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Abstract. The benefit of interleaving cognitive content has gained attention in  
recent years, specifically in mathematics education. The present study serves as a 
conceptual replication of previous work, documenting the interleaving effect with-
in a middle school sample through brief homework assignments completed within 
ASSISTments, an adaptive tutoring platform. The results of a randomized con-
trolled trial are presented, examining a practice session featuring interleaved or 
blocked content spanning three skills: Complementary and Supplementary  
Angles, Surface Area of a Pyramid, and Compound Probability without Replace-
ment. A second homework session served as a delayed posttest. Tutor log files are 
analyzed to track student performance and to establish a metric of global mathe-
matics skill for each student. Findings suggest that interleaving is beneficial in the 
context of adaptive tutoring systems when considering learning gains and average 
hint usage at posttest. These observations were especially relevant for low skill 
students. 
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1 Introduction 

The benefit of interleaving cognitive content has gained attention in recent years. A 
simple intervention rooted in kinesthetic research pertaining to the acquisition of mo-
tor skills [18], interleaving has since evolved into a powerful tool for the modern 
classroom. Specifically, significant effects have been verified in the realm of mathe-
matics education in classroom trials and through simulated studies [9, 17, 6, 19, 7]. 
Research within this realm has examined the interleaving effect by mixing or alternat-
ing the delivery of skill or problem content, such that similar problems are no longer 
‘blocked’ or presented in uniform segments. The benefits observed when interleaving 
mathematics content are often credited to the discriminative-contrast hypothesis [1], 
which purports that the effect is rooted in a student’s enhanced ability to pinpoint 
differences in problem content. As such, interleaving provides an obvious tool within 
a domain that relies largely on problem type identification and solution strategy 
choice [15].  
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Despite this clarity, the details of interleaving remain somewhat obscure. It is heav-
ily documented that interleaving is confounded by an inherent spacing effect [15], yet 
few researchers effectively isolate interleaving by examining a single session or con-
trolling for the spacing of content [19]. Researchers have also added complexity to the 
issue, questioning which dimension of cognitive content (i.e., the skill, the task type, 
the representation, etc.) to interleave for optimal results [12, 13]. Further, despite 
continued reports of significant learning gains observed at posttest after interleaved 
practice, policymakers and educational designers fail to interleave mass-produced 
content, claiming that it is detrimental to the student’s learning experience [16, 19, 5]. 
Essentially, the practice has earned a bad reputation for making the learning process 
more complex, or for adding what Bjork terms ‘desirable difficulty’ [2]. 

The present study serves as a conceptual replication of Rohrer & Taylor’s work on 
shuffling mathematics practice problems [17]. While replications are rare in general 
[14], a recent analysis of leading education journals found that less than 0.13% of 
publications were replications [8]. However, repeated observations of significant edu-
cational findings, especially within different contexts, have the power to produce 
systemic change. While not a direct replication, we similarly aim to assess the inter-
leaving effect within mathematics skills amidst a single practice session, considering 
delayed posttest measures as dependent metrics. More uniquely, we seek to document 
the effect using a brief homework assignment completed within ASSISTments, an 
online adaptive tutoring system. We also consider a global metric of mathematics skill 
for each student, in and attempt to gauge how the effect differs across skill level. 

ASSISTments is fast growing platform offered as a free service of Worcester Poly-
technic Institute and used for homework and classwork by over 50,000 students 
around the world [4]. The system offers teachers a library of prebuilt content, primari-
ly with a focus on mathematics skills aligned to the Common Core State Standards, as 
well as the ability to build content to match their curriculum or course goals. Simulta-
neously, students benefit from correctness feedback and tutoring strategies within an 
adaptive environment that advances skill practice beyond that achieved through tradi-
tional classroom practices. ASSISTments also serves as shared scientific tool for edu-
cation research [4]. Adaptive tutoring systems provide a natural learning environment 
from which to assess best practices, and yet, to our knowledge, little work has been 
done to examine interleaving within these settings. Thus, a randomized controlled 
trial was designed within ASSISTments to examine the subtleties of interleaving, as 
guided by the following research questions: 

1. When controlling for student skill level, do learning gains (as measured by av-
erage posttest score) differ when practice session content is interleaved?  

