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MATH GARDEN (REKENTUIN.NL OR MATHSGARDEN.COM)

@ adaptive training environment with educational games
@ abstract thinking development

o 15 arithmetic games and 2 complex reasoning games
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MATH GARDEN (REKENTUIN.NL OR MATHSGARDEN.COM)
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@ In three years the number of schools has grown from 8 to over 700.

o Currently, over 90,000 students have generated over 200 billion.
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DirricuLTYy LEVELS

o students play game-items suited for their level (75% correctly)

the tasks' difficulty and the students’ level are continuously estimated

via the Elo rating system (used for ranking chess players, Elo 1978)
@ i.e.: students are ranked by playing, and items are rated by getting played
o ratings depend on accuracy and speed of item solving (Klinkenberg 2011)
By-products:
1) rating of all items (item difficulty parameters)

2) rating of children (reflecting the reasoning ability)
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THE GOAL

introduce a dedicated logical reasoning training in primary schools
understand the empirically established item difficulty parameters
by means of a logical analysis of the items

computational paradigms for cognition
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MASTERMIND GAME

o Meirowitz 1970, but similar to the earlier Bulls and Cows

@ an inductive inquiry game, trials of experimentation and evaluation

Nina Gierasimczuk

=} =
Logic and Deductive Games



MASTERMIND GAME: A CODE-BREAKING GAME

the set consists of:
o a decoding board
o code pegs of k colors
o and feedback pegs of black and white

o players:
o the code-maker: chooses a secret pattern of £ code pegs
o the code-breaker: guesses the pattern, in a given n rounds
@ rounds:
o code-breaker makes a guess by placing a row of ¢ code pegs
o code-maker provides the feedback:
one black for each code peg of correct color and position, and
one white for each peg of correct color but wrong position
o repeat until either the code-breaker guesses correctly, or n incorrect guesses
have been made
@ winning:
o for the code-breaker: if obtains the solution within n rounds
o the code-maker wins otherwise
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MASTERMIND: A LocIiCAL GAME

@ question of the underlying logical reasoning and its difficulty
@ mathematical results only on existence of efficient strategies
(Knuth 1976, Irving 1978, Koyama 1993, Kooi 2005)
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STATIC MASTERMIND (CHVATAL 1983)

Static Mastermind is a version of the Mastermind game
o the goal is to find out the minimum number of guesses
o the code-breaker can make all at once
@ at the beginning of the game
o without waiting for the individual feedbacks
@ and upon receiving them all at once

o completely determine the code in the next guess
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COMPLEXITY OF STATIC MASTERMIND (STUCKMAN 2006)

DEFINITION (MASTERMIND SATISFIABILITY DECISION PROBLEM)

INPUT A set of guesses G and their corresponding scores.

QUESTION s there at least one valid solution?

Mastermind Satisfiability Decision Problem is NP-complete wrt £ (positions).
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DEDUCTIVE MASTERMIND: FLOWERCODE IN MATH GARD]_

tuin

1

) decoding board

2) short feedback instruction
)
)
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4

domain of flowers to choose from
timer in the form of disappearing coins
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SOME FACTS ABOUT DEDUCTIVE MASTERMIND

@ unlike the classic, DM does not have the trial conjectures
o DM gives the clues upfront

o unlike SM, ensuring exactly one correct solution

reduced complexity: from inductive inference to logical-reasoning game
DM is a combo of the classic (the goal is the same) and SM (no trial-and-error)
emphasis on the atomic logical steps of non-linguistic logical reasoning

DM is easily adaptable as a single-player game (Math Garden)
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SOME FACTS ABOUT FLOWERCODE

@ running since November 2010
o 321 game-items, 1-5 flowers, 2-5 colors
o by December 2012, 4,895,648 items had been played
@ by 37,339 primary school students (grades 1-6, age: 6-12 years)
@ in over 700 locations (schools and family homes)
We can access:
@ the individual progress of individual players on a single game
@ the most frequent mistakes with respect to a game-item
o the relative difficulty of game-items
o correlations with different, mathematical games

@ etc.
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SOME FACTS ABOUT FLOWERCODE
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SOME FACTS ABOUT FLOWERCODE

user 163545
played 3601 items

59 times this item
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THE NECESSITY OF PRIOR DIFFICULTY ASSESSMENT

initial difficulty estimation in terms of non-logical aspects
(number of flowers, colors, lines, the rate of the hypotheses elimination, etc.)
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THE NECESSITY OF PRIOR DIFFICULTY ASSESSMENT

Q_ player rating distribution

o | items played > 30
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how to fix this to facilitate the training effect?
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A LocGgicAL ANALYSIS: CONJECTURES

Each Deductive Mastermind game-item consists of a sequence of conjectures.

A conjecture of length | over k colors is any sequence given by a total
assignment, h:{1,...,4} = {c1,...,ck}. The goal sequence is a distinguished
conjecture, goal : {1,...,0} — {c1,..., c}.

