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ABSTRACT

In this paper, we perform a predictive analysis of a curriculum-
integrated math game, ST Math, to suggest a partial ordering for
the game’s curriculum sequence. We analyzed the sequence of ST
Math objectives played by elementary school students in 5 U.S. dis-
tricts and grouped each objective into difficult and easy categories
according to how many retries were needed for students to master
an objective. We observed that retries on some objectives were
high in one district and low in another district where the objectives
are played in a different order. Motivated by this observation, we
investigated what makes an effective curriculum sequence. To in-
fer a new partially-ordered sequence, we performed an expanded
replication study of a novel predictive analysis by a prior study
to find predictive relationships between 15 objectives played in
different sequences by 3,328 students from 5 districts. Based on
the predictive abilities of objectives in these districts, we found
17 suggested objective orderings. After deriving these orderings,
we confirmed the validity of the order by evaluating the impact of
the suggested sequence on changes in rates of retries and corre-
sponding performance. We observed that when the objectives were
played in the suggested sequence, we record a drastic reduction in
retries, implying that these objectives are easier for students. This
indicates that objectives that come earlier can provide prerequisite
knowledge for later objectives. We believe that data-informed se-
quences, such as the ones we suggest, may improve efficiency of
instruction and increase content learning and performance.

CCS CONCEPTS

« Applied computing — Interactive learning environments;
« Computing methodologies — Classification and regression
trees.
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1 INTRODUCTION

In recent times, there has been an increased exploration of seri-
ous games analytics for skill improvement [19]. Whether game
data is collected in situ (data about game and players collected
from within the game environment) or ex situ (data about game
and players collected from outside the game environment), the
analytics of data collected from serious games has helped to im-
prove performance[19] and inform stakeholders on better ways of
teaching with serious games[7]. Beneficial patterns gleaned from
descriptive[18] and predictive modeling of educational games are
being used to advise academic decisions[12, 21].

In this paper, we perform detailed analytics on a mathematics
curriculum-based serious game, ST Math. The importance of effec-
tive sequencing of objectives in mathematics curriculum cannot
be over-emphasized, because of the impact of basic mathematics
skills on performance of future more advanced concepts. A study
by Dowker et al. shows that many adults have been traumatized
by mathematics [9] and one way to alleviate this is by introducing
math games and puzzles to children as early as kindergarten [14].
However, a math game with a curriculum sequence that does not
adequately teach math skills is counterproductive [2].

1.1 Preliminary Analysis

We conducted an exploratory analysis to discover the different se-
quences in which five different districts and schools in the United
States played ST Math. At first glance, we noticed an important
pattern: that the rise and fall in number of retries needed before
passing some objectives co-occurred with the position of such ob-
jectives in the curriculum sequence. Figure 1 shows how 5 districts
played 5 ST Math objectives.
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Figure 1: Percentage Retries of 5 Objectives Played by 5 Districts. The number in each bar represents the position of the

objective in the curriculum of each district.

The number in each bar represents the position of the objec-
tive in the curriculum of each district. There are three groups of
objectives in figure 1: Group 1: Objectives that are difficult (i.e.
have a high number of retries) or easy (i.e. have a low number of
retries) depending on their position in the curriculum sequence,
Group 2: Objectives that are always easy no matter their position
in the sequence, and Group 3: Objectives that are always difficult,
no matter their position in the sequence. Note that district B did
not play “Place Value Bundles, Tens and Hundreds" and district A
did not play “Concepts of Area and Perimeter." From the plot, we
can see that two objectives, namely "Number Patterns" and “Place
Value Bundles, Tens and Hundreds" fall into the first group, because
their percentage retries dropped when played later in the sequence.
When Number Patterns was played as the 7th objective in district
A, it accounted for over 17% of all retries for district A, but when it
was played as the 15th objective in district B, it was less than 8% of
the total retries for district B. "Multiplication Concepts" and "Divi-
sion Concepts" fall into group 2, whereas "Concepts of Area and
Perimeter" falls into group 3. We suggest that group 2 objectives
should be played earlier in the sequence, whereas group 3 objectives
should be played later, towards the end of the sequence of the first
15 objectives. Our aim is to design a recommended partial ordering
for objectives in group 1 so as to reduce the number of retries. To
achieve this, we replicated Liu et al’s method for suggesting a cur-
ricular sequence that models the potential predictive relationships

