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About Me

e PhD student at Stanford CS Department

e Interested in Al+Education
o How can Al help improve access to
high-quality education (e.g. intelligent tutoring
systems)?
o How does Al hurt humans’ cognitive sKkills
(e.g. overreliance, skill atrophy)?
e Contact: megha@cs.stanford.edu
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Motivation: Most data was created via some “edit process’
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Importance of showing “edits” in education

e Showing work encourages student to
understand a concept beyond
“memorizing”

e Helps teacher learn what concepts a
student understands

e Helps student get more granular
feedback

‘T BUNK Nou SHouw &c MORE
EXPLIAT HERE IN STEP TWO,"



Prior Work: Deep Knowledge Tracing

Exercise attempted: @ correct, © incorrect

Line graph intuition
Slope of a line

._.
=)

Predicted
Probability

o
o
Solving for y-intercept @
Solving for x-intercept ()
Graphing linear equations
Square roots

=
(=

Exercise index

e First deep learning approach to student modeling
e | STM over student answer history

e Only final student answer (correct/incorrect) and simple discrete featurization

[Piech et. al., 2015]



Prior Work: LM-Knowledge Tracing

LM-KT Student Model

Question #1 Question #2
Text Text

<0> the man <y> she eats <A> 14

INPUT OUTPUT

Question Generator

Target = ‘ Bl generated next
Difficulty i B question text

0.80 <G> §the man eats

student
state
INPUT OUTPUT

First language-model based approach to student modeling

Student answer history placed in-context

Text featurization helps capture complex learning concepts (e.g. grammar, person)
Only final student answer

[Srivastava et. al., 2021]



Importance of showing “edits” in education

MIRACL
A OCC URS E

‘T BUNK Nou SHouw &c MORE
EXYLICT HERE N STEP TWO.M

e Encourages student to understand a
concept beyond “memorizing”

e Helps teacher learn what concepts a
student understands

e Helps student get more granular
feedback

A good student model should also
capture a student’s process during
problem-solving



Model “reasoning” has strange behavior

r/ChatGPT - 9 mo. ago
njuff22

O1 mini randomly thought in Chinese in the middle of solving a
problem

ChatGPT o1-mini
OK, let me see. The issue seems to be that update_player_buttons is called before defining the
som buttons. Adding the zoom buttons first in setup_sidebar could resolve this
Prioritizing updates
I'm thinking about whether defining zoom buttons before update_player_buttons or ensuring
the function acknowledges their existence is the solution. Adjust setup_sidebar or adjust button
lists.
Amending the issue
It's becoming clear that the solution involves outlining the actions in setup_sidebar to

incorporate the zoom buttons before update_player_buttons is triggered

To resolve the i ant should clarify that self.zoom_in_button and
self.zoom_out_button must be defined before update _player buttons is called. This ensures
the code functions correc

Revisiting method order

OK, let me see. I'm thinking through the sequence of defining zoom buttons and updating player

buttons, ensuring definitions pre e to avoid conflicts

Arranging the layo

I'm organizing the sidebar setup by placine . ~om buttons before updating player buttons. This

o

ensures the buttons are correctly defined up.ront.




Reasoning in code generation models

Find the conjugate of a complex number z in Python.

e Reasoning traces — significant
increase in performance

e Often synthetically generated

e Always filtering for traces that lead
to correct answer

Do they reflect how real users reason
and solve programming problems?

Okay, I need to find the conjugate of a complex number z in Python. Hmm,
let me think about how complex numbers work. I remember that a complex
number has a real part and an imaginary part. The conjugate is when you
change the sign of the imaginary part. So if z is a + bj, the conjugate is
a - bj.

In Python, complex numbers are represented with a real and imaginary part.
I think there's a method or function that can help with this. Oh right, I
remembexr that the 'conjugate()' method is available for complex numbers. So
if I have a complex number z, I can call z.conjugate() to get its
conjugate.

Wait, should I create an example to test this? Let's say z is 3 + 4j. Then
the conjugate should be 3 - 4j. If I run (3+4j).conjugate(), does it retuxn
(3-47)? I think it does. Alternatively, I can also use the built-in
'complex' function with the real and imaginary parts, but the method seems
more straightforward.

Another approach is using the 'cmath' module, but I think the method is
sufficient here. So the steps are: define the complex number, then call the
conjugate method on it. That should give me the desired result.

</think>

To find the conjugate of a complex number "z in Python, you can use the
‘conjugate() " method directly on the complex number.

