LEARNABLE PROGRAMMING

HHOjl AlO W — aHDI
T T d l O
U_l ~
D
10/08 A& HAY - 2=8 10A| - =05t SLICH!
=l QIIZ2.. (22N HEEO LFEULHE=E 2HZ..)
htt /lwww.facebook.com/events/437230242999660/
MH AT E BAHH RO 2~
Aol AL EO{EE
HS 2y
oot 2
<1Xt HAX S QllAI>
A OIMI2~001:Nassol & & AR Z & 2|7 & &
ZIGIA2~002 :sahoon & & HAHE 2| F L8t
ZIGIA2~003 : 2 2|82
2SI R~004 :Wony B & AHH 2 & 2|FL9
AGAI 2~ 005 : JunYoung & & HHE 2| F 29t
ZIGIAI2~006 : A AZ
ZIGIAI2~007 : A A
ZOIMI2~008 :nassol & & A A&
ZGIH2~009 : Wony B & HH 2 & 2|F
ZIGIM2~010:nassol & & HA2AZ & SHOIZR
A otMI2~011 :sahoon & & B HE 2| F LRI & nassol 2| &
ZOLMI2~012 :sahoon & & 22 & 2| F L9 & nassol 2| &
RotHI2~013 :sahoon & & HAHASAE 2| EL U & nassol 2| FE2 =
AoLMI2~014 : Wony & & &1 &2
ZIGtAI2~015: Wony & & & &2
AGIAR2~016 :Wony B & & Z & IFLRA & UE R



http://www.facebook.com/events/437230242999660/

AotMIS~017 : Wony B & HH £ & 2|52 X
AotH2~018: RHASH & MAAS &R LA & 2T 2AF

RI8A9L~ 1 :DI_/IK_; N II—O%SE}E aI:JJ(_DLC]}—

B Ot @~020: ALK & Kot 2 & 2lE QD

RI8A9L~ 21 :'n |7sKI KEAH =

RotHS2~022 : 2AG R & &EAH2AS & 2| FL28
RI8A9L~ 2 :DI_/IK_; N II-O%EE}E al:!J(_DLCI}—
AotHS2~024 . KRASH & &EA2AS & 2|FL28
RotME~025:whdnfl21 & & & Hete & 2| EL 9
RotHR2~026: =01 A HEA2AS & 2| FL I
RI8A9L~ 27:D|_$_C]| PN IFO-IEB}E aI:IJ(_DLCH-
AotHI2~028 : Justin & & & 2= & 2|F 28
ROLHI2~029 : Justin & & & 22 & 2|5 L0
AotHS~030: A= R EEAHN2AS & 2IELRA
RI8A9L~ 1: h nKKI XFAH = BCIJQLJ_C-I
A OtMIR~032 :sahoon & & HAH2AS & 2IFRLRH
ROLNIR~ T RASAIAMNARS & 2IBER9
AotHI2~034 : Justin & & & 2= & 2|F 28
K GLAl @~ 035 Justin & & Bt 212 2|8 @9
ROl R~036: 250 & g Xoio2g 2|2 QX
RI8A9L~ 7:DI_$_C]| PN II-O%EE}E ECIJ(_)L;E-l
R SLHI L~ 038 : 21 Al Yoo

RSN Q~039; 2K SrHod

R SLAI L~ 040 : 218 Kl B

2 6tH @~ 041 : nassol & & ZoietE

BSIHIS2~042 :nassol & & & 22A= & 2|HE RF

A otNI2~043: n | & & HA2S

BSIMS2~044 : nassol & & & 2=

2 otMl2~045: n | H& NS

R oLAHI 2~ 046 : nassol & & &=

W5 Q~ 048 - 20 A G| & EKhoi =

B SHALL~ 049 : 21 A Gl B & &Hoj=

R EEH Q~ D150 W g XIS 8 2|EQat
ZIotMIR~051: S0 A & HARAS & 2| FLR
BN Q~052: =210| ® & oIS g 2lES
ZSIHIR~053: 20| & & & LRSS
5 A O~ S2i(| ® & KISH=
ZIotMIR~056 : =2 0] &

ZotMl 2~ 057 :

ZISIHI R~ 058 :

Z2otHI 2~ 059 :

ZIStHI 2~ 060 :

ZotHl 2~ 061 :




& ot Al 9 071
ZHotNR~072 :
Z2otMl 2~ 073 :
’é‘ otMIR~ 074 :