2. When controlling for student skill level, does interleaving practice session 
content lead students to interact differently with the system at posttest (as 
measured by average hint usage and average attempt count)? 

It was hypothesized that interleaving skill content in the practice session would have a 
beneficial effect on student performance as measured at posttest, leading to increases 
in posttest score and reductions in the average number of hints and attempts used 
during posttest problems.   
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2 Methods 

This study was conducted with five classes spanning three teachers at a suburban 
middle school in Massachusetts. All teachers and students within the sample popula-
tion were familiar with ASSISTments, having used the system for classwork and 
homework throughout the school year. Researchers worked with a participating 
teacher to design problem content for two homework assignments (i.e., a practice 
session and a delayed posttest). In April 2014, the teacher isolated three mathematics 
skills that her students had learned earlier in the year to serve as review while allow-
ing for the observation of relearning via hint usage. The skills covered were Comple-
mentary/Supplementary Angles (Skill A; originally covered in February/March 2014), 
Surface Area of a Pyramid (Skill B; originally covered in November/December 
2013), and Probability of Compound Events without Replacement (Skill C; originally 
covered in January 2014). A problem exemplifying Skill B with all available hint 
feedback is provided in Figure 1; problems exemplifying Skills A and C can be ac-
cessed at Ostrow [11] for further reference.  

 

Fig. 1. Example of Skill B, Surface Area of a Pyramid 

For the practice session, four problems were created for each skill, resulting in a 
single assignment with twelve problems. These problems were isomorphic in struc-
ture, but designed such that problem difficulty would increase with each practice op-
portunity. Hence, a student’s first experience with Skill A was relatively easy, while 
her fourth experience with the skill was more challenging. One additional problem 
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was created for each skill, matching the highest difficulty level presented during prac-
tice, to establish a separate, three-problem assignment that would serve as a delayed 
posttest. Practice and posttest sessions were both assigned as homework, establishing 
an authentic learning experience and reducing the potential for immediate assistance 
from and adult. Settings for homework completion were ultimately unknown and 
were likely differential across students. 

Further, although straying from the conventions of a ‘formal’ posttest, permitting 
the use of hints and multiple attempts during the posttest assignment allowed re-
searchers to investigate variables of student performance extending beyond average 
posttest score (i.e., an average of the student’s accuracy on their first attempt at solv-
ing each problem).  

3 Procedure 

After the creation and release of content, five teachers assigned this study to an initial 
sample of 226 7th grade students. Students were randomly assigned to either the expe-
rimental condition, in which skill problems within the practice assignment were pre-
sented in an interleaved or mixed pattern, or to the control condition, in which skill 
problems within the practice assignment were presented using a blocked approach. 
Random assignment was accomplished using a pseudo-random number generator 
within the ASSISTments tutor, and occurred at the student level rather than the class 
level to control for potential teacher and class effects.  

Regardless of condition, students received the same twelve problems during the 
practice session, with the only difference being presentation order. Problem delivery 
patterns for each group are depicted in Figure 2. Using this design, the effects of inter-
leaving were not specifically isolated from the effects of spacing. For instance, stu-
dents in the interleaved condition experienced problem A4 at a later point in time than 
students in the blocked condition. However, the practice session was delivered as a 
single assignment in an attempt to minimize the effects of spacing [16, 3].  

Regardless of condition, all students received a second homework assignment 
consisting of three problems in a static delivery pattern, serving as a delayed posttest. 
Participating teachers assigned this posttest anywhere from two to five days following 
the practice session. Details pertaining to the design of this study, including access to 
question content and the student experience can be found at Ostrow [11]. 

