulus, some participants 

showed increased sensitivity and decreased null responses, and generalization as estimated by 

fits of our model (SD; Equation 5) decreased, but this pattern did not apply to all participants. 

One might argue that the decreased SD values and higher sensitivity measures, which denote 

reduced generalization, in Condition 2 were due to prolonged exposure rather than 

discriminative stimulus since Condition 2 was always the second or the third session. 

Nevertheless, there was no significant difference in SD between two sessions in Condition 1, 

suggesting the power of single repetitive participation decreasing SD could be weak, at least 

weaker than the condition change in the present study. In other words, having experience with 

Condition 1 is not likely to be the sole reason for substantial increase in SD of Condition 2. 

The study of Takahashi and Iwamoto (1986) introduced similar schedule-correlated 

stimuli to human participants. They found the stimuli can increase sensitivity only when 

combined with two premises: additional instruction of the schedule and prolonged exposure 

in the experiment, suggesting that only the discriminative stimulus or prolonged exposure 

would be insufficient. Given Takahashi and Iwamoto’s (1986) finding, we assume that 

running Condition 2 before Condition 1 might result differently than our current findings. 

More researches are needed to discover how and why these stimuli increase control by 

reinforcers. 
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 Our generalization model (Equation 5) well-described responses distributions across 

horizontal location, provided participants’ responses showed some degree of control by the 

location of reinforcers (i.e., peaks at the left and right, rather than a flat distribution of 

responses or one that peaks in the null area). Our model cannot describe some distributions 

with no explicit peaks, resulting in extremely low VAC. Flat behavioral patterns indicate poor 

control by the location of reinforcers. Such patterns could originate in a specific strategy: 

sweeping responding, which is rapidly responding to the bar back and forth. All human 

subjects in the present study obtained more than 300 reinforcers in one session. Subjects 

could also keep obtaining reinforcers if they kept effective and rapid touches to the left and 

right zone. Thus, a sweeping responding could be sufficient for achieving a high score, 

making accurate responses unnecessary. 

 One possible solution to enhance control is increasing the cost of responses. In other words, 

we could introduce a penalty for all responses which do not result in reinforcer. Evidence shows 

that the response rate could be reduced by adding negative consequences to the responses that 

do not lead to reinforcers (Davison & Kirkwood, 1968; Pietras & Hackenberg, 2005), resulting 

in a better control by the contingency. Thus, deducting a 0.1 score for each non-reinforced 

response in our experiment, or limiting the total number of responses allowed, might produce 

a greater control by the location of reinforcers. 

 Fundamentally, the way of modeling generalization across location in the present study is 

the same as in the previous studies (e.g., Cowie et al., 2014; Cowie & Davison, 2020), which 

also used the form of cumulative Gaussian distributions to model the generalization across time. 

Both our approach and these studies assumed the reinforcer being allocated to each location 
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(or time) bin due to generalization. Generalization across time and location may conform to 

the same rules: Generalization takes the same form (Gaussian) whether it is generalization 

across space or time (or potentially some other continuous dimension). As the range of stimuli 

increases (e.g., longer time or location), generalization becomes more likely to occur.  

 One might argue some alternative explanations for the null responses, thus rejecting the 

generalization approach. Null responses may result from superstition (Skinner, 1948), as a 

result of adventitious reinforcement caused by close temporal continuity between responses 

and reinforcers. Indeed, previous research has shown that the mere temporal coincidence of 

responses and reinforcers result in extensive responses that never produced reinforcer (e.g., 

Neuringer, 1970). Although high numbers of null responses were observed for most 

participants in Experiment 1, any response to the null area never produced reinforcer according 

to the schedule setting. However, any reinforcer delivery after an effective response in the left 

or right area was immediate. Thus, the reinforcer should have acted most “strongly” on the left 

and right responses. Additionally, the difference between the extent of null responses in 

Experiment 1 and 2 is not explained by a superstition approach. A superstition approach would 

suggest the same degree of adventitious reinforcement should occur in both Experiment 1 and 

2. Instead, null responses were lower in Experiment 2 than Experiment 1, perhaps because of 

factors enhancing discriminability of the contingency (e.g., the duration of exposure to the 

contingency was longer, and the responses were more discriminably different).  

