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Abstract: In this paper we study the effect of adaptive scaffolding to learning 
by teaching. We hypothesize that learning by teaching is facilitated if (1) stu-
dents receive adaptive scaffolding on how to teach and how to prepare for 
teaching (the metacognitive hypothesis), (2) students receive adaptive scaffold-
ing on how to solve problems (the cognitive hypothesis), or (3) both (the hybrid 
hypothesis). We conducted a classroom study to test these hypotheses in the 
context of learning to solve equations by teaching a synthetic peer, SimStudent. 
The results show that the metacognitive scaffolding facilitated tutor learning 
(regardless of the presence of the cognitive scaffolding), whereas cognitive 
scaffolding had virtually no effect. The same pattern was confirmed by two ad-
ditional datasets collected from two previous school studies we conducted.  
Keywords: Teachable Agent, Learning by Teaching, Algebra, Adaptive Scaf-
folding, SimStudent.  

1 Introduction 

Learning by teaching [1] is known to be effective with empirical evidence of students 
learning by teaching their peers in various domains [2], across different student popu-
lations [3], with different types of interactions and formats of tutoring [4]. In this 
paper, we use the term tutor learning to refer to the effect of learning by teaching on 
the tutor (i.e., a student who teaches his/her peer) [5]. For the currently study, our 
focus is on tutor learning in the mathematical domain of solving linear equations.  

There has been growing interest in the application of teachable agents to study the 
effect of tutor learning, in particular in the field of artificial intelligence in education 
and human-computer interaction [6-8]. Teachable agents are synthetic peers that stu-
dents can interactively teach.  

Using the teachable agent technology, researchers try to understand the effect of 
tutor learning by, for example, mining stereotypic patterns of effective tutoring inter-
actions [9], analyzing cognitive factors that contribute to tutor learning [8], and study-
ing student’s perceptions and motivations while interacting with synthetic peers [10]. 
Yet, the underlying cognitive mechanism of tutor learning is not fully under-
stood.  Without clear understanding of what makes learning by teaching effective, it is 



 

impractical to build a technology to facilitate tutor learning despite its promising po-
tential for efficacy and large-scale dissemination.  

Learning by teaching is a complicated phenomenon with many factors to be ex-
plored. As part of our on-going effort to contribute to advancing cognitive and social 
theory of tutor learning, the goal of the current paper is to study the effect of adaptive 
scaffolding to facilitate tutor learning, which is motivated by our past study findings 
as described in the next section.  

2 Learning by Teaching: Lessons Learned  

To understand how and why students learn by teaching others, we have developed an 
online learning environment for learning to solve equations by teaching, called 
APLUS (described in section 4). In APLUS, students learn by teaching a synthetic 
peer, called SimStudent [8]. Prior to the current study, APLUS has been used in five 
Algebra classroom studies with more than 1,000 middle school students. 

Throughout these classroom studies, we have addressed a number of research ques-
tions such as questions about the effect of answering tutee’s questions [11] and the 
effect of extrinsic motivation for tutor learning [12].  

One of the most important findings thus far is that learning by teaching may not be 
effective when students do not have sufficient prior knowledge on the task (how to 
solve equations in our case) and do not know how to teach properly [8]. In previous 
studies, we often observed that students taught their synthetic peers incorrectly with-
out realizing they were making mistakes.  Students also often taught their peers inap-
propriately—e.g., only teaching “easy” problems, causing the synthetic peer to fail to 
develop sufficient skills to solve a wide range of equations.  

3 Research question and hypothesis 

Our previous studies strongly suggest that students need an assistance for successful 
teaching in order to facilitate tutor learning.  We then hypothesize that providing 
adaptive scaffolding will resolve this issue. What kinds of scaffolding should be pro-
vided? From the past studies, we have two working hypotheses.  

First, students need to correctly teach their peers how to solve problems. However, 
due to the lack of sufficient prior knowledge, students often make mistakes and get 
stuck. Adaptive scaffolding on how to solve problems is therefore necessary—we call 
this the cognitive scaffolding. We hypothesize that adaptive cognitive scaffolding will 
be particularly important for students with low prior knowledge since some level of 
knowledge is necessary for students to have in order to be able to teach their synthetic 
peers—the cognitive scaffolding hypothesis. 