 

Blocked 
Interleaved 
Posttest 

 

A1, A2, A3, A4, B1, B2, B3, B4, C1, C2, C3, C4 

A1, A2, B1, B2, C1, C2, A3, B3, C3, B4, C4, A4 
A5, B5, C5 
 

Fig. 2. Experimental Design: Skill Problem Delivery Across Groups 

Tutor log files were retrieved from the ASSISTments database and problem level 
data, including correctness, hint usage, and attempt count was isolated for each stu-
dent. Using previously logged data, it was also possible to calculate a global metric of 
mathematics skill for each student based on the average accuracy of all problems he 
or she had ever completed within the system. This measure was then discretized using 
a median split to bin students as generally ‘high’ or ‘low’ skill.  
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Within the initial sample of 226 students assigned the practice session, one partic-
ipating teacher failed to assign the posttest, resulting in the removal of 68 students 
from final analysis. Of the remaining 158 students, three students failed to complete 
enough of the practice session to verify their condition based on logged data, and 
were therefore excluded from analysis. Additionally, nine low-skill students failed to 
start the posttest assignment. Further assessment of these nine students revealed that 
six had experienced the blocked condition during the practice session, while three had 
experienced the interleaved condition. Only five of these students completed the prac-
tice session, with four students failing to complete the blocked session and one stu-
dent failing to complete the interleaved session. A two-tailed independent t-test was 
performed to compare the number of practice session problems completed by these 
students across groups, revealing that condition was not a significant factor in dispa-
rate completion rate, t = 0.048, p = .963. These nine students were therefore excluded 
from posttest analysis without introducing an obvious bias.  

A Chi-squared test of independence of the remaining 146 students did not indicate 
a significant relationship between condition and student skill level, χ2 (1, N = 146) = 
0.195, p > .05. However, the distribution across conditions was not equivalent 
(Blocked, n = 60; Interleaved, n = 86) due to the pseudo-random number generator 
that conducted student level randomization. Given the successful use of this assign-
ment method in previous research, the authors had no reason to believe that a selec-
tion effect had occurred or that this process was in any way biased (i.e., affected by 
specific student characteristics). Thus, the skewed distribution observed here was not 
regarded as a threat to validity. The log files discussed herein have been stripped of 
identifiers and are available at Ostrow [11] for further reference. 

4 Results 

To examine our first research question, an ANCOVA was performed to analyze average 
posttest score across conditions when controlling for student skill level. Within 146 
students, after controlling for the effect of student skill level, the effect of condition on 
posttest score trended toward significance, F(1,143) = 2.69, p = 0.103, η2 = 0.02, 
Hedge’s g = 0.22. As a covariate, student skill level was significantly related to posttest 
score, F(1, 143) = 29.308, p < .001, η2 = 0.17. Levene’s test was not significant, p > .05, 
and thus error variance was assumed to be equal across conditions. A summary of the 
effects of condition on average posttest score is depicted in Table 1. Analysis of means 
revealed that students in the interleaved condition (M = 0.67, SD = 0.27, n = 86) outper-
formed those in the blocked condition (M = 0.61, SD = 0.27, n = 60). 

Split file ANOVAs were conducted to further examine the effect of condition 
across student skill level. For low skill students, condition had a significant effect on 
average posttest score, F(1, 62) = 5.59, p < .05, η2 = 0.08, Hedge’s g = 0.60. Levene’s 
test was significant, F(1, 62) = 5.16, p < .05 suggesting the assumption of equivalent 
variance has been violated. Analysis of means revealed that students in the interleaved 
condition (M = 0.58, SD = 0.29, n = 39) significantly out performed those in the 
blocked condition (M = 0.42, SD = 0.23, n = 25). Within high skill students, condition 
no longer had a significant effect on posttest score, F(1, 80) = 0.01, p > .05. Students 
in the interleaved condition (M = 0.74, SD = 0.23, n = 47) performed quite similarly 
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to those in the blocked condition (M = 0.74, SD = 0.21, n = 35). Summaries of the 
effects of condition on average posttest score for both skill levels are presented in 
Table 2. Figure 3 depicts the interaction of condition and student skill level observed 
in average posttest score. 