between objectives [21]. The results from our replication study
are suggested orderings of objectives in ST Math. We noted these
results and designed a partial ordering of objectives as shown in
Figure 4. We then evaluated the resulting partial sequence and its
association with retries. We performed these procedures on ST
Math’s in situ gameplay data of 3,328 3rd graders during the 2017-
2018 school year. These procedures can be applied to other serious
games to derive data-informed curricular sequences, potentially
improving students’ learning and performance.

2 RELATED WORK

A number of studies have performed detailed serious game analytics
and applied insights to improving performance of players and the
quality of the game environment.

2.1 Insights from Serious Game Analytics

Liu et al. [17] showed that replaying games was not necessarily ben-
eficial, and some patterns may be associated with work-avoidance
behaviors. In another study, Liu et al. [22] applied learning curve
analyses under different cognitive assumptions to discover game
levels where students failed to learn or transfer, identifying po-
tential game design changes that could result in better learning.
Horn et al. [13] grouped players into clusters by studying player
strategies in order to provide proper feedback at failure points.
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From these studies we can see how analytics have been used for
improving educational games.

2.2 Methods for Curricular Sequencing

A number of studies have implemented diverse methods to im-
prove curricular sequencing driven by real student data. Chen and
colleagues (2016) [3] introduced the Combined student Modeling
and prerequisite Discovery (COMMAND) algorithm which uses
Bayesian networks to learn prerequisite structure of skills. Their
work generates prerequisite graphs of mathematics skills. Yang
Chen et al. (2015) [4] discovered pre-requisite structure of skills
by using association rule mining on a large student performance
dataset. Doroudi et al. (2016) [8] introduced Sequencing Constraint
Violation Analysis (SCOVA), which provides a method for evaluat-
ing sequencing constraints and how they impact post-test perfor-
mance. Our approach to curricular sequencing, however, produces
a partially ordered sequence which is driven by student’s retry
behavior. Inferring prerequisite structure of a mathematics curricu-
lum by evaluating its impact on the number of retries is yet to be
explored.

2.3 Importance of Replication Study

In our study, we replicated the 2017 study by Liu et al. [21] to dis-
cover the objective sequencing that might help students achieve
more in terms of their learning outcomes. However, we applied
their method on a larger dataset to determine a more generalized
sequencing. Replication studies have been used to evaluate research
and validate the findings of prior pieces of research[5]. These studies
have come up with remarkable findings in varied fields of research,
including social sciences, software engineering, computational bi-
ology, business and nursing (e.g., [6, 10, 15, 16]).

3 ST MATH DATA
3.1 ST Math

ST Math is a curriculum-integrated educational math game that acts
as a year-long supplemental program to the existing math curricu-
lum in elementary classrooms[24]. The game is designed to enhance
students’ K-12 math skills through spatial-visual representations
and informative feedback. ST Math content is divided by grade-
level and aligned to relevant Common Core or other state standards.
ST Math games, levels, and puzzles are nested within objectives,
i.e., broader mathematical concepts. Students apply mathematical
knowledge to solve puzzles relevant to each objective’s content.
As students pass each level within an objective, they are exposed
to increasingly difficult content under the umbrella of that same
mathematical concept.

ST Math students start the game with a series of introductory
games. Students are then routed to the first objective of their as-
signed content. Before engaging in the puzzles within each objec-
tive, students must complete a pre-test. The students need to pass
all the levels under an objective to pass that objective. On com-
pletion of an objective, the students participate in a post-test as a
prerequisite to proceed to the next objective. ST Math objectives
assigned to each grade-level can be divided into two categories:
default and optional.
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At the beginning of a level attempt, the students are given two
lives. When the students fail to complete a puzzle accurately, they
lose a life. To pass a level, the students need to complete all the
puzzles under that level without losing both of their lives.

