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Abstract 

In order to quantify the internalization of stimulus control during skill learning, 20 rats 

were trained to complete a left-right sequence of lever presses guided by the onset and 

offset of panel lights over the respective levers. Once sequence accuracy was high and 

stable, the rats were divided into two groups. For the No-Lights group, the lights were 

eliminated without changing the response requirements. Sequence accuracy decreased in 

all subjects, but accuracy was higher than that predicted by random chance, implying 

internalization of stimulus control. The Reversed-Lights group controlled for potential 

generalization decrement by presenting the lights in reversed order without changing the 

response requirements. Sequence accuracy immediately plummeted and did not recover. 

S-R associations involving external stimuli apparently overshadowed internal cues. This 

study provides a method (an animal model) for the quantitative measurement of the 

degree of internalization of stimulus control during skill learning in a well-controlled 

environment. 
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1. Introduction 

 When coaches and instructors teach complex skills to students and athletes, they 

usually provide guiding cues and evaluative feedback. A dance instructor, for example, 

may demonstrate a sequence of movements while the student practices the steps. The 

instructor eventually leaves the student alone to practice without guidance. Skilled 

performance previously controlled by the instructor’s guiding cues must now become 

controlled by internal stimuli such as proprioception, kinesthesis, and memory. 

Internalization of stimulus control refers to this switch from control by external stimuli to 

control by internal stimuli. Our central question is, “What factors contribute to an 

organism’s ability to internalize stimulus control?” Even though human skill learning has 

received extensive research and cognitive modeling (e.g., Anderson, 1982, 1996; 

Anderson et al., 2004; Fitts, 1964; Fu and Anderson, 2008; Schmidt, 1975; Wood and 

Neal, 2007), the animal learning field has been generally silent in this area. Yet our 

experimental procedures provide unique opportunities to answer this question. This study 

begins to isolate these factors with rats in a controlled environment that separates the 

roles of multiple guiding cues from the effects of evaluative feedback. 

 Many stimuli are present in all reinforcement conditions, and each stimulus could 

potentially become a discriminative stimulus affecting the probability of a response. The 

study of stimulus control has typically emphasized the degree of control by a single 

stimulus, such as that reflected in generalization gradients and discrimination studies. 

Stimulus control can also be conceptualized as interaction between available stimuli for 

control of behavior. This study emphasizes interaction between exteroceptive (external) 

and interoceptive (internal) stimuli as organisms learn to perform a motor skill – a guided 
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sequence of lever presses. 

  Even though the Pavlovian conditioning literature is rich with models of stimulus 

interaction (e.g., stimulus competition, context effects, discrimination learning, 

perceptual learning, and category formation), the operant conditioning literature has 

generally ignored how stimulus interaction may influence skilled performance. Instead of 

stimulus-stimulus (S-S) associations, internalization of stimulus control presumably 

involves two or more stimulus - response (S-R) associations (or hierarchical associations, 

Sidman, 1994) whose control over behavior changes with experience. In our search for 

adequate S-R models, three areas initially stood out as potential candidates because each 

involved selecting particular behaviors based on multiple discriminative stimuli: (a) The 

matching-to-sample procedure presents multiple stimuli and the organism must select the 

correct response. However, this research emphasizes the classification of external stimuli 

(e.g., feature and exemplar theories, categories as concepts, relationships as categories, 

analogical reasoning), rather than the internalization of stimulus control during skill 

learning. (b) Spatial navigation clearly involves selecting movement based on multiple 

stimuli such as distal and proximal landmarks, and recent research has begun to explore 

the contributions of each type of stimulus (Hamilton et al., 2009). However, to our 

knowledge this research has not yet yielded quantitative models applicable for the switch 

from external to internal stimulus control. (c) Finally, computational models of 

reinforcement learning (Sutton and Barto, 1998) explicitly involve the mapping of 

multiple stimuli (“situations”) to actions, which may represent skill learning. This 

approach has produced many important successes in machine learning applications. For 

our purposes, however, this approach is not adequate because the programmed ability to 
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solve situation-action problems may have nothing to do with actual abilities of live 

organisms. The values of simulated S-R relations and the model’s defined goal(s) to be 

maximized may not represent actual characteristics of any living species. Although this 

exciting approach has been widely successful, it does not provide much information 

about animals. 