**Example:x*

" “python

z=3+4j

conjugate_z = z.conjugate()
print(conjugate_z) # Output: (3-4j)

This method efficiently retuzrns the complex conjugate by changing the sign
of the imaginary part.



Why do we want to model student programming behavior?

akhw D

Predict whether a student will solve a problem correctly
a. Useful for assessments / standardized testing

Predict how long a student will take to solve certain concepts
a. Useful for feedback / intelligent tutoring system design

Help a student recover from a bug / incorrect program state
Capture personalization style (comments, colors)
Simulate a “population” of students for curricula design



Outline

1. Overview of Pencil Code dataset
2. Evaluation Metrics

3. Experimental Results

Behavioral

Representational: Code Embeddings
Representational: Student Embeddings
Adapting to new students

Error recovery + steering

4. Discussion

© Qo oo



Pencil Code

e Used across a variety of school districts for intro programming
assignments
o Typically K-12 students

e Students can use both block-based (similar to Scratch) and
script-based programming (CoffeeScript)

e Many educational resources with sample programming assignments

[Bau et. al., 2015]



PENCIL % New Account =) Login
code

Dream it. Code it.

Learn professional programming languages using an editor that lets you work in
either blocks or text. Create art, music, games, and stories. Or invent a program
that will change the world.

Let's play!

Get Creative

Get some ideas for art, music, or

DraW Ja m I magl ne games. Or to code anything, start on a

[ Code an adventure ] blank page.




pencilcode.net Q first #Save v @ Share  Login  ? | Guide Z]

Blocks v & | output
Move Control 1 Speed 2
JArt Operators 2
Text || Sprites 3 for [1..25]
ISound Snippets —
4 fd v 100
£ -/—Jd 109 5 rt vsas |
_l:'t 90 B
1t 90 6

bk 100]

rt 180, 100

1t 180, 100 “Execute” button for user to visualize

speed 1e|

speed Infinity|

hone()) :
_turnto 279|

moveto 100, 50|

movexy 30, 20|




Program Trace: snowman

e Sequence of programs at each “execute” step for an assignment

CODE 1 (2018-12-13 16:48:42): CODE 2 (2018-12-13 16:48:50): CODE 3 (2018-12-13 16:50:03):
Speed 40 speed 40 speed 40

bk 50 bk 50 bk 50

dot aqua, 150 dot aqua, 150 dot aqua, 150

£d 100 fd 100 fd 100

dot aqua, 100 dot aqua, 100 dot aqua, 100

£d 70 £d4 70 fd 70

dot aqua, 50 dot aqua, 50 dot aqua, 50

jumpto -200, -125



Program Trace: snowman

e Sequence of programs at each “execute” step for an assignment

CODE 1 (2018-12-10 16:11:38): CODE 2 (2018-12-10 16:12:17): CODE 3 (2018-12-10 16:13:46):
#<NAME>, 3rd, Snowman #<NAME>, 3rd, Snowman #<NAME>, 3rd, Snowman
dot white, 50 dot white, 100 for [1..3]

fd 100 dot snow, 100



Program Trace: snowman

e Sequence of programs at each “execute” step for an assignment

CODE 1 (2018-11-14 12:18:03):
#<NAME>, snowman
speed 20

pen darkorchid
dot 1000

pen cornflowerblue
dot 100

fd 60

dot 80

fd 60

dot 60

pen null

#buttons

bk 35

dot 10

CODE 2 (2018-11-14 12:18:10):
#<NAME>, snowman
speed 1

pen darkorchid
dot 1000

pen cornflowerblue
dot 100

£d 60

dot 80

£d 60

dot 60

pen null

#buttons

bk 35

dot 10




Pencil Code Dataset Overview

e 3.8 Million Program Traces ot _ t
— or the same assignment,

e > 1 Million Students students can show strong
e > 200k unique assignments individual variation.
e 2016-2025 range
e Heavy long-tail behavior

powerpuffgirl:2693, first:453414,

baseballlogos:1726, frame:395674,

mazesurvival: 1618, untitled: 209956, intro:

yourlogohere: 1014 1164760

=
=)

turtle_color:1,
iceclimer:1,
projectfull: 1,
rainbowloophehehe: 1

grandpafrog:1, wwmap:1,
fishtag: 1, pl5weather: 1

!