3.2 Objectives in ST Math

The data used for this study was collected from ST Math gameplay
by 3rd graders in 5 US districts during the 2017-2018 school year.
The 3rd grade curriculum contains 32 objectives in total; however,
for this study we focus on the first 15 objectives, described in Table
2. The order in which ST Math objectives are played is different
across districts, classrooms, and students. Teachers have the free-
dom to assign different objectives to different groups of students
in the same classroom at a particular time, although prior research
[20] suggests teachers rarely do this, instead most often reordering
at a classroom level. We extracted the largest number of students
that played the first N objectives in an identical sequence. This
statistics is shown in Table 1. From Table 1, we can see that as N in-
creases, the number of students reduces. For this study, we selected
the column where N = 15. This represents a trade off between the
number of objectives and the size of the dataset i.e., number of ob-
servations or students involved in the study. Our dataset therefore
contains 826 students from District A, 1,826 students from District
B, 376 students from District C, 137 students from District D and
163 students from District E.! Thus, we observed the way a total of
3,328 students from the 5 districts played the first 15 objectives. The
sequence of objectives was extracted from the gameplay data using
the following logic: An objective (e.g., A) is considered ordered
prior to another objective (e.g., B) if the majority of its gameplay
happened prior to the completion of the other objective. For exam-
ple, we consider B as ordered before A if a student attempted the
first level of objective A, was switched by the teacher to objective
B, completed all levels in objective B, and only then completed the
rest of the levels in objective A. In this situation, we say that most
of the gameplay in objective B happened before objective A. The
first 15 objectives played by each district are not exactly the same
across districts. For example district A and B might have the same
first 13 objectives (played in different order) but the 14th and 15th
objectives might be different, hence table 2 has more than 15 ob-
jectives. It could be the case that district A played "Multiplication”
and "Division" as its 14th and 15th objectives whereas B played
"Comparing Fractions" and "Number Patterns” as its 14th and 15th
objectives, but B later played "Multiplication" and "Division" as the
16th and 17th objectives. In this case, "Multiplication" and "Divi-
sion" as the 16th and 17th objectives, would not be a part of this
study for district B.

3.2.1 Default and Optional Objectives. ST Math objectives are la-
beled as "default” or "optional” Those labeled as default are ones
in alignment with the Common Core or state standards and have
been deemed by the state or district as key content to be covered
during the school year. Optional objectives cover material that is
supplemental to this curriculum or that covers default objectives in
a different or expanded way. Teachers can switch between similar

IThis is a serious limitation to this study; in future work, we plan to perform un-
dersampling or matched samples to account for the differences in sample sizes from
different districts
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Table 1: Statistics of Students that Played ST Math in the
Same Order

Districts | Total # of students | Highest # of students that com-
pleted the first N objective in the
same order
N=10 | N=15 N =20

A 7629 1374 826 436

B 3916 2438 1826 1387

C 5158 527 376 214

D 2468 315 137 74

E 2727 344 163 87

default and optional objectives at their discretion. For example: a
default objective “Place Value Bundles, Tens and Hundreds" could
be replaced by “Place Value, Tens, Hundreds, and Thousands." We
discovered one impact of using optional objectives in place of de-
fault objectives. It should be noted that SO1P: “Place Value Bundles,
Tens and Hundreds" is difficult when played earlier and easy when
played later. However, district B did not attempt this objective;
they attempted an optional objective called SO1P1000: “Place Value
Bundles, Tens, Hundreds, and Thousands" in its place and recorded
a low number of retries. It could be that the teachers in district
B noticed that SO1P was difficult for students and decided to as-
sign SO1P1000: instead, because it provides a similar concept. We
played both SO1P and SO1P1000 to explore this and we observed
that knowledge of some prerequisite objectives were required for
SO1P, but not required for SO1P1000, because the latter is relatively
intuitive.