Second, students need to know how to teach their peers appropriately. Students 
need to know, for example, what problem might be useful to teach next and when to 
quiz their peers. Adaptive scaffolding on how to teach is therefore necessary—we call 
this the metacognitive scaffolding. Even with a low prior knowledge, students might 
recognize their mistakes and acquire correct skills on how to solve problems while 
teaching if appropriate feedback is given from the tutoring interaction—e.g., the 



 

summary of a formative assessment reveals an inconsistency between the student’s 
belief and actual correctness.  However, to receive effective feedback, students must 
teach their peers properly. Therefore, adaptive metacognitive scaffolding is essen-
tial—the metacognitive scaffolding hypothesis. 

Third, it might be the case that students need both cognitive and metacognitive 
scaffolding for successful learning by teaching—the hybrid scaffolding hypothesis.  

Our research question centers on which of these types of adaptive scaffolding facil-
itate tutor learning. To test our hypotheses, we implemented the cognitive and meta-
cognitive scaffolding on APLUS (section 4) and conducted a classroom study with 
the extended APLUS (section 5).   

4 Technology Innovation for Learning by Teaching 

We have developed an online environment called APLUS (Artificial Peer Learning 
environment Using SimStudent) where students learn to solve algebra equations by 
teaching a synthetic peer, SimStudent.  

SimStudent is a machine learning agent that interactively learns cognitive skills in 
the form of production rules through guided-problem solving [13]. SimStudent is an 
implementation of programming by demonstration in the form of inductive logic pro-
gramming. This is made possible by generalizing examples that show when to apply 
particular skills. In the context of learning by teaching, feedback and hints on a step 
provided by the student to SimStudent become examples. 

Fig. 1 shows an example screenshot of APLUS. Details of APLUS have been pub-
lished elsewhere (for example [8]); hence we only provide a brief explanation here. 
SimStudent is shown as an avatar on the bottom left corner. To teach SimStudent how 
to solve equations, a student must enter a problem into the tutoring interface (‘a’ in 
Fig. 1). SimStudent will then attempt to solve the problem one step at a time by apply-
ing the skills learned so far. On each step, if SimStudent can make a suggestion, the 
student is prompted to provide yes/no feedback about the correctness of the suggested 
step (‘b’ in Fig. 1). Positive feedback (“yes”) indicates that the student agrees that the 
step SimStudent suggested is correct, in which case SimStudent proceeds to the next 
step. Negative feedback (“no”) indicates the student’s disagreement. When given 
negative feedback, SimStudent attempts to apply another skill and make another sug-
gestion. If SimStudent cannot find a skill to apply, SimStudent asks the student to 
demonstrate the next step, and the student then performs the actual step on the tutor-
ing interface.  

When a student provides negative feedback to a step SimStudent suggested, Sim-
Student occasionally asks the student to explain why he/she thinks that the step is 
wrong [11]. Fig. 2 shows an example screenshot of SimStudent asking a “why” ques-
tion. SimStudent can also compare (1) a previous step in which the same skill was 
applied and received positive feedback and (2) the current step which just received 
negative feedback. SimStudent then asks the student why the current step is incorrect. 
To proceed with the tutoring process, the student must answer SimStudent’s question 
in a free-form text.  



 

Students’ goal is to have their SimStudent pass the quiz (‘c’ in Fig. 1). When 
SimStudent is quizzed by a student, it attempts to solve quiz problems in a target sec-
tion by applying already learned skills. A teacher agent called Mr. Williams, as shown 
on the lower right corner in Fig. 1, then provides a summary of the quiz results, and 
the student can review the exact solutions made by SimStudent one by one. APLUS 
also includes resources for students to review (‘d’ in Fig. 1) and prepare for tutoring. 
The resources include worked-out examples with brief explanations on solutions and 
a unit overview that provides a quick introduction to equation solving.  

We have recently modified Mr. Williams to provide adaptive scaffolding in two 
ways: (1) Cognitive scaffolding provides adaptive assistance on how to solve equa-
tions. When a student is not sure about the correctness of a step SimStudent per-
formed, or when they do not know what a correct next step is, he/she can click on Mr. 
Williams to ask for help. Mr. Williams then provide a just-in-time, contextualized 
assistance to overcome the student’s impasse. (2) Metacognitive scaffolding provides 
adaptive assistance on how to teach SimStudent. When a student is not sure about 
how to proceed tutoring, he/she can click on Mr. Williams to ask for help. Four types 
of assistance are provided: (a) the quiz assistance suggests when students should take 
the quiz and explains why, (b) the problem selection assistance suggests what prob-
lem students should  pose next and explains why, (c) the resource assistance suggests 
when students should review a particular resource and why, and (d) the impasse re-

 
Fig. 1. An example screenshot of APLUS. 