# Unique Students

Avg. Trace Length




A. Pencil Code Interface

& Pencil Code Gym

@ rintbo .
3 Draw a Snowkid move forward with fd More ldeas ©

PRRRRPRSBN  \What happens when you draw a huge dot of size 10007 Once you have a thistle background, you canssee snow dots.
ot If youmake a indifferent places, person. The fd nd to

move the turtle.
Move | Control 1 868~ thistlelv 1000]
Jar Operators. 2 v snowlll ¥ 100)
J Text Sprites 3 fd vso
fisound [ Snippets

tati) P
rt 90

1t 90

) >

Ftl160)0100

Agfisoyioo)

speed 10

Spesdiinfinicy)

207,51

Reset Reference: colors dot | fd bk rt It pen s

B. Model Architecture

hd

Filled Shapes

Last Program

CODE (2022-10-17 23:09:02):
speed 10

Student

Embedding e

Program Name

Code Trace

CODE 1 (2022-10-17 23:01:33):
dot blue, 100
CODE 2 (2022-10-17 23:02:38):

C. Final Program State

D. Synthetic Trace

E. User Trace

#[ANONYMIZED], 1, Snowman
speed 10
dot yellow, 150
£d4 100
dot yellow, 100
fd 70
dot yellow, 50
rt 90
£fd 5
dot black, 5
rt 180
£4 10
dot black, 5
1t 90
fd 10
pen black, 2
1t 180, 7
pu()
moveto -3, 111
dot black, 10
bk 50
dot black, 10
bk 50
dot black, 10

# [ANONYMIZED], 1, Snowman
speed 10

# [ANONYMIZED], 1, Snowman
dot blue, 100

# [ANONYMIZED], 1, Snowman
speed 10
dot yellow, 150

# [ANONYMIZED], 1, Snowman
dot blue, 100
£d 100
dot blue, 50

#[ANONYMIZED], 1, Snowman
speed 10
dot yellow, 150
£d 100

#[ANONYMIZED], 1, Snowman
dot blue, 200
£d 100
dot blue, 100

#[ANONYMIZED], 1, Snowman
speed 10
dot yellow, 150
£d4 100
dot yellow, 100

#[ANONYMIZED], 1, Snowman
dot blue, 150
£4 100
dot blue, 100

E. Trace Edit Types

100%

small add
large add
small del

large del

number
comment

function

color |

43%
7%

7%
43%




Evaluation Methodology

Behavioral: Conditional generation of an entire program trace given
program title and student embedding

o 200 classroom assignments, random 50 students
Representational: Linear probe over last layer embeddings to predict
different properties

Test Sets: (seen/unseen) students + (seen/unseen) titles
Downsampling: control for number of tokens between
trace/synthetic and last



f BLEU (Last Program)

0.
051 o o x
o
Seen Student 041
Seen Title 031
021
011
004 _ —_—
06

s Sudent | ey gy e BLEU: n-gram overlap similarity of predicted program
. Il to ground truth for userftitle
e Averaged across 1, 2, 3, 4-n grams

05
Seen Student

v 04
Unseen Title
03

Trace Trace (downsampled) Synthetic [ Synthetic (downsampled) Last N

e Modeling real student traces leads to more accurate last programs ( trace
>> synthetic) for unseen students ( trace >> last)



fBLEU (Last Program) l + Self-BLEU (Last Program)

Il

0.6

Seen Student 0.4
Seen Title (3

02
0.1

0.0
0.6

N . e Self-BLEU: n-gram overlap similarity
e g; . between model generations
:; } e Averaged across 1, 2, 3, 4-n grams

0.0 0.0

Trace W Trace (downsampled) Synthetic [ Synthetic (downsampled) [ Last [

e Modeling real student traces leads to more diverse last programs ( trace >>
synthetic/last) for seen students and titles



fBLEU (Last Program) * Self-BLEU (Last Program) Number of Comments * Colors * Timestamp Year * Nurr(l(l:):: l:f a/i‘it:lt)npts

(Correlation) (Similarity) (Correlation)

08— 06 08 10
* *
0.6 e 0.6 - < 08 * * *
Seen Student 04 o
Seen Title 04 03 04 '
i 04
02 02
01 02
00 0.0 00 0.0
08 0.6 0.8 1.0
05 i
Jnseen Student 06 i 06
Seen Title 0.6
04 03 04
04
02
02 o 02 02
0.0 00 0.0 0.0 i -
06 08 06 08 10
05 05 s *
Seen Student 06 06 - * *
3 04 04
Unseen Title - 06
03 041« w 03 N 04
04
02 ) 02 )
0. 0.
01 01 02
0.0 0.0 0.0 0.0 0.0