 Ever since Fitts (1964) proposed his three-stage cognitive model of human skill 

learning, the animal learning field has had the unfulfilled opportunity to study the 

internalization of stimulus control in ways that applied cognitive psychology has been 

unable.  Referring to recent stage models, Gluck et al. (2008) identifies the continuing 

problem, “… the three-stage model of skill learning is primarily descriptive. It won’t help 

you predict how much practice you need to convert your skill memories to motor 

programs or give you pointers about how and when you should practice.” (p. 144). The 

animal learning field can make substantial contributions here because it provides the 

carefully controlled experimental conditions necessary to measure changing stimulus 

control and interaction effects.  

This study provides a method (an animal model) for the quantitative measurement 

of the degree of internalization of stimulus control during skill learning. It separates 

guiding cues from evaluative feedback (e.g., reinforcement), and provides a method of 

manipulating and isolating the training conditions that influence the ability to switch from 

external to internal stimulus control. Rats were trained to complete a left-right sequence 

of lever presses guided by the onset and offset of panel lights over the respective levers. 

Once sequence accuracy was high and stable, the rats were divided into two groups. For 

the No-Lights group, the lights were eliminated without changing the response 
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requirements. The Reversed-Lights group controlled for potential generalization 

decrement by presenting the lights in reversed order without changing the response 

requirements. Comparison of the changes in sequence accuracy in the two conditions 

allowed the measurement of internalization of stimulus control.  

 

2. Methods 

2.1. Subjects 

Twenty naïve 4-month old female Long Evans rats were housed in individual 

cages in an animal facility that maintained constant temperature and humidity on a 12:12 

light/dark cycle. Each subject was maintained at approximately 85% of its free-feeding 

body weight by providing supplemental food after each daily session. Water was freely 

available in the home cages.  Two rats failed to reach our stability criteria and were 

dropped from the study. 

 

2.2. Apparatus 

The experiment utilized four standard Med Associates modular test chambers for 

rats measuring 30 cm x 24 cm x 22 cm. Each chamber was located inside an isolation 

chamber containing a ventilation fan, one 7-W 120-V house light, and a color closed-

circuit TV camera on the ceiling. A sound generator produced a constant white noise at 

approximately 65 db. Each operant chamber contained two retractable levers on the front 

wall and two non-retractable levers on the rear wall. Each pair of levers was separated by 

16.5 cm center to center and located 6 cm above the floor. The magazine hopper, 5 cm x 

5 cm, was centered between the two levers on the front wall, 3 cm above the floor. One 
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round 28-V white stimulus lamp, 2.5 cm in diameter, was located 2.5 cm above each 

lever, and a 28-V houselight (GE1819) was located at the center top of the rear wall. The 

Med Associates pellet dispenser dispensed 45 mg Research Diet (Formula A/I) pellets. 

All four operant chambers were controlled by a single Compaq personal computer 

(Pentium 3) programmed in MED-PC IV, which controlled all experimental conditions 

and recorded every event and its time of occurrence with millisecond resolution. 

 

2.3. Procedure 

2.3.1. Training 

Following initial lever-press training, subjects were exposed to a fixed ratio 1 

(FR-1) schedule for pressing the front-right lever while a panel light was illuminated 

above that lever.  Each session lasted until 45 food pellets were delivered or until 45 

minutes had elapsed. Subsequently, each subject was exposed to one session of FR-1 for 

pressing the right-rear lever while the panel light was on above this lever. The purpose of 

this session was to ensure that all subjects were given the same amount of exposure to the 

reinforcement conditions on that right-rear lever before the experiment proper began, 

given that subjects required various amounts of original lever-press training. In all 

subsequent conditions, the two front levers remained retracted and only the left and right 

levers on the rear wall were used.  