3.2.2  Retries in ST Math. Retries are defined as all attempts on
a level other than the first attempt that occur before the student
passes the level. Retries are different from replays in ST Math. Re-
plays on a level are all attempts that occur after the level is passed.
This study solely focuses on reducing the number of retries for
objectives in ST Math. We consider a reduction in retries as in-
dicative of a reduction in the difficulty of objectives. Retries may
indicate a lack of content understanding or difficulty with the me-
chanics of the particular game. Given the design of ST Math to
focus on small steps of incremental learning, a large number of
retries indicate difficulty beyond what is optimal. A large number
of retries prevents students from progressing and covering content.
In addition, the need for frequent retries may encourage students
to game the system by passing a level using patterns in the game
without learning[11, 22]. Our aim is to derive a partially ordered
sequence of objectives that places prerequisite objectives earlier in
the sequence order. This would provide the students with adequate
prerequisite knowledge that in turn reduces difficulty and poten-
tially improves performance and content coverage. We gleaned
insights on what objectives should precede the next by replicating
a prediction study[21] that suggested objective orderings in ST
Math.

4 METHODOLOGY

Our analysis involved three major steps. In the first step, we ex-
tracted the total number of retries for each of the first 15 objectives.
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This number was aggregated at the district level. We also extracted
performance for each student on each objective and the number of
levels completed by each student. For performance, we used the first
attempt performance for each level, as this provides information
on student skills regarding the level content before they experience
any feedback. Thus, first attempt performance on a level shows
how much prerequisite knowledge the students have acquired from
other objectives before playing the current objective and subse-
quent attempts may not truly reflect each student’s knowledge of
the mathematics content [22]. We define objective performance
for each student as the average of first attempt performance on all
levels in an objective. To get the district performance on an objec-
tive, we took the average of all district students’ performance in
that objective. We noticed that objectives with higher total number
of retries recorded lower average objective performance, whereas
those with lower number of retries had higher objective perfor-
mance. This supports the fact that a high number of retries signifies
difficulty of that objective.

In the second step, we replicated the 2017 study by Liu et al.
[21] that introduced a novel data-informed method to determine
pairwise orderings for objectives in the curricular sequence. This
method uses mixed effects regression to identify what objective
statistically significantly predicts performance in another objective.
If an objective A is played before another objective B in the curricu-
lum sequence but does not statistically significantly predict it, and
there exists a situation where objective B is played before objective
A and B predicts A, then B should come before A. We will label this
scenario with a dark red tile in figure 2. Dark red tiles generally
suggest a revision of the order of objectives involved (e.g., the sug-
gestion that objective B should come before objective A is a dark
red tile). Our aim is to see which objectives predict performance
on the goal objectives (where goal objective is each of the first 15
objectives in the curriculum). We first performed pairwise Spear-
man correlations on all 15 objectives, resulting in 210 correlations
for each district. Next, we found the average pairwise correlations
for each district, which we refer to as mean_corr and filtered out
objective pairs with correlation values less than the mean_corr. To
ensure there were enough observations, we filtered out objective
pairs with fewer than 30 observations. All objective pairs passed
this constraint. Next we used mixed effects regression to determine
which objectives were statistically significant predictors of the goal
objective.

4.1 Linear Mixed Effects Regression

Linear mixed effects models are mixed models used for regression
analysis involving both fixed and random effects [1]. These models
are an extension of linear regression models such that the linear
predictor contains random effects in addition to the usual fixed
effects. Linear mixed effects regression allows us to evaluate the sig-
nificance of fixed effects in created models. The fixed effects in our
model represent the relations between the independent variables
and our outcome. To account for nesting of students within class-
rooms, we modeled classroom as a random effect, with a random
intercept for each classroom. The MixedML function in Python pro-
vided us with the p-value of each fixed effect variable’s association
with the outcome (goal objective). We set our statistical significance
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Table 2: A Description of Objectives in the Curriculum

Objectives

Description and sample games

SO10: Place Value Concepts

Students write ones, tens, and hundreds in the correct order using digits 0-9. For example, ‘How Many
Petals’ game requires students to count and provide the correct numeral to represent the pile of petals.