 

covery assistance suggests students should restart a problem or give a new problem 
when they are stuck for a long-enough time. 

5 Evaluation Study  

To test the hypotheses on the effectiveness of adaptive scaffolding as mentioned in 
the previous section, we conducted a classroom in-vivo study in Algebra classes at 
three urban public middle schools in the greater Pittsburgh area in Pennsylvania. 

5.1 Method  

The study was a randomized controlled trial with three conditions. (1) The metacogni-
tive condition (MC for short) used a version of APLUS with metacognitive scaffold-
ing only. (2) The cognitive condition (C for short) used APLUS with cognitive scaf-
folding only. (3) The hybrid condition (MC+C for short) used APLUS with both met-
acognitive and cognitive scaffolding.  

In total, 364 students (7th and 8th grade) participated in the study from 22 algebra 
classes. Students were randomly assigned to one of the three conditions.  

The study lasted for six consecutive days with one classroom period (42 minutes 
each) per day. On the first day, all students took an online pre-test. On the second day, 
students first watched a 6-minute introduction video on how to use APLUS, and then 
started tutoring SimStudent. Students used APLUS for four days. On the sixth day, 
students took an online post-test. 

5.2 Measures 

Students’ learning outcome was measured with the online test scores. The online test 
consisted of two parts: a Procedural Skill Test and a Conceptual Knowledge Test. 

The Procedural Skill Test has three sections: (a) an equation section that contains 
10 problems; 2 one-step equations, 2 two-step equations and 6 equations with varia-
bles on both sides; (b) an effective next step section that has 2 equation problems, 

 
Fig. 2. SimStudent is asking student to explain why the step is wrong. 



 

each showing an intermediate solution step with four candidates for a next step and 
asking students to indicate if each candidate is correct or not; and (c) an error detec-
tion section with 3 equation problems, each showing an incorrect solution for which 
students are asked to identify the incorrect step and explain their reasoning.  

The Conceptual Knowledge Test consists of 24 true/false multiple choice ques-
tions, with 7 items asking about variable terms, 6 asking about constant terms, 6 ask-
ing about like terms, and 5 asking about equivalent terms.     

In addition to the learning outcome data, we also used the process data that are de-
tailed interactions between student and system that APLUS automatically logs (e.g., 
problems used for tutoring, tutored steps, quiz frequency, etc.).   

5.3 Results 

For the following analysis, we included only those students who took both the pre- 
and post-tests, and “completed” teaching, which we define as either the student partic-
ipated in all four days of teaching SimStudent or had SimStudent pass all quiz sec-
tions. As a result, 257 students are included in the analysis below—89 in the C condi-
tion, 88 in the MC condition, and 80 in the MC+C condition. 
5.3.1 Test Scores  
Table 1 shows scores for Conceptual Knowledge Test (CKT) and Procedural Skill 
Test (PST).  There is no condition difference (C vs. MC vs. MC+C) in pre-test score 
both for CKT (F(2, 254) = 0.17, p = 0.85) and PST (F(2, 254) = 1.21, p = 0.30). We 
then ran a repeated-measures ANOVA, for CKT and PST separately, with test scores 
as a dependent variable, and test-time (pre vs. post) and condition (C vs. MC vs. 
MC+C) as independent variables.  

Table 1. Test scores both for CKT and PST. 
 CKT  PST 

 Pre-test Post-test  Pre-test Post-test 
MC+C .42 (.24) .48 (.20)  .54 (.22) .63 (.24) 
MC .40 (.24) .50 (.21)  .53 (.23) .62 (.23) 

C .41 (.24) .46 (.20)  .49 (.21) .54 (.23) 

 
For the conceptual test (CKT), there is a main effect of test-time (MPre = 0.41±0.24 

vs. MPost = 0.48±0.20; F(1, 254) = 22.52, p < 0.001, d = 0.28), but there is no main 
effect of condition (MC = 0.44±0.22 vs. MMC = 0.45±0.23 vs. MMC+C = 0.46±0.22; F(2, 
254) = 0.26, p = 0.77). The current version of APLUS enhanced students’ understand-
ing of algebra concepts measured in CKT. The type of adaptive scaffolding does not 
have any impact on students’ learning on conceptual knowledge measures in CKT. 