 

2.3.2. Lights condition 

All subjects were exposed to the Lights condition. At the beginning of each trial, a 

light above the left lever was turned on. A press to this lever turned off this light and 
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turned on the right light. A press of this right lever turned off the right light, and a new 

trial then began. Completion of this left-right (L-R) response sequence resulted in pellet 

delivery. All other response sequences resulted in 10-s timeout during which the lights 

were off and lever presses had no programmed consequences.  Sessions lasted either 45 

min or until 150 trials were completed. This condition continued until sequence accuracy 

appeared to asymptote, remaining at 80% or greater accuracy for five sessions with no 

increasing or decreasing trend. Following completion of the Lights condition, half of the 

subjects were exposed to the No-Lights condition and half were exposed to the Reversed-

Lights condition. 

 

2.3.3. No-Lights condition 

The response-reinforcer contingency in the No-Lights condition was identical to 

that of the Lights condition, but the panel lights over the levers were never illuminated. 

This condition was designed to measure performance accuracy when the external guiding 

cues were removed, without altering the response requirements that produced 

reinforcement. Thus, accurate L-R responding would presumably be due to internal 

stimulus control. Sessions lasted either 45 minutes or until 150 trials were completed. 

This condition lasted five sessions.  

 

2.3.4. Reversed-Lights condition 

The primary purpose of the Reversed-Lights condition was to control for potential 

generalization decrement in the No-Lights condition. Any drop in L-R accuracy in the 

No-Lights condition could be due to reduced stimulus control, or it could be due to 
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generalization decrement produced by the contextual changes when the lights were no 

longer illuminated and lever presses no longer influenced the lights. Thus, the Reversed-

Lights condition reduced these contextual changes by reversing the order of presentation 

of the lights, but the response contingency was unchanged from the Lights condition. As 

before, left-right lever presses turned off and on the lights, but the lights followed a right-

left pattern. Sessions lasted either 45 minutes or until 150 trials were completed. This 

condition lasted five sessions. 

 

3. Results 

3.1. Lights condition 

 Eighteen subjects learned to produce the L-R sequence and met our stability 

criteria within 7-21 sessions with mean sequence accuracy reaching asymptote above 

85% correct. Figure 1 depicts mean L-R sequence accuracy for the last 5 sessions in the 

Lights condition for the subjects subsequently shifted to the No-Lights condition (left 

panel) or shifted to the Reversed-Lights condition (right panel). The horizontal dashed 

line represents the expected sequence accuracy if lever-press selection were random. 

<Insert Fig 1 about here> 

3.2. No-Lights condition 

The left panel of Figure 1 displays the drop in L-R accuracy when the guiding 

lights were eliminated in the No-Lights condition.  A 2 (condition) x 5 (session) repeated 

measures ANOVA showed a significant drop in L-R accuracy when the lights were 

eliminated, F(1,4)=26.273, p<0.005.  There was no effect of session and no interaction.   

Even though accuracy dropped immediately when the lights were removed, 
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accuracy during the first session of the No-Lights condition was well above that predicted 

by random selection of levers, χ2(10)=407.9, p<0.0001. Thus, subjects had some ability 

to complete the response sequence even in the absence of external guiding cues. 

 

3.3. Reversed-Lights condition 

When the other group of subjects was switched from the Lights condition to the 

Reversed-Lights condition, L-R sequence accuracy immediately plummeted (see the right 

panel of Fig. 1). A 2(condition) x 5(sessions) repeated measures ANOVA comparing the 

last 5 sessions of the Lights condition and the first 5 sessions of the Reversed-Lights 

condition demonstrated a significant drop in accuracy, F(1,6)= 1291.07; p<0.001.  