SO1P: Place Value Bundles,
Tens and Hundreds

Students build on their knowledge of place value concepts developed in earlier objectives to learn the
relationship between the ones and tens place and the tens and hundreds place. Students learn that ten or
hundred are a bundle of 10 ones or tens. For example: Greenies Regrouping game involves regrouping the
ones or tens or both in order to represent the total number in standard expanded form.

ROUND3DGT: Rounding
Three-Digit Numbers

Students learn to round two-digit numbers to the nearest ten and three-digit numbers to the nearest
hundred. Students round whole numbers using place value skills and the number line. For example:
Number Funnels Tens Place game involves rounding decimals to the nearest given value. The game also
teaches place value concepts up to the tenths place.

SO1Y: Addition and Subtrac-
tion with Regrouping

Students apply strategies for regrouping on numbers up through three digits. For example: Intro to
Regrouping game involves using the petals model; students add two three-digit whole numbers with
regrouping in the ones or tens place.

SOE: Scale and Measure-
ment in Graphing

Students are required to draw bar graphs from scaled keys and graph quantities with incrementally marked
axes. For example: Bar Graph Bridge game involves constructing vertical and horizontal bar graphs for a
data set given as single observations or in a set of observations.

A&S 1000: Addition and
Subtraction within 1,000

Students apply their knowledge of place value concepts to add two whole numbers. Numbers range from
one to three digits. Students also perform addition and subtraction on a number line. For example: Candy
Factory game involves identifying the number of tens and ones for a given two-digit whole number.

SO3M: Number Patterns

Students use knowledge of addition and multiplication to count sequences of numbers. For example: Make
it Linear game involves identifying the common difference in an increasing or decreasing arithmetic
sequence represented in numerical form and with virtual manipulatives in order to extend a sequence of
numbers or identify missing numbers in a sequence.

SO1F: Multiplication Con-
cepts

Students gain conceptual understanding of multiplication by repeated addition. Students build an un-
derstanding of the differences between addition and multiplication. For example: Bouncing Shoes game
involves using repeated addition within the model to determine how many of one animal are needed to fill
the given number of shoes.

SO28: Division Concepts

Students gain conceptual understanding of division by manipulating visuals to represent division problems.
Students associate division with dividing items into equal groups. For example: Equal Division game
involves dividing blocks into equal parts.

MULT&DIV_S: Multiplica-
tion and Division Situations

Students are presented with situations including equal groups where they use multiplication and division
to solve these problems. For example: Fruit Monster game involves determining how many pieces of fruit
are needed to feed the monsters. Students explore the relationship between inputs and outputs using ratios
within a visual model.

MULT&DIV_R: Multiplica-
tion and Division Relation-
ships

Students disambiguate between multiplication and division using the number line. They are also introduced
to the inverse relationship between the two operations. For example: Building Expressions game involves
dividing whole numbers by forming equal groups of dots.

MULT: Multiplication

Students practise multiplying and dividing within 100. For example: How Many Legs game involves
multiplying whole numbers using repeated addition.

S0O29: Division

Students practice solving division problems. Students use visual models to understand and interpret
division statements. For example: Area Divide game involves dividing the tiles into equal groups, with and
without remainders. The correct answer is demonstrated using an area model.

UNKNOWNS: Unknowns in
Two-Step Problems

Students represent two-step word problems using equations and solve them. For example: Mice Island
Two-Step Problems game involves filling in the missing number to make the equation true. This game
teaches addition and subtraction of one- and two-digit whole numbers.

SO2S: Fraction Concepts

Students represent a whole number as a fraction. For example: Pie Monster game involves representing
the given fraction or whole number with circles divided into equal parts.