Table 1. ANCOVA of the Effects of Condition on Average Posttest Score 

Source df SS MS F p η2 

Skill Level 1 1.80 1.80 29.21 .000 0.17 
Condition 1 0.17 0.17 2.69 .103 0.02 
Error 143 8.80 0.06    
Total 146 71.25     

Table 2. ANOVA of the Effects of Condition on Average Posttest Score by Skill Level 

Source df SS MS F p η2 

Low Skill        
     Condition 1 0.41 0.41 5.59 0.021 0.08 
     Error 62 4.51 0.07    
     Total 64 22.19     
High Skill       
     Condition 1 0.00 0.00 0.01 0.945 0.00 
     Error 80 4.06 0.05    
     Total 82 49.06     

 

 
Note. Standard Error for high skill students is not visible at this scale. 

Fig. 3. Means for Average Posttest Score Across Conditions and Student Skill Levels 

To examine our second research question, a MANCOVA was used to analyze the 
dependent measures of average posttest hint usage and average posttest attempt count as 
a function of condition after controlling for student skill level. Pillai’s Trace is reported 
throughout, as the assumption of equality of covariance matrices was violated and this 
parameter offers a more robust understanding of variance. Within 146 students, after 
controlling for the effect of student skill level, there was a significant main effect of 
condition, Pillai’s Trace = 0.06, F (2, 142) = 4.81, p < 0.05. At the multivariate level, 
student skill level was significant as a covariate, Pillai’s Trace = 0.36, F (2, 142) = 
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39.25, p < .001, explaining approximately 36% of the total variance. Tests of between 
subjects effects revealed that condition had a significant effect on average posttest hint 
usage, F(1, 143) = 6.24, p < .05, η2 = 0.03, Hedge’s g = -0.29. Students in the inter-
leaved condition used significantly less hints on average (M = 0.33, SD = 0.57, n = 86) 
than those in the blocked condition (M = 0.50, SD = 0.64, n = 60).  However, condition 
did not significantly affect average posttest attempt count, F(1, 143) = 0.10, p > .05, 
with those in the interleaved condition (M = 1.75, SD = 1.08, n = 86) and those in the 
blocked condition (M = 1.68, SD = 0.57, n = 60) using a similar amount of attempts. A 
summary of univariate results is presented in Table 3. 

Split file analyses revealed that the effects of interleaving were more impressive 
when low skill students were considered in isolation. Within 64 low skill students, 
condition had a significant multivariate effect, Pillai’s Trace = 0.12, F(2, 61) = 4.20, p 
< 0.05.  Univariate analyses revealed that condition had a significant effect on post-
test hint usage, F(1, 62) = 5.38, p < .05, η2 = 0.08, Hedge’s g = -0.59, with students in 
the interleaved condition using less hints on average (M = 0.64, SD = 0.70, n = 39) 
than those in the blocked condition (M = 1.04, SD = 0.62, n = 25). Condition did not 
significantly affect posttest attempts, F(1, 62) = 0.08, p > .05, with those in the inter-
leaved condition (M = 2.12, SD = 1.42, n = 39) and those in the blocked condition (M 
= 2.04, SD = 0.58, n = 25) using a similar amount of attempts.  

Within high skill students, condition no longer had a significant multivariate effect, 
Pillai’s Trace = 0.02, F(2, 79) = 0.84, p > 0.05. Summaries of the effects of condition on 
the dependent variables for both skill levels are presented in Table 4. Figure 4 depicts the 
interaction of condition and student skill level observed in average posttest hint usage. 