 Another possible explanation for the null responses could be a foraging pattern (Baum, 

1987). Such a pattern deems null responses as checking behavior to observe any environmental 

change that causes the reinforcers in the null area available. Under this approach, null responses 
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might be not a result of generalization but a search for potential environmental changes, and 

more null responses in Experiment 1 than Experiment 2 might be due to the frequently 

changing environment in Experiment 1 that urged subjects to “check” more. However, 

checking behavior should be expected to occur at a constant rate, rather than what we found in 

Experiment 2: the null responses decreasing pattern over conditions.   

 Due to limited time, Experiment 2 only examined generalization across three highly 

discriminable locations. It could be meaningful for future studies extending this experiment, 

designing different discriminability of contingency such as changing the discrete keys into a 

continuous bar (as in Experiment 1) or changing the schedule to a rapidly changing one (as in 

Experiment 1), to explore how generalization across location changes both with experience and 

with the nature of the discrimination. Nevertheless, the differences between findings from 

Experiment 1 and 2 suggest that the discriminability of the contingency influences the number 

of null responses by its impact on the generalization of reinforcers across responses. 

 The current study adds to a growing body of research underscoring the idea that the 

discriminability of the actual contingency may be the decisive factor in the effect of reinforcers 

on controlling behavior. Generalization, which creates the discrepancy between actual 

contingency and discriminated contingency, results in different reinforcer allocations across 

time and location. Generalization may also result in responses in stimulus contexts (e.g., time, 

location) that have always been associated with the absence of reinforcers. Maximum 

reinforcer control over behavior in experimental settings or practical interventions can only be 

achieved when discriminability reaches a maximum level, and thus the extent of generalization 

reaches a minimum. Hence, future studies might use findings from basic research such as the 
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present two experiments to aid in designing interventions that reduce generalization across the 

various dimensions of reinforcer involved. 
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APPENDIX A 

Table A1.  

Obtained reinforcers, sensitivities calculated by all responses and non-reinforced responses, 

and responses made to the null area for each session. 

Session Obtained 

Reinforcers  

Sensitivity Sensitivity' Bias  Null 

Responses 

P1 484 0.41 0.38 -0.09  2592 

P2 514 0.02 -0.02 0.01  2591 

P2S2 460 0.06 0.01 0.08  2244 

P2C2 433 0.51 0.49 -0.08  3595 

P3 322 0.25 0.23 -0.01  3975 

P4 403 0.05 -0.02 0.34  1697 

P5 487 0.29 0.26 0.13  3878 

P5C2 474 0.67 0.66 0.06  1247 

P6 450 0.02 -0.03 0.09  3762 

P6C2 496 0.58 0.55 -0.01  1900 

P7 477 0.17 0.09 0.01  460 

P7C2 468 0.53 0.45 -0.03  1 

P8 460 0.40 0.37 0.09  2949 

P8S2 479 0.32 0.29 0.03  2990 

P9 467 0.24 0.19 0.03  1345 

P9S2 513 0.12 0.09 0.02  1421 

P10 381 -0.02 -0.07 -0.19  935 

P10S2 433 -0.56 -0.64 -0.05  4717 

P10C2 459 -0.34 -0.41 -0.06  4565 

P11 479 0.28 0.25 0.04  1070 

P11S2 532 0.23 0.12 -0.04  918 

P11C2 470 0.23 0.19 0.12  1211 

P12 513 0.96 0.96 0.07  692 

P12S2 514 0.39 0.36 -0.02  407 

P12C2 501 0.63 0.60 0.05  275 

P13 434 0.59 0.57 -0.06  2702 

P13C2 431 0.39 0.32 0.06  1116 

Note. Values in the Sensitivity’ column were calculated by unreinforced responses. Bias was calculated by 

unreinforced responses. In the Session Column, P = Participant, S = Session, C = Condition (e.g., P10S2 = 

Participant 10 Session 2) 
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Table A2. 