SQJ: Fractions on the Num-
ber Line

Students represent a whole number as a fraction on the number line. For example: Fraction Trap game
involves estimating on a number line the location of fractions.

LP&Mode: Line Plots and
Mode

Students generate fractional measurement data and show the variability by making a line plot. They
discern between multiple population attributes and identify one variable that is expressed in a line plot
and identify the mode, minimum, and maximum given in a line plot. For example: Mode is Most game
involves identifying the mode of a given collection of shapes or letters.

SO1P1000: Place Value Bun-
dles, Tens, Hundreds, and
Thousands

Students apply knowledge of prior objectives such as place value concepts, tens, hundreds, or thousands
to learn addition and subtraction techniques based on place value. They also develop the skills to compose
and decompose tens, hundreds, and thousands. For example: Building Blocks to 100 games involves filling
in the missing addend to make a sum of 100 or 1000.
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threshold at p < 0.05. To construct a linear mixed-effects model, we
extracted all the objectives played before each goal objective. These
served as potential predictors (fixed effects) of the goal objective,
as shown in equation 1.

Next we applied mixed effects regression to predict P; (where P;
is a student’s performance on the goal objective multiplied by the
number of levels of that objective completed by the student) using
Py, to Py, (which represents the student’s objective performance
multiplied by number of levels the student completed for objec-
tives 1 to k played before the goal objective), and position O of the
goal objective in the current curriculum sequence as fixed effects
while Classroom C factor was used as random effect. Coefficients of
predictor objectives that met our p-value threshold were marked
as “good predictors, whereas the rest were not considered as pre-
dictors. Only predictor-goal objective pairs that had correlations
greater than the mean_corr were included in the analysis. A total
of 58 predictor objectives were found to be statistically significant
predictors for the 15 goal objectives.

k
Py = Bo + frO +C ~ N(0,02) + Z BiP;, (1)
i=1

4.2 Dark Red Tiles

The result of the mixed effects regression analysis includes all
objectives, the number of goal objectives they predicted, and the
number of objectives that predicted them. Dark red tiles at (X)Y) in
figure 2 indicate that Objective X comes before Objective Y in (any)
one district’s curriculum but when Y is played before X by students
in another district, our model shows that Y predicts X. In other
words, the ordering YX results in better student performance on X,
and suggests that Y should come before X. Dark red tiles were found
by checking 5 different districts that played ST Math with different
curriculum sequences. If any one district’s curriculum (referred to
as base curriculum) orders XY, but X does not predict Y, and another
district uses YX, and Y predicts X, then that relationship is shown as
aDark Red Tile and Objective Y should be played before Objective X.
After forming dark red tiles from 5 districts, we recorded a total of 17
dark red tiles. Using these suggestions, we created a partial order of
objectives following the rules of these 17 dark red tiles. In addition
to replicating the the Liu study [21] across 5 districts, we also
associated the suggested orderings with the number of retries. The
third and final step therefore involved deriving a partial ordering of
objectives and evaluating the suggested orderings to observe if the
number of objective retries was reduced in cases where students
already followed our suggested data-informed curriculum sequence

5 RESULTS AND INTERPRETATION

From figure 2, we can see a dark red tile, which suggests that
SO1F: “Multiplication Concepts" should be played before SO10:
“Place Value Concepts." In addition, from our analysis in step one,
we observed that when SOTF is played before SO10, the latter is
less difficult. Also, from the dark red tile for SO1F: “Multiplica-
tion Concepts" and SO3M: “Number Patterns," whenever SO1F is
played before SO3M and SO3M is played later in the sequence, the
latter is less difficult. If MULT&DIV_S: “Multiplication and Divi-
sion Situations" is played before SO1P: “Place Value Bundles, Tens
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and Hundreds," the latter is less difficult. Whenever ROUND3DGT:
“Rounding Three-Digit Numbers" is played before SO1P, the latter
is less difficult. Therefore, in districts that followed the suggested
ordering, we see reduced number of retries compared with districts
that did not follow the suggested order.