Trace [ Trace (downsampled) | Synthetic [ Synthetic (downsampled) [ Last I

e Title carries a lot of useful information about program behavior
e Student embedding captures time / comment behavior



Number Line Modifications =~ Number Large Additions Number Small Additions ~ Number Small Deletions

(Correlation) (Correlation) (Correlation) (Correlation)
04 04 04 04
03 I 03 03 I " 03
Seen Student 2 02 02 02
Seen Title 0.1 s * | oa i 0.1 0.1
0.0 + + 0.0 1 + 0.0 0.0 + + I +
-01 -0.1 -0.1 -01
04 04 04 04
03 03 03 03
02 I 02 02 I . 02
Unseen Studento.1 * * 01 I * % 0.1 01
Seen Title I
00 + + 00 + + 0.0 0.0 + + +
0.1 -01 -0.1 0.1
04 04 04 04
03 03 0.3 03
Seen Stident 2 02 l 02 02
Unseen Title 0.1 ; 0.1 * * 0.1 l 01
0.0 + I 1 0.0 + + 0.0 I 0.0 I + —I— *
-0.1 -0.1 -0.1 -01
Trace [ Trace (downsampled) Synthetic [  Synthetic (downsampled) [

e Synthetic traces don’t fully capture richness of student edit types
(trace >> synthetic)



Seen Student
Seen Title

Unseen Student
Seen Title

Seen Student
Unseen Title

0.4

0.3

0.2

0.1

0.0

-0.1

04

0.1

0.0

0.1

0.4

0.3

0.2

0.1

0.0

-0.1

Goal Backtracking
(Correlation)

Generated Trace

0.25 4

0.20 4

0.15

0.10 1

0.05 1

Goal Backtracking
(Correlation, Grouped by Title)

scene »

story draft ——p

&

':r.“ (1] .0’ ¥ o

Goal Backtracking: average likelihood a
student’s edit leads to an increase in edit
distance between current and final program

0.0 -
00 005 010 015 020 025 030
Ground Truth
Trace Synthetic [N

Trace (downsampled)

Synthetic (downsampled)

Last [N

e Backtracking correlation increases for titles that are seen more




Evaluation Methodology

Behavioral: Conditional generation of an entire program trace given
program title and student embedding

o 200 classroom assignments, random 50 students
Representational: Linear probe over last layer embeddings to predict
different properties

Test Sets: (seen/unseen) students + (seen/unseen) titles
Downsampling: control for number of tokens between
trace/synthetic and last



0.8 4

0.6 1

0.4 4

0.2 4

0.0 1

Student IDs

[ Ground Truth M Shuffled

Shuffled Probe

Is Halfway Seconds Edit Distance to Future Final Program
Trace Title Through Trace Is Final Program Remaining Final Program Backtracking Executes Successfully
(F1) (F1) (F1) (Correlation) (Correlation) (F1) (F1)
* ol * 0.875 - * * * 084 * 0.96
0936 0928 : 0809 (a0 _— 0.840 0sd OB e 084 0704 o e 0936 o
1 (0.001)  (0.001 0.004) o 850 1 (0.002) 61 (0.029) 0 “7 ©0.006) o 0.004) 0. 1 (0.003) 0
- (0.003) (g:ggg) (0.043) (0.003) ©.003) | 09 (0.003)
0.825 - 0.6 7
0.4 0.92
0.75 - 0.800 - 0.4
0.775 4 0.2 - 0.2 0.90
0.70 -
0.750 0.0 - 0.88
0.0
0.65 - :
0.725 - 024 0.86
] 0.700 - 2
0.60 02 ~0.4 0.84 -

e Code embeddings capture variety of useful properties (compare with
gray bars)
e Shuffling student ID worsens performance of code embeddings,
showing importance of personalization



Correlation

Models

Metrics on Traces B Troce B Last Shuffled Probe Metrics on Final Programs
Number: Goal Backtracking Edit Distance: Number: Number: Number: Number: Timestamp Successful
Attempts Ratio First to Final Program Comments "await" "box" "turtle" Year Execution
- 08- — 08- __* 0.8 - 058 - 058 - 0. - 0.8 -
* *
0.6 - 0.6 - * 0.6 - 0.6 -
04 - 0.4 - 04 - 0.4 -
0.2- 0.2- 0.2- 0.2-
0.0 0.0 T 0.0 0.0
=02~ 0.2~ -0.2 - —0.2 -

e Student embeddings from trace model outperform those from last
e E.g. fraining on student reasoning helps the model better represent if a
student will write correct code for a new assignment



What happens if we see a completely new student?