For the procedural test (PST), the repeated-measures ANOVA suggested the exist-
ence of an interaction between test-time and condition; F(2, 254) = 2.85, p = 0.06.  A 
simple main effect on condition (paired t-test with test-time as the independent varia-
ble) revealed that students in all conditions showed a reliable increase in PST test 
scores, but the effect size is notably smaller in C condition; C: paired-t(88) = -2.55, p 
= 0.01, d = 0.20; MC: paired-t(87) = -5.07, p < 0.001, d = 0.41; MC+C: paired-t(79) 



 

= -5.54, p < 0.001, d = 0.40. A simple main effect analysis on PST post-test (an 
ANOVA with condition as the independent variable) revealed condition as a main 
effect; F(2, 253) = 3.95, p < 0.05. The post-hoc tests confirmed that both MC and 
MC+C students scored reliably higher on the PST post-test than C students (t(175.0) 
= 2.41, p < 0.05 for MC and t(163.5) = 2.64, p <0.01 for MC+C), but there is no reli-
able difference between MC and MC+C students; t(161.9) = -0.37, p = 0.71.  

In sum, metacognitive scaffolding is helpful but cognitive scaffolding does not ap-
pear to amplify the effect of tutor learning. In other words, adding cognitive scaffold-
ing to metacognitive scaffolding does not yield better effects than metacognitive scaf-
folding alone.  

Since the current study does not include a baseline condition where no scaffolding 
is available, we compared the current study with two previous studies we conducted: 
Study IV [14] where metacognitive scaffolding (MC) was compared with no scaffold-
ing (BL), and Study V where metacognitive plus cognitive scaffolding (MC+C) was 
compared with no scaffolding (BL). In Study IV there were 173 students (7th through 
9th grade) in nine Algebra-I classes, whereas in Study V there were 318 students (7th 
and 8th grades) in 14 Pre-Algebra and 3 Algebra I classes from two schools.  

Fig. 3 shows a bar graph of PST pre- and post-test scores.  In the graph, the current 
study is denoted as Study VI. The relative high test scores in Study IV is arguably due 
to the population difference (the only study with 9th graders). 

We tested two hy-
potheses: (C1) all four 
conditions with meta-
cognitive scaffolding, 
regardless of the availa-
bility of cognitive scaf-
folding, show the same 
gain from pre- to post-
tests; and (C2) the C 
condition in Study VI 
shows the same gain 
from pre- to post-test as 
two BL conditions in 
Study IV and V.   

To test these two hy-
potheses, we ran two 
repeated-measures 
ANOVAs, one for each 
hypothesis. For (C1), 
there is a main effect of 

test-time; F(1, 319) = 100.42, p < 0.001.  There is also a main effect of condition; F(3, 
319) = 19.29, p < 0.001.  There is no statistically reliable interaction between test-
time and condition. The same pattern is found for (C2): a main effect of test-time 
(F(1, 245) = 11.77, p < 0.001); condition (F(2, 245) = 18.42, p < 0.001); and no inter-
actions between them. 

 
Fig. 3. PST scores for 7 conditions in Study IV, V, and the cur-
rent study (Study VI). ** p < 0.01, * p < 0.05 



 

The data collected from three independent classroom studies all suggest that meta-
cognitive scaffolding facilitates tutor learning, regardless of the availability of cogni-
tive scaffolding. However, cognitive scaffolding does not necessarily facilitate tutor 
learning (or is equally “effective” as the baseline), and adding cognitive scaffolding 
to metacognitive scaffolding is as effective as the metacognitive scaffolding alone.  
5.3.2 Effect of cognitive scaffolding and students’ prior knowledge  
To see if cognitive scaffolding helped certain students, we categorized students in the 
cognitive scaffolding condition into four groups based on their prior knowledge as 
measured in the pre-test score.  Table 2 shows procedural pre- and post-test (PST) 
scores. The quartile Q1 represents the students who scored lowest on the pre-test.  

Table 2. Procedural pre- and post-test (PST) scores for students in the cognitive scaffolding 
condition. Students are grouped based on their pre-test quartile. 