5.1 Partial Ordering

A partial order is a binary relation R over a set S satisfying the
following axioms[23]: For all ij,l in S

e The order S is transitive, if iRj € S and jRI € S, then iRl € S
foralli#j#1
e if iRj € S,then jRi ¢ S
e iRi¢gS
For this study, the relation R means “should be played before
From the dark red tiles suggestions in figure 2, we come up with
partial ordering for objectives that fall into group 1. Figure 4 shows
the partial orderings.

5.2 Suggested Partial Ordering of Group 1
Objectives

We use the inference from our replication study to suggest a partial
ordering for objectives in group 1. After separating the group 2 and
3 objectives, we used the dark red tiles to create a binary partial
order between the dark red tiles that involve group 1 objectives
and their prerequisite objectives. From figure 4, it is suggested that
ROUND3DGT: “Rounding Three-Digit Numbers,” MULT&DIV_S:
“Multiplication and Division Situations,' and SO1P: “Place Value
Bundles, Tens and Hundreds" should come before SO3M: “Number
Patterns." Possible reasons for this include: ROUND3DGT teaches
students the concept of nearest whole numbers, the puzzle environ-
ment for MULT&DIV _S is quite similar to that of SO3M, and higher
levels of SO1P teaches basic concepts like adding tens and hun-
dreds required for solving higher levels of SO3M. These most likely
prepare the students for success in SO3M. Also, prerequisites for
MULT: “Multiplication” include SO1Y: “Addition and Subtraction
with Regrouping"” and MULT&DIV_R: “Multiplication and Division
Relationships" MULT moves a step higher from MULT&DIV_R.
MULT&DIV_R involves multiplication within tens. MULT involves
multiplying 2 digit numerals, i.e., within hundreds. MULT also in-
volves repeated addition; such skills are learnt from SO1Y. The
suggested partial orderings were found to reduce the rate of retries
of objectives in the partial order shown in figure 4.

5.3 Group 2: Easy Objectives

From our analysis in step one, we noted there were objectives that
fell into group 2, i.e., these objectives had a low number of retries
no matter their order in the sequence. Objectives SO10, SO1F,
A&S_1000, SO28, SO29, SOE, and SO2S fell into this category. This
likely means that the games for these objectives were quite intuitive,
their game design was user friendly, or students were able to easily
demonstrate their knowledge of the concept. With a mind toward
avoiding conflicts with other ordering decisions (e.g., aligning ST
Math with classroom curriculum), these objectives should be played
at the beginning of the sequence of 15 objectives. Because they are
easier objectives, playing them first could help students become
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Figure 3: A Puzzle in Concepts of Area and Perimeter Objec-
tive (Copyright © 2019 MIND Research Institute)

more familiar with the game environment. Furthermore, some of
these objectives, such as SO2S, provide prerequisite knowledge for
SO3C, as indicated by a dark red tile in figure 2.

5.4 Group 3: Difficult Objectives

SO3C: "Concepts of Area and Perimeter" is a difficult objective
no matter the order in the sequence. Although the tasks in SO3C
require students to apply to their knowledge of addition and multi-
plication, even districts with students that had performed well in
SO1F: “Multiplication Concepts" and SO1Y: “Addition and Subtrac-
tion with Regrouping” had a hard time with SO3C. There may be
game mechanic reasons for this, such as a potential lack of intuitive-
ness of the game. For example, figure 3 shows a puzzle that requires
students to draw a rectangle with an area of 4 square inches and
perimeter of 10 inches. Firstly, students might not easily figure
out the question being asked, which exposes a game design issue.
Secondly, the question requires a single answer that satisfies two
different constraints, area and perimeter. Students might draw a 2x2
shape which gives a correct area but a wrong perimeter, because
the correct answer is a 4x1 shape. We suggest that this objective
should be played at the end of the sequence of 15 objectives. Stu-
dents may need some form of guidance in playing higher levels of
this objective. Although we have no definitive evidence, such as
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that from clinical interviews, as to why students struggled with
this game, our results suggest that it may be beneficial to redesign
this game to make it more achievable, or build prerequisite levels
that assist students in relating perimeter and area.