Table 3. Univariate Summaries of the Effects of Condition on Dependent Variables 

  Ave. Posttest Hints Ave. Posttest Attempts 

Source df SS MS F p η2 SS MS F p η2 

Skill Level 1 18.24 18.24 79.06 .000 0.35 15.13 15.13 21.07 .000 0.13 

Condition 1 1.44 1.44 6.24 .014 0.03 0.07 0.07 0.10 .749 0.00 

Error 143 32.98 0.23 102.67 0.72   

Total 146 75.75  552.06   

Table 4. ANOVA of the Effects of Condition on Dependent Variables by Skill Level  

  Ave. Posttest Hints Ave. Posttest Attempts 

Source df SS MS F p η2 SS MS F p η2 

Low Skill            

Condition 1 2.43 2.43 5.38 .024 0.08 0.10 0.10 0.08 .785 0.00 

Error 62 27.93 0.45    84.32 1.36    

Total 64 71.00     363.94     

High Skill            

Condition 1 0.06 0.06 1.09 .299 0.01 0.01 0.01 0.03 .865 0.00 

Error 80 4.01 0.05    18.31 0.23    

Total 82 4.75     188.13     
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Fig. 4. Means for Average Posttest Hint Usage Across Conditions and Student Skill Levels 

5 Discussion  

The findings herein highlight the promising effects of interleaving skill content within 
brief mathematics homework assignments in the context of adaptive tutoring systems. 
Despite failing to achieve an effect size as large as that observed by Rohrer & Taylor 
[17] (Cohen’s d = 1.34), we observed trends toward significance aligning with past 
work, serving as further evidence that interleaving skill content enhances learning 
gains as measured at a delayed posttest. This study also expanded upon interleaving 
literature to examine how these learning gains differ across student skill level. Fur-
ther, the findings of the present study extended beyond binary measures of correctness 
to consider students’ differential use of hints and attempts within an informal posttest 
setting. While this approach was somewhat novel, adaptive tutoring systems allow for 
the comparison of a variety of rich features within the learning experience that may 
provide deeper insight than accuracy alone. The observation of significantly different 
hint usage across conditions suggested that the consideration of feedback utilization, 
perhaps through a partial credit metric, may offer a more robust explanation for diffe-
rential learning gains in future research.  

The findings observed for low skill students were especially impressive and could 
prove groundbreaking for future design of adaptive tutoring content. Systems like 
ASSISTments already provide educational resources in a manner that has been shown 
to produce significantly greater learning gains than those found using traditional 
classroom practices [10]. This study suggests that learning outcomes can be further 
enhanced simply by adding support for a dynamic approach to content delivery 
through interleaving.   

A major limitation of this study was the loss of a large portion of the original sam-
ple due to the failure of a participating teacher to assign the posttest to her students. It 
is possible that a larger sample would better reveal subtleties in the interaction be-
tween condition and student skill level. The sample distribution was also suboptimal, 
with random assignment resulting in more students in the interleaved condition than 
in the blocked condition. Further, analyses may have been weakened by the discreti-
zation of students as generally ‘high’ or ‘low’ skill. Departing from the use of a me-
dian split should be examined in future work.  
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Future iterations of this work should incorporate a pretest assignment and use nov-
el skill content rather than skills intended for review. Future work should also ex-
amine variables pertaining to student performance within the practice session (i.e., 
average problem time, hint usage, and attempt count) to investigate Bjork’s theory of 
desirable difficulties [2]. Additionally, future research should investigate more robust 
measures of learning, including extended retention rates following interleaved as-
signments and the effects on far transfer application. 

6 Contribution 

While many studies have examined the effect of interleaving, we offer a significant 
contribution to the field of artificial intelligence in education in that our work repli-
cates the effect of interleaving within a brief homework assignment delivered using 
an adaptive tutoring system. Emphasized significance was observed for low skill stu-
dents. Further, the use of homework assignments as both intervention and posttest 
resulted in the observation that rich features common to adaptive tutoring systems 
may allow researchers to pinpoint effects in variables other than correctness. The ease 
with which interleaving can be conducted within adaptive tutoring systems offers a 
low-cost, high-benefit approach to enhancing student learning outcomes. 
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