The drop in sequence accuracy should be compared to that observed in the No-

Lights condition, as shown in Fig. 1. If generalization decrement had been responsible for 

the drop in accuracy in the No-Lights condition, then one would expect a smaller drop in 

this condition because the contextual changes were considerably smaller. The same lights 

were presented in both the Lights and Reversed-Lights condition (but in reversed order), 

and each lever press produced an immediate change in the lights, so contextual changes 

should be less than those for the other group of subjects. Nevertheless, a mixed 2(groups) 

x 2(conditions) x 5(sessions) ANOVA indicated that the drop in Reversed-Lights 

condition was significantly greater than the drop obtained in the No-Lights condition, 

F(1,12)= 27.58; p<0.001.  

Contrary to that observed in the No-Lights condition, L-R accuracy in the first 

session of the Reversed-Lights condition dropped well below that expected by random 

chance, χ2 (7)=130.8, p<0.0001. Thus, L-R accuracy was well below that predicted by 
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random chance when the guiding lights were reversed, and accuracy did not improve over 

the 5 sessions of this condition. Instead, lever-pressing decreased as though responding 

were undergoing extinction, earning an average of 4.4 pellets per session. Even though 

the response-reinforcement contingency had been unchanged, subjects were unable to 

complete the same L-R sequence they had produced with such accuracy in the previous 

Lights condition. 

Fig 2 shows which particular response sequences were actually produced in the 

two conditions. As expected, the L-R sequence occurred most often in the Lights 

condition. However, in the Reversed-Lights condition, subjects produced the 

unreinforced right-left (R-L) sequence with increased frequency, and L-R sequences fell 

below chance levels. The lights were presented in the “misleading” R-L order, and all 

subjects continued to “follow” the lights until lever pressing had nearly extinguished. 

<Insert Figures 2 & 3 about here> 

  

3.4. Effects of practice 

Figure 3 illustrates the relationship between the amount of exposure of each rat to 

the Lights condition and their subsequent drop in accuracy when switched to the No-

Lights condition (left panel) and to the Reversed-Lights condition (right panel). The 

switch to the No-Lights condition produced drops in L-R accuracy across subjects that 

could be accurately described (r2 = .587) by a regression line with a prominent negative 

slope (-4.11). Although correlational, this negative slope is consistent with the hypothesis 

that increased training in the Lights condition yields less dependence on the lights – more 

practice of a skill (in the presence of external guiding cues) leads to greater 
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internalization of stimulus control. 

Although the slope was also slightly negative (-1.18) in the Reversed-Lights 

condition, more training in the Lights condition had less effect on accuracy. The drop in 

sequence accuracy was more dramatic, but the contribution of amount of training to 

sequence accuracy was small. Instead, errors were produced by “following the 

misleading” guiding lights, resulting in large percentages of R-L sequences (Fig. 2). 

 

4. Discussion 

 The Lights condition showed that animals learned a motor skill using lights as 

external guiding cues. When these lights were removed in the No-Lights condition, 

sequence accuracy decreased yet remained higher than chance levels. This decrease could 

reflect the animals’ reduced ability to complete the sequences using internal cues, or it 

could result from generalization decrement due to the change in context (removal of the 

lights). 

The Reversed-Lights condition controlled for potential generalization decrement 

because the context was minimally altered: each lever press continued to affect the lights, 

which were not removed but whose order was simply reversed. Thus, little or no 

generalization decrement would be expected, and sequence accuracy should remain very 

high since internal cues have not changed. Nevertheless, sequence accuracy plummeted 

and responding approached extinction levels. Even though the response requirements 

never changed, responding was controlled by the lights even when they no longer 

signaled the correct sequence. This control by external stimuli resulted in abnormally 

high levels of unreinforced R-L sequences. These R-L sequences were not frequent in the 
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No-Lights condition, in which subjects were able to respond in the correct order with 

about 50% accuracy (well above chance). By controlling for generalization decrement, 

the Reversed-Lights condition demonstrated that the smaller decrease in accuracy in the 

No-Lights condition was not due to change in context. We conclude that the drop in 

sequence accuracy in the No-Lights condition accurately measured the internalization of 

stimulus control that guided response selection. 