5.5 Validating Previous Research

Previous research[21] labeled SO3M: “Number Patterns" to be a
very difficult objective, because it presents students with difficult
tasks, such as multi-step addition, subtraction, and multiplication.
From this study, we not only confirm this, we also provide poten-
tial reasons behind this. “Number Patterns" requires students to
count even and odd numbers forward e.g., 2, 4, 6, 8, 10 as well as
backwards e.g., 9,7,5,3,1. The current study confirms that “Number
Patterns” is difficult; however, it was difficult for only 2 districts
as shown in figure 1. Because more districts are involved in this
analysis, we discovered scenarios in 3 other districts where SO3M
was easier. From our analysis, we discovered that SO3M was played

later in the curriculum sequence by these 3 districts. In addition,
from our replication study, we also inferred that without the right
prerequisite knowledge, as suggested by our partial order in figure
4, SO3M would be a difficult objective. Our study also validates the
predictive relationship method used by Liu et al. [21] to suggest
objective sequence. By using this method, we discovered partial
orders that reduced objective difficulty, indicating that this method
can be effective for suggesting objective ordering.

Other findings in the prior study [21] show that SO1Y: “Addition
and Subtraction with Regrouping” predicts SO1F: “Multiplication
concept" but does not predict SO29: “Division", SO3C: “Concepts
of Area and Perimeter," or SO2S: "Fraction Concepts." This study
confirms all these as well.

5.5.1 Anomaly in Partial Ordering. We recorded an anomalous rela-
tionship from our results. This abnormal relationship is represented
by the dotted line in figure 4. It indicates that SO3M: “Number Pat-
terns" should be played before MULT&DIV_S: “Multiplication and
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Division Situations." However, other dark red tiles suggest that
MULT&DIV_S should be played before SO1P and SO1P before
SO3M. Another red tile suggests that SO1F should be played be-
fore SO3M. From this we can deduce that SO1F and MULT&DIV_S
should be played before SO3M. We confirm from our analysis in
step one that when SO1F and MULT&DIV_S are played before
SO3M, SO3M becomes easier. But when SO3M is played before
MULT&DIV_S, SO3M is difficult, so although one red tile suggests
this order, we do not accept it, because it doesn’t contribute to
our goal of reducing the number of retries. One explanation for
this anomaly could be that MULT&DIV_S alone does not directly
predict SO3M, but a combination of SO1F:“Multiplication concept"
and MULT&DIV_S predicts SO3M.

6 CONCLUSION

Our study uses a pairwise predictive technique to suggest objective
orderings, validate prior work, and make recommendations that
could reduce the number of retries within the ST Math objectives.
This kind of student modelling is beneficial to both the serious game
and analytics communities. In particular, modelling student retry
patterns during gameplay across a varied population and different
curricular implementations can suggest whether game difficulty
is a result of curricular sequences that do not leverage natural
prerequisite structures in the game or whether the objective game
design is posing particular difficulty for students. In the future, a
similar analysis could be performed for the bottom 17 objectives
to suggest an ordering of the whole objective sequence for the ST
Math Curriculum.

One limitation of this work is that we cannot be sure about the
source of game difficulty for students. Since ST Math is a curriculum
integrated math game intended to be used concurrently with the
content of the school math curriculum, other factors outside of
the ST Math system may affect the number of retries within each
district. These factors include variation in district implementation of
ST Math and different instructional methods for administering math
curricula. For example, some teachers might teach pre-requisite
skills in class before bringing students onto ST Math. Although we
made classroom factor a random effect in our prediction analysis to
account for classroom effects, future work could gather ex situ data
to understand the impact of both class and district-wide outside-of-
ST Math curricula on gameplay behavior.
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