OtMI 2~ 075 :
8M1| 2~ 076 :
LAl 2~ 077 :

il

ol
B

=0)
o
\l
o

HpE pE pE
Ol

il

A SEA _.C_E 079
A O~
N2~ 081:
N R~ 082
N2~ 083 :
A2~ 084 :
N2~ 085 :
A O~
N2~ 087 :
A O~
N2~ 089 :
A O~
N2~ 091:
N2~ 092
N2~ 093 :
A2~ 094 :
A SHA R~ 096 :
A2~ 097 :
N2~ 098 :
A O~
ASEAI R~ 100 :
A2~ 101 :
RS R~ 102 :
AotMS~103
AR~ 104 :
oAl 2~ 105

bl !
ol

i

bl !
ol

)

oo

= pH
Ol

OII

o

Al
o

K|
o




NS~ 106 :
N 2~107 :
NS~ 108 :
Ot 2~ 109
A2~ 110 ¢
A2~ 111 -
AR~ 112 -
OLN| 2~ 113 : M IHRAR & XA 2 & 2|82 Q 6F
N2~ 114 :
A2~ 115 :
A2~ 116 :
N2~ 117 :
A2~ 118 :
A2~ 119 :
ZotHI 2~ 120
HotAI R~ 121 :

ol

03 03 3
Clr o1 |oi

ol

i

ol

303 =
I Ol [Oh

ol

ol

ol

ol

s pH pE pE pE pE
ol

ol

S HAHLRE EAAH 0| RS2~

http://opentutorials.org/course/245/2903

: http://worrydream.com/LearnableProgramming/

0%
ol
~
FE
=

21_|
L
0%
IS

o

T

=
re
n

v 41
Bl
Mo

]

N
19 fH
Em

S

= i

t? o

=2

b AL

> 00 A

ol tﬂ Hb

T - O
o O
N

ro o px
0z
aL
=2
&
x
Jz
o

o

=
o J
09

L W 5HA 2~ 001 ;)
E=>H=1=2 diZLILCH.

o] AT Z Z2FIM 2XE o

m -

w
Z M & g
o
N

HO WA IRt Qv ox
2

4o U —
e O
o >3

B

x
O
|

bal
E&
=
FO
HR
=2
o
ol
njo
i}
-
O

N
0
18
o =
C
ml
-
z
1
)l
IQ
o
2
>
1]
kJ

, 2, 5-102 0l 282 8= A, Al&otes
K

ClolEgfLICH


http://opentutorials.org/course/245/2903
http://worrydream.com/LearnableProgramming/

(B HY5tAI D] &0ll, & Zhttp://worrydream.com/LearnableProgramming/ Hl 0| Xl 0l A

RNBSLICHEES BS MOZetD, & #2etn LU
OFE, HAGHA 220 MISE YAFANL D 22 YIS LOLEANN FAZ )

http://www.facebook.com/groups/engfordev/

[l

& 4ol

Gistlll 2J|l= &g
e Tw Shim

Yot EAIGts &Y

o Lt

2
e
R

© 0o 0606 0 0 0 0 o
IS
re
QU

B Dongwoo Kim 2! 24~ &l Nasol

[ ]

[
c

2
=
30
02
fol
IS
>
ol
=
08

o IR

I|9;|l:|i [z <13

L =

o Xl HH


http://worrydream.com/LearnableProgramming/
http://www.facebook.com/groups/engfordev/

<1Xt HSAHS Ol AI>

2 olNI2~001: Nassol & & & 2=s & 2|7/ 2=

# LEARNABLE PROGRAMMING
#OHHLIl 22 T2 0 Y

E2 HE0/ B2 HREX E2AIH U LOIGHA OtAILD, 88 + Ot A RSEHM HEZ

=

IAEAR.)

—

1]

Designing a programming system for understanding programs
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- [Bret Victor](http://worrydream.com/) / September 2012
- [3 2](http://worrydream.com/LearnableProgramming/)
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Here's a trick question: How do we get people to understand programming?
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Khan Academy recently launched an [online environment](http://www.khanacademy.org/cs) for
learning to program. It offers a set of tutorials based on the JavaScript and Processing
languages, and features a "live coding" environment, where the program's output updates as
the programmer types.
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Because my work was cited(link: http://ejohn.org/blog/introducing-khan-cs) as an inspiration for
the Khan system, | felt | should respond with two thoughts about learning:
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- **Programming is a way of thinking, not a rote skill.** Learning about "for" loops is not learning
to program, any more than learning about pencils is learning to draw.

- **People understand what they can see.** If a programmer cannot see what a program is
doing, she can't understand it.
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Thus, the goals of a programming system should be:

- to support and encourage powerful ways of thinking
- to enable programmers to see and understand the execution of their programs
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A live-coding Processing environment addresses neither of these goals. JavaScript and
Processing are poorly-designed languages that support weak ways of thinking, and ignore
decades of learning about learning. And live coding, as a standalone feature, is worthless.
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Alan Perlis wrote, *"To understand a program, you must become both the machine and the
program." This view is a mistake, and it is this widespread and virulent mistake that keeps
programming a difficult and obscure art. A person is not a machine, and should not be forced to
think like one.
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*How do we get people to understand programming?*
IE0H, HEHN MES0 ZE20HS Olole = JUASSE e ?™
We change programming. We turn it into something that's understandable by people.
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#i# Contents

A programming system has two parts. The programming "environment" is the part that's
installed on the computer. The programming "language” is the part that's installed in the
programmer's head.
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This essay presents a set of design principles for an environment and language suitable for
learning.
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The **environment** should allow the learner to:

- **read the vocabulary** -- *what do these words mean?*

- **follow the flow** -- *what happens when?*

- **see the state** -- *what is the computer thinking?*

- **create by reacting** -- *start somewhere, then sculpt*

- **create by abstracting* -- *start concrete, then generalize*
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The **language™** should provide:

- **identity and metaphor** -- *how can | relate the computer's world to my own?*
- **decomposition** -- *how do | break down my thoughts into mind-sized pieces?*



- **recomposition* -- *how do | glue pieces together?*
- **readability** -- *what do these words mean?*
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## The features are not the point

We often think of a programming environment or language in terms of its *features™ -- this one
"has code folding", that one "has type inference". This is like thinking about a book in terms of its
*words* -- this book has a "fortuitous”, that one has a "munificent". What matters is not individual
words, but how the words together convey a *message*.
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Likewise, a well-designed system is not simply a bag of features. A good system is designed to
encourage particular **ways of thinking**, with all features carefully and cohesively designed
around that purpose.
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This essay will present many features! The trick is to see *through* them -- to see the underlying
design principles that they represent, and understand how these principles enable the
programmer to think.
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# READ THE VOCABULARY
Here is a simple tutorial program that a learner might face:
I[J(http://worrydream.com/LearnableProgramming/Images/Vocab1.png)

Before a reader can make any sense of this code, before she can even *begin* to understand
how it works, here are some questions she will have:
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# READ THE VOCABULARY (?7?)
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Khan Academy's tutorials encourage the learner to address these questions by *randomly
adjusting numbers* and trying to figure out what they do.
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Thought experiment. Imagine if you bought a new microwave, took it out of the box, and found a
panel of unlabeled buttons.
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Imagine if the microwave encouraged you to randomly hit buttons until you figured out what they
did.
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Now, imagine if your cookbook advised you that randomly hitting unlabeled buttons was *how
you learn cooking™.
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## Make meaning transparent
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Learning cooking is not about guessing the functionality of your kitchen appliances. It's about
understanding how ingredients can be combined.
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Likewise, guessing the third argument of the "ellipse" function isn't "learning programming”. It's
simply a *barrier* to learning. In a modern environment, memorizing the minutia of an API
should be as relevant as memorizing times tables.
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The environment is responsible for making meaning transparent. The environment must enable
the reader to *effortlessly read the program*, to decode the code, so she can concentrate on
genuine programming concepts -- how the algorithmic "ingredients" combine.
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Here is one example of how a programming environment can make meaning transparent, by
providing labels on mouse-over:
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<div class="example" data-verbose-button="1" style="left: Opx; ">
<video width="640" height="110" preload="">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Vocab6.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/VVocab6.webm
" type="video/webm">
</video>
<div class="videoChrome" style="display: block; width: 640px; height: 110px; top: Opx; left: Opx;
">
<div class="marker">
<canvas class="markerProgressCanvas" width="24" height="24"></canvas>
<div class="markerProgressOverlay"></div>
<div class="markerPlayAgain">play<br>again</div>
</div>
<div class="videoOverlay" style="width: 638pXx; height: 108px; left: Opx; ">
<div class="videoPlayButton verbose" style="left: 281px; top: 11px; "></div>
</div>
<div class="videoDarken" style="left: Opx; background-color: transparent; "></div>
</div></div>
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Control structures can be labeled as well.
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It's tempting to think of this as "inline help", but it's not help -- it's simply labeling. The problem
with the following Ul isn't that it lacks a "help feature". The problem is that nothing is labeled.
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That Ul is exactly as informative as this line of code:

Ol Ul= &=tol t

0l
o
o
o
10

DEJtMSot= Bt22 2 Bt= MSotX K.
I[](http://worrydream.com/LearnableProgramming/Images/Vocab10.png)

Why do we consider the code acceptable and the Ul not? Why do we expect programmers to
"look up" functions in "documentation”, while modern user interfaces are designed so that
documentation is typically unnecessary?
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## Explain in context
A programming environment is a *user interface for understanding a program*. Especially in an
environment for learning, the environment must be *designed to explain®.

One attribute of great explanations is that they are often embedded in the context of what they
are explaining. That is, they *show* as well as *tell*.
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ZotM2~019: 408 & AHE2= & 2l72A

Instead of just *describing* what vocabulary means, we can often *show” it in the context of the
data. In the following example, the labels *connect* the code and its output:

oIt A= 20lot=Xl &X *&Hot= 2A* Ao, 2l 22 20 UioIeH2 8=
ZHUA 202 = JUSLICL TS2 UUlA, ctg=2 ZE2L ] Z2UE *HEB & LICH.

<div class="example">
<video width="640" height="110" preload>



<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/VVocab12.mp4
" type="video/mp4">

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Vocab12.web
m" type="video/webm">

</video>

</div>

Such a connection can be especially powerful when a line of code does multiple things:
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