Standard deviation value, the variance accounted for, and actual reinforcer ratio (L: R) for 

each session and component modeled by the generalization model (Equation 5). 

Participant Condition Session Component SD0 VAC 

Actual 

Reinforcer 

Ratio 

1 1 1 1 415.53 8.77 0.51 

   2 375.30 53.09 0.10 

   3 137.25 50.34 0.71 

   4 608.72 13.52 0.87 

   5 65.71 15.10 0.24 

2 1 1 1 759.47 45.25 0.93 

   2 2614.89 0.43 0.76 

   3 100000.00 0 0.26 

   4 100000.00 -0.01 0.08 

   5 100000.00 0 0.45 

2 1 2 1 898.49 4.40 0.12 

   2 96.68 68.44 0.42 

   3 484.91 32.19 0.94 

   4 115.03 67.46 0.70 

   5 108.70 43.43 0.21 

2 2 1 1 100000.00 -7844.68 0.80 

   2 165.76 48.32 0.41 

   3 123.45 81.95 0.92 

   4 207.90 50.13 0.24 

   5 153.25 64.94 0.12 

3 1 1 1 443.727 72.24 0.11 

   2 685.00 23.35 0.63 

   3 493.51 76.01 0.93 

   4 488.48 44.34 0.41 

   5 508.90 36.49 0.30 

4 1 1 1 100000.00 0 0.11 

   2 100000.00 0 0.94 

   4 235.21 18.67 0.48 

   5 226.13 67.03 0.77 

5 1 1 1 57.27 72.13 0.11 

   2 18.91 93.31 0.59 

   3 87.60 34.26 0.28 

   4 204.13 25.47 0.89 

   5 60.65 59.09 0.67 

5 2 1 1 40.39 61.50 0.93 



78 
 

Participant Condition Session Component SD0 VAC 

Actual 

Reinforcer 

Ratio 

   

 

2 29.74 88.69 0.73 

   3 50.36 23.04 0.16 

   4 33.96 92.83 0.06 

   5 27.94 81.90 0.51 

6 1 1 1 100000.00 0 0.48 

   2 100000.00 -0.01 0.23 

   3 100000.00 -0.01 0.08 

   4 1804.80 4.45 0.86 

   5 620.18 60.47 0.92 

6 2 1 1 170.59 33.10 0.76 

   2 535.61 62.81 0.07 

   3 216.23 85.47 0.24 

   4 96.96 76.79 0.45 

   5 425.77 48.00 0.86 

7 1 1 1 32.53 58.72 0.32 

   2 100000.00 0 0.14 

   3 535.69 53.33 0.95 

   4 4997.40 0 0.45 

   5 1.54 3.17 0.69 

7 2 1 1 22.53 61.53 0.34 

   2 31.47 28.13 0.95 

    3 64.51 39.73 0.06 

   4 26.61 84.67 0.77 

   5 55.64 44.75 0.27 

8 1 1 1 395.16 63.85 0.06 

   2 100000.00 0 0.52 

   3 4859.74 0.47 0.26 

   5 365.95 65.78 0.96 

8 1 2 1 427.69 63.64 0.86 

   2 766.57 34.59 0.11 

   3 100000.00 0 0.49 

   4 355.97 56.24 0.27 

   5 556.64 39.28 0.78 

9 1 1 1 100000.00 0 0.49 

   2 467.31 11.85 0.89 

   3 30.99 50.86 0.78 

   4 100000.00 0 0.24 

   5 690.11 22.97 0.12 

9 1 2 1 100000.00 0 0.50 

   2 1096.21 12.67 0.07 
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Participant Condition Session Component SD0 VAC 