Nina Gierasimczuk Logic and Deductive Games



A LoGIcAL ANALYSIS: FEEDBACK

@ every non-goal conjecture is accompanied by a feedback
o that indicates how similar h is to the given goal assignment

o feedback colors g, 0, r
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THE INFORMATIONAL CONTENT OF THE FEEDBACK

e set G:={G|G C{1,...,¢} A card(G)=a}, and,
o if GC{1,...,0}, then O° = {0|O C {1,...,£}\G A card(0)=b}

Finally, we can set Bt(h, f), the Boolean translation of (h, f) to be given by:

Bt(h,f) == \/ (¢& A \/ (9% 0 A ©6,0))-

GeG 0€0¢
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AN EXAMPLE

Let us take £ = 2 and (h, f) such that: h(1):=c1, h(2):=c; f:=or. Then
G={0}, 01 ={{1},{2}}. The corresponding formula, Bt(h, f), is:
(goal(1)#c1 A goal(2)#c2) A ((goal(1)=c, A goal(2)#c1) V (goal(2)=c1 A goal(1)#c2))
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DM GAME-ITEM

A Deductive Mastermind game-item over £ positions, k colors and n lines,
DM(I, k, n), is a set {(h1, f), ..., (ha, f2)} of pairs, each consisting of a single
conjecture together with its corresponding feedback. Respectively,

Bt(DM(I, k, n)) = Bt({(h1, f),- .., (hn, f2)}) = {Bt(h1, f),..., Bt(hn, fn)}.

@ hence, each DM game-item is a set of Boolean formulae
@ moreover, by the construction this set is satisfiable

@ and, even more, there is a unique valuation
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ANALYTIC TABLEAUX FOR DEDUCTIVE MASTERMIND

@ analytic tableau is a decision procedure for propositional logic

o it solves satisfiability of finite sets of formulas of propositional logic
@ by giving an adequate valuation

@ building a formula-labeled tree rooted at the set

o unfolding breaks them into smaller formulae

@ until contradiction is found or no further reduction is possible
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ANALYTIC TABLEAU AND DM: AN OBSERVATION

BY CONSTRUCTION OF DM

Applying the analytic tableaux method to the Boolean translation of a
Deductive Mastermind game-item will give the unique missing assignment goal.
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2-PLACED DEDUCTIVE MASTERMIND GAME-ITEMS
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AN EXAMPLE

Bt(hy, ) Bt(hy, £)
Bt(hz, fz) Bt(hl, ﬂ)
gl"\ / oo
goal(l)=a1 goal(2)=c1 goal(1)=c,
goal(2)#c  goal(l)#c  goal(2)=c
Bt(h2’f2) Bt(h27f2) Bt(hlafl)

oo oo

goal(l)=c;  goal(l)=c,
goal(2)=c  goal(2)=c;

o (w1 =
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ANOTHER EXAMPLE

Bt(hl7 fl)
Bt(hz, fz)

8r
goal(l)=a  goal(2)=a

goal(2)#a  goal(1)#c
Bt(hz, f2) Bt(h2, f2)

gr | | gr
goal(1)=c; goal(2)=c1 goal(l)=c, goal(2)=c1
goal(2)#c1 goal(1)#c,  goal(2)#c1 goal(1)#c

o (w1 =
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HYPOTHESES AND PRELIMINARY RESULTS

tableau give ‘ideal’ reasoning scheme
@ abstract complexity measure (tree size)
o shape and size of the tree depends on what goes first (minimal size)

@ reasoning optimization

items’ initial difficulty corresponds to the size of top-botom trees
items’ logical difficulty corresponds to the size of the minimal trees

the reasoning is optimized according to feedback complexity
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METHOD

@ participants: 28,247 students from grades 1-6, of age: 6-12 years.
o played: 2,187,354 items between November 2010 and January 2012

o items: 321 DM items among them 100 two-places items.
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RESULTS

all factors but one (gr) were significant in predicting item difficulties

two difficulty clusters

1) easy

Item Rating

-5

no or feedback and no gr feedback

no or feedback, at least one gr feedback, and all colors are included

difficult: otherwise

15

10

-10

-15

Nina Gierasimczuk Logic and Deductive Games

7] & #colors=2 O pins=1
+ #colors=3 O pins=2
O pins=
sy R e et |
colors= o X S A N _;_Jr 2K pins=
+ ‘H—* XX)Z; ® O%)% & + pins=5
+++j:" X X%o 0o A+ o
X x
+ R X x +
L A& A
IN
+ < o Aaa S
+ x x © a % x
A++ + % x X 00 A + +
A%+ Loox Xx 0 A + X < a
FTET K o oo + o+
a t A
I3
0
AL A
[ T T T T T 1
0 50 100 150 200 250 300
Item Number




ERROR ANALYSIS
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CONCLUSIONS AND LINKS

operationalization of false-belief reasoning as online games

testing ACT-R models predictions
@ based on logical reasoning

@ give a preliminary classification of lines along which logic can help
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THANK YOU!

Nina Gierasimczuk, Han van der Maas, and Maartje Raijmakers, An analytic tableaux model
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