 
Q1 

 
Q2 

 
Q3  Q4 

Pre 0.37(0.16) 
 

0.40(0.13) 
 

0.54(0.17)  0.66(0.21) 

Post 0.44(0.16) 
 

0.47(0.24) 
 

0.53(0.25)  0.70(0.18) 

A repeated-measures ANOVA with test score as a dependent variable and test-time 
(pre vs. post) and quartile (Q1~Q4) as independent variables revealed a main effect 
for quartile; F(3, 85) = 11.77, p < 0.001.  Test-time is also a main effect; F(1, 85) = 
6.57, p = 0.01. There is no statistically reliable interaction between test-time and quar-
tile. This result suggests that the “effect” of cognitive scaffolding does not change by 
students’ prior knowledge.  
5.3.3. Why is the metacognitive scaffolding effective? 
We have yet to fully understand what makes metacognitive scaffolding effective. So 
far, we found the following. First, the effectiveness of metacognitive scaffolding does 
not change based on the student’s prior knowledge (measured as pre-test score). This 
is confirmed by dividing students into quartiles based on their PST pre-test scores.   

Second, in a previous study, the data suggested that metacognitive scaffolding on 
problem selection (i.e., what problem should be taught next) actually influenced stu-
dents to pose more appropriate problems to SimStudent, which in turn facilitated tutor 
learning [14].  However, the effect of metacognitive scaffolding on problem selection 
is not confirmed in the current study.  

Third, there is no notable correlation between the number of metacognitive hints 
received and PST post-test scores when pre-test score is controlled. A stepwise re-
gression revealed that the number of quiz hints received is a statistically reliable pre-
dictor of post-test score (F(1,160) = 6.19, p = 0.01). However, students quizzed Sim-
Student an average of nine times in all three conditions.  

6 Discussion 

The metacognitive hypothesis has been supported. The current and past two class-
room studies all show that metacognitive scaffolding (helping students to teach and 
prepare for teaching) is an essential component for successful learning by teaching, 
whereas cognitive scaffolding (helping students to solve equations) has no effect rela-



 

tive to no scaffolding. In the current implementation, the metacognitive scaffolding is 
operationalized to support students’ understanding of how to select appropriate prob-
lems to teach, when to quiz their peers, and when to review study materials to prepare 
themselves for teaching (e.g., reviewing worked-out examples and unit overview).  

We have yet to fully understand why metacognitive scaffolding, as we defined it in 
this paper, helps. One hypothesis is that understanding (and actually applying) proper 
teaching strategies increases the likelihood for students to be exposed to opportunities 
to learn correct skills (e.g., from worked-out examples) and also to face the 
knowledge gap (e.g., a step that a student believes to be correct is marked as incorrect 
on the quiz summary). If these ideas are actually the key events that drive tutor learn-
ing, then guiding students to these key events should facilitate students’ learning.  

Further research is necessary to understand the underlying mechanism of tutor 
learning. We are currently analyzing the process data showing detailed interaction 
between students and SimStudent. Sequence mining is one potential technique to 
address the question of why metacognitive scaffolding helps.  

We were surprised that the current data do not provide evidence that cognitive 
scaffolding, as we defined it in this paper, helps tutor learning. It might be the case, 
however, that the current implementation of cognitive scaffolding needs to be im-
proved. Students might have used the cognitive scaffolding as a mere mechanism to 
provide correct feedback and hint—similar to those students excessively asking for 
hints when using cognitive tutors just to perform a step correctly—that must be dis-
couraged. A future study will be designed to explore this new hypothesis.  

7 Conclusion 

We found that the adaptive scaffolding on how to tutor and how to prepare for tutor-
ing (the metacognitive scaffolding) facilitates tutor learning, while the adaptive scaf-
folding on how to solve problems (the cognitive scaffolding) has virtually no impact 
on tutor learning. In the present study, the metacognitive scaffolding provided just-in-
time assistance on what problem should be taught next, when to quiz (i.e., a formative 
assessment), when to review resources to prepare for tutoring, and when to recover 
from an impasse. The cognitive scaffolding provided assistance on the correctness of 
the steps performed by the peer (to provide feedback to the peer), and the next step to 
be performed (to provide hints to the peer on what to do next).  

In our classroom studies, we often see students get excited about interactively 
teaching on a computer with actual dialogue with a synthetic agent. Our data from 
recent classroom studies consistently show evidence of the effect of learning by 
teaching. Understanding how and why metacognitive scaffolding helps but not cogni-
tive scaffolding is therefore an important research agenda to further advance the theo-
ry of learning by teaching and to build an effective technology for learning by teach-
ing.  
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