0.40
0.3450-3960.3520-3580,3540.3560.3540.3570.3570.35¢ 1.0
0354 307
0.8
=]
0.30 8 o
i .6
Final Program Trace E
£
0.25 04 -
o
0.2010:2060.2030.2070.2050.2050.2050.2070.2070.207 O ,
0.20 189 0.2
0.0
0.1

T T T T
4 6 8 10

Number of Finetuning Traces

Number of Attempts
in Trace

Trace Year
(Final Program)

Goal Backtracking
Ratio

Mean Number of
Comments in Trace

1.0 1.0 1.0
0.8 4 0.8 0.8 4
0.6 4 0.6 4 0.6
0.4 4 0.4 4 0.4
0.2 0.2 0.2
T T T T — 0.0 - T T T — 0.0 T T T — 0.0 - T T T T
0.0 25 5.0 7.5 10.0 0.0 25 5.0 75 10.0 0.0 25 5.0 1.5 10.0 0.0 2.5 5.0 7:5 10.0

Number of Finetuning Traces

Number of Finetuning Traces

Number of Finetuning Traces

What happens if we see a completely new student?
Frozen fine-tuning: only update the student embedding on a few
sample traces from new student
Fine-tuning improves ability to personalize to a brand new student, but
plateaus after ~3 new traces.

Number of Finetuning Traces



How can trace models be used to help students?



0.8

0.7

0.6

04

0.3

Trace

% Succesful Execution Number of Attempts in Trace

Synthetic I— Trace (strong student)

BLEU (final program)

0

275 035
250 0.30
25| T e 025
 —— 200 =S 0.20
e e, 175] e 0.15
150 0.10 -
60 3600 0 60 3600
Time Time

60

Time

3600

Synthetic (strong student) ™ W N

Example Model Edits
pen red, 7 pen red, 7
fd 200 fd 200
£t 290 rt 90
fd 200 fd 200
rt 90 rt290
fd 200 £d 200
rt 90 rtR90
fd 200 fd 200
£fill babyblue
Failed Program State Trace Edit
undefined: babyblue success

pen red, 7
fd 200
EE90
£fd 200
rt 90
fd 200
rt 90
fd 200

fill babyblue
img '/img/bird’

Synthetic Edit

undefined: babyblue

e Error recovery: conditionally generate trace given a sub-trace leading

to an incorrect state

e trace >> synthetic at errorrecovery



% Succesful Execution Number of Attempts in Trace BLEU (final program) Example Model Edits

o 275 035 pen red, 7 pen red, 7 pen red, 7
0.7 - o030 fd 200 fd 200 fd 200
25.0 - rt 90 rt 90 rt 90
0.6 225 —— — 0.25 fd 200 fd 200 fd 200
05 : s rt 90 rt 90 rt 90
T S 200 = 020
fd 200 fd 200 fd 200
™ ~ 175] T = sl 015 rt 90 rt 90 rt 90
03 _ ol e - . fd 200 fd 200 fd 200
0 60 3600 0 60 3600 0 60 3600 fill babyblue .flll!. l.)abybl!.uev
Time Time Time img '/img/bird
Trace Synthetic WM Trace (strong student) Synthetic (strong student) ™ W N Failed Program State Trace Edit Synthetic Edit
undefined: babyblue success undefined: babyblue

e Error recovery: conditionally generate trace given a sub-trace leading
to an incorrect state
e trace >> synthetic at errorrecovery

e Using a strong student embedding improves trace accuracy
o As expected, harms similarity with ground truth of original user
o Student embeddings — form of controllability

e Increasing “thinking time” (via prefix) leads to shorter trace lengths



Future Work

e Generative Populations: Create synthetic “classroom” of different
students
o E.g. What mistakes might a student make for a program?
o E.qg. If | set alimit of 5 minutes, how many students will progress?

e Exploration: Dataset has many examples like “untitled” where
students just randomly play around with the environment — what topics
to students tend to self-learn? How critical are assignments?

e Synthetic Design: How can we create synthetic data with more
“human-like” behavior?

https://github.com/meghabyte/pencilcode-public



