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INTRODUCTION

The Microsoft Flashcards from Education Labs memorization system was designed around the learning
technique known as spaced repetition. Wikipedia defines spaced repetition as:

Spaced repetition is a learning technique that incorporates increasing intervals of time between
subsequent review [sic] of previously learned material; this exploits the psychological spacing effect.

This technique is built upon a few relatively basic ideas: 1) the stronger a memory, the longer it will be
remembered; 2) recalling a memory makes it stronger; 3) the amount a memory is strengthened has a
direct relation to the amount of time that has passed since the last practice. The final idea that shapes
this learning technique is in regards to how a person studies: 4) the most optimal time to practice is at
the last moment before the information is forgotten. This final idea is what puts the spaced into spaced
repetition. It is the idea that learning can be more efficient when the time interval is increased between
each practice of a given learning material.

IMPLEMENTATION

In order to implement this learning technique, the algorithm requires insight into the user’s state of
mind. This is accomplished with the addition of a simple feedback mechanism. In the current version of
the program, the user explicitly provides this when they rate themselves as knowing, or not knowing,
the answer when it is shown. This feedback is used to build a rough model for the likelihood that a user
will be able to recall an answer at any given point in the future. This model is based on the forgetting
curve" which is defined as:

Here, R is the probability that a memory with strength s will be recalled at time t. Attime t = 0 the
probability is always 100% for all memories of any strength. The chance that a memory will be recalled
in the future drops off relatively quickly but never reaches 0% probability. Memories that are stronger
will have a flatter, more gradual curve than weaker memories; meaning stronger memories don’t
approach low probabilities as fast as weaker memories.
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The forgetting curve for various values of S. The horizontal axis is t. The vertical axis is R.



Every learning material in the system that a user is studying has an associated strength value. The
strength value is relative to the length of time the user will likely be able to recall the learning material.
Every time feedback is collected from the user this value is altered to better match what their response
implies about the actual strength of their memory. If the feedback was negative, as in the user was
unable to recall the information, the strength value is decreased. If the feedback was positive, as in the
user was able to recall the information successfully, the strength value is increased. The amount the
strength value is increased depends on how much time has passed since feedback was last collected for
this learning material; the more time that has passed the more the strength value is increased.

To create the formula for increasing the strength value, several example scenarios were created to
represent a wide variety of study situations. Each potential formula was applied to each scenario, and
then the scenario’s study session would be simulated. The results were analyzed and both the formula
and success criteria were iterated upon. Using this method, many different formulas were rapidly
tested. The final formula uses this structure:

= 1+C At C
Snew = Sold + (1 st -Gy 3
The variable At represents the time since the material was last studied. The term s,;; - C; represents
how long the user can probably go before the probability that they will be able to successfully recall the
material drops below 50% probability. The square root prevents the formula from being overly
confident in the user’s ability to recall the information, and the constant C; is used to scale the result of
the square root to an even smaller value. Finally, the constant C3 is negligible for large strength values,

but is useful to help refine the formula for new learning materials that have small strength values.
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The default strength value of new learning materials depends on the initial feedback provided by the
user. If the first feedback provided by the user is positive, then the strength is given a healthy boost
under the assumption that it is likely that the user already knows the material pretty well. However, it is
not boosted too much just in case the user accidentally provided the wrong feedback. The boost is just
enough to give it a head start but small enough that a feedback error could be corrected within a 10
minute study session.



The Weighting System

The last part of the system that ties everything together is the method for determining which material
the user should study next. This is accomplished using a weighting system, where each material’s
weight is calculated and then the material with the highest weight is selected to be studied next.

The weighting algorithm is split into three parts. The first and most simple part is that material that has
never been reviewed by the user return a weight of 0.5. The other two parts can be defined in terms of:

A. Material that would be a priority to study over new material.
B. Material that would not be a priority to study over new material.

The latter will be explained first since it is easier.

When a learning material is studied, the system—using the previously described models—calculates a
prediction of when the user will have a 50% chance of being able to remember the material successfully.
This point in time is referred to as the lambda-date (4). This serves as the dividing point for the last two
parts of the weighting algorithm. Material that have a greater than 50% chance of being able to be
successfully recalled at the moment the weight is calculated (i.e. the lambda-date occurs in the future)
have a lower priority, and thus lower weight, over new learning material. The weight values for material
that fall in this range are very small and are linear as a function of time such that the oldest material has
the highest weight but the weights will never feasibly reach 0.5, which is the default weight given to
material that has never been reviewed before.

This approach forces the spacing affect into the weight algorithm and guards against situations that
could arise where a single outlier would be repeated too frequently. When all materials in the system
have weights of less than 0.5, this implies that there is no more new material to introduce and that the
user hasn’t reached the ideal time of studying yet, and so the least recently studied material will be
selected for studying.

The remaining piece of the weight algorithm is for materials that have less than 50% change of being
able to be successfully recalled. This is based almost entirely on the probability calculated using the
forgetting curve model, except for an additional term that biases materials with smaller strength values
to have slightly larger weights. This additional term ensures that a recently failed study material
receives priority over a card that has not been studied for a long time.
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Graph of weight for a single, previously studied material as a function of At relative to A.

NEXT STEPS

The current implementation of this memorization system is a good start; it lays a solid foundation that
can be fine-tuned in future revisions. Community feedback is a valuable part of the revision process.
To give feedback on this paper or the current implementation of the memorization system, please visit
http://www.educationlabs.com/projects/flashcards and share the site with friends and family to help

the community grow.
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