 The conclusion that accuracy levels in the No-Lights condition reflected 

internalization of stimulus control was also supported by Figure 2, which depicts the 

effects of practice on the drop in accuracy when the lights were removed. More sessions 

of training in the presence of external guiding cues (the Lights condition) led to a smaller 

drop in accuracy when the lights were removed. As one would expect, more practice led 

to greater internalization of stimulus control, indicated by greater sequence accuracy (i.e., 

increased autonomy).  

 Amount of training in the Lights condition (“practice”) had less effect on 

sequence accuracy in the Reversed-Lights condition. Whereas the slope was still slightly 

negative (indicating some effect of practice), the major determinant of errors in the 

Reversed-Lights condition was “following” the “misleading” lights. The unreinforced R-

L sequence was the predominant response sequence, observed only when the lights were 

presented in R-L order.  

The observed levels of sequence accuracy in the No-Lights and Reversed-Lights 

conditions may be explained by assuming that both external and internal stimuli form S-

R associations that influence lever selection. Of course, this is the historical claim by 

Thorndike, Hull, and others that led to chaining theory. In the Lights condition, both 
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external and internal stimuli were paired with the correct levers, resulting in reinforced L-

R sequences. Thus, two sets of S-R associations may have formed, and they may have 

differed in strength (i.e., differed in stimulus control) as training progressed. In the No-

Lights condition, only internal stimuli were available to guide behavior, so accuracy was 

diminished but not eliminated. However, the Reversed-Lights condition pitted the altered 

external cues against the consistent internal cues for control of behavior. S-R associations 

involving external stimuli may have overshadowed internal cues (equivalently, stronger 

stimulus control by the “misleading” lights and weaker control by internal cues), 

resulting in the severe drop in sequence accuracy when unreinforced R-L sequences 

predominated.  

Internalization of stimulus control may be conceptualized in terms of multiple S-

R associations, or in terms of internal and external stimulus control. Both conceptions 

assume that stimulus interaction produces observed levels of internalization, just as 

overshadowing was observed in this study. Future research may show that 

overshadowing, blocking, summation, and other basic principles of association normally 

reported in the (S-S) Pavlovian conditioning literature, may be observed with S-R 

associations involving discriminative stimuli and operant behavior (see Pearce and Hall, 

1978, and Williams, 1975, for supporting evidence). We may discover that these 

interactions are important determinants of the internalization of stimulus control during 

skill learning, just as overshadowing was in this study. 

This study provides a method (an animal model) for the quantitative measurement 

of the degree of internalization of stimulus control during skill learning in a well-

controlled environment. Simple alterations to the training and testing conditions will 
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allow the controlled study of many factors that influence the internalization of stimulus 

control in skill learning, such as massed versus distributed practice, frequency and 

duration of instruction, consistency in instruction style, attention and distraction, and the 

difficulty of the practiced skill.  
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Figure Captions 

Figure 1:  

This figure compares the mean percentage of L-R sequence accuracy in the final 

sessions of the Lights conditions to the initial sessions of the No-Lights condition 

(left panel) and the Reversed-Lights condition (right panel). The vertical line 

separates the conditions. The dashed horizontal line represents the accuracy 

predicted if levers were selected randomly. Error bars represent standard error of 

the mean. 

Figure 2: 

 This histogram depicts the frequency of three categories of response sequence 

observed in the final sessions of the Lights condition and the initial sessions of the 

Reversed-Lights condition. L-R sequences are depicted in black, R-L sequences 

in white, and L-L and R-R sequences were combined and depicted by diagonal 

stripes 

Figure 3: 

 This figure illustrates the relationship between the amount of exposure of each rat 

to the Lights condition and their subsequent drop in accuracy when switched to 

the No-Lights condition (left panel) and to the Reversed-Lights condition (right 

panel). Each point represents a different subject, and the regression lines represent 

the line of best fit for those points. 
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