Actual 

Reinforcer 

Ratio 

   

 

3 55.02 19.84 0.91 

   4 26.69 47.01 0.24 

   5 30.88 46.48 0.74 

11 1 1 1 100000.00 0 0.22 

   2 359.14 55.04 0.93 

   3 40.91 49.09 0.69 

   4 100000.00 0 0.08 

   5 100000.00 0 0.50 

11 1 2 1 100000.00 0 0.82 

   2 100000.00 0 0.86 

   3 100000.00 0 0.32 

   4 838.53 2.74 0.10 

   5 66.50 50.33 0.43 

11 2 1 1 100000.00 0 0.24 

   2 54.80 57.63 0.54 

   3 143.62 52.74 0.92 

   5 46.64 84.41 0.62 

12 1 1 1 46.94 87.77 0.12 

   2 2.18 86.39 0.88 

   3 30.86 85.66 0.46 

   4 17.70 91.06 0.22 

   5 10.75 83.92 0.70 

12 1 2 1 19.31 88.15 0.12 

   2 35.99 87.78 0.73 

   3 23.73 72.86 0.27 

   4 32.24 29.88 0.90 

   5 21.64 97.67 0.54 

12 2 1 1 26.29 80.45 0.90 

   2 35.88 88.96 0.77 

   3 27.69 84.81 0.44 

   4 34.36 93.17 0.34 

   5 1.17 88.25 0.10 

13 1 1 1 452.37 33.38 0.51 

   2 220.66 58.53 0.29 

   3 283.83 68.37 0.11 

   4 1095.58 4.46 0.66 

   5 253.81 90.98 0.88 

13 2 1 1 915.06 6.51 0.44 

   2 27.49 65.34 0.76 

   3 49.10 49.94 0.25 
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Participant Condition Session Component SD0 VAC 

Actual 

Reinforcer 

Ratio 

   

 

4 32.32 81.58 0.27 

   5 91.52 90.66 0.97 

 

Note. SD0 values equal to or greater than 100,000 units were presented as 100,000.  
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APPENDIX B 

PARTICIPANT INFORMATION SHEET 

  Project title: Choosing the future. 

 

Principal Investigator:  Sarah Cowie, PhD 

 

My name is Sarah Cowie. I am a Senior Lecturer in the School in Psychology at the University of Auckland. 

 

You are invited to participate in a project that aims to assess how the consequences of our actions shape 

the choices we make. 

 

You have been invited to participate in the project because you have expressed an interest in participating, 

you are aged 18 years or older, and you are able to give informed consent. Your participation in this research 

is voluntary, and you may choose to withdraw at any time. 

 

Project Procedures 

 

You will play a choice game on a computer. Your task is to get as many points as you can in 10 minutes by 

clicking the mouse button anywhere in the black box on screen. An effective click will flash a red circle. You 

will see your score above the box. You should expect to play the game for about an hour. You will have the 

opportunity to earn points in 10-minute ‘blocks’ during this hour. You may take a break in between each 

block if you feel you need one. At the end of the game, the total points will form your score. The participant 

with the highest score will win a grand prize of $100 in vouchers. 

 

You are welcome to play more than one session of the game. If you wish to play another session, you should 

contact the researcher to arrange this.  

 

Data Storage, Retention, Destruction, and Future Use 

 

All electronic data will be stored in a password-protected Dropbox folder. The computer will record the 

events that take place during the game. Once the data have been analysed, they will be stored in a separate 

password-protected folder to which only Sarah Cowie has access. The data will be stored for indefinitely 

under your participant ID number. 

 

All physical copies of consent forms will be kept in a locked cabinet. Consent forms will be destroyed after 

a period of six years, either by being erased (electronic copies) or using secure document destruction 

services (physical copies). 

 

On the consent form you may request to be emailed a summary of the findings of the study at the end of 

the study.  

 

Right to Withdraw from Participation 
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You have the right to withdraw your consent to participate in this research at any time during the data-

collection phase without giving a reason.   

 

Anonymity and Confidentiality 

 

The preservation of confidentiality is paramount. Participants will be assigned a participant identification 

number.  All electronically collected data will be saved onto a password-protected folder, and stored under 

a participant identification number rather than your name. Once your raw data have been analysed, they 

will be stored in a separate password-protected folder to which only Sarah Cowie has access. Records of 

participant identification numbers will be stored separately from data, and these will be accessible only to 

the researcher. It will not be possible for anybody looking at the analysed data to know that you provided 

the data.  If data are presented in publications or at conferences, it will be done in a way that does not 

identify you as the source. 

 

Contact Details and Approval 

 

Sarah Cowie, PhD 

Principal Investigator 

School of Psychology 

University of Auckland 

Email: sarah.cowie@auckland.ac.nz 

09 373 7599 ext. 88540 

 

Professor Suzanne Purdy 

Head of School 

School of Psychology 

University of Auckland 

Email: s.purdy@auckland.ac.nz 

09 373 7599 ext. 88524 

 

For any queries regarding ethical concerns you may contact the Chair, The University of Auckland Human 

Participants Ethics Committee.  The University of Auckland, Research Office, Private Bag 92019, Auckland, 

1142.  Telephone 09 373-7599 ext. 83711. 

Email: ro-ethics@auckland.ac.nz 

 

 

Approved by the University of Auckland Human Participants Ethics Committee on 29 May 2020 for three years. 

Reference Number 024538 
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APPENDIX C 

 

                              SCIENCE 

                                                         SCHOOL OF PSYCHOLOGY 

 

CONSENT FORM 

 

THIS FORM WILL BE HELD FOR  

A PERIOD OF 6 YEARS 

 

Project title: Choosing a future. 

Principal Investigator:  Sarah Cowie, PhD 

I have read the Participant Information Sheet, and I have understood the nature of the research and why I have 

been selected.  I have had the opportunity to ask questions and have them answered to my satisfaction. 

• I agree to take part in this research. 

• I am aged 18 or older, and I am capable of giving informed consent.  

• My participation is voluntary. 

• My decision to participate or not participate in this research will not affect my grades or the 

relationship that I have with the School of Psychology and the University of Auckland. 

• I understand that I have the right to withdraw my consent to participate in this research at any time 

during the data-collection phase without giving a reason.   

• I understand the research involves completing a short electronic questionnaire. 

• I understand that the research involves playing a game for about an hour. 

• I understand that points earned during the session will form my final score, and the participant with 

the highest final score will win the grand prize. 

• I understand that the instructions for playing the game will be presented to me before I play. 

• I can take a break between each 10-minute block. 

• My data will be stored for indefinitely under my participant ID number. 

• If I wish to participate in another session of the game, I should contact the researcher. 

• I understand that my identity will remain confidential I will not be identifiable in any reporting or 

publications. 

• The consent forms will be kept in a locked filing cabinet and any data/consent forms collected 

electronically will be de-identified and stored in a password-protected folder. 

• I would/would not like to be emailed a summary of the findings at the end of the study. (Please delete 

one option) 

 

Name:        Email address:        

 

Signature:     Date:      

Approved by the University of Auckland Human Participants Ethics Committee on 29 May 2020 for three years. 

 

Sarah Cowie, Ph.D. 

Lecturer 

School of Psychology 

Science Centre, Building 301 

3rd Floor, Room 316b 

23 Symonds Street, Auckland,  

New Zealand  

T +64 9 923 8557 extn 88540 

E sarah.cowie@auckland.ac.nz 

The University of Auckland 

Private Bag 92019 

Auckland 1142 New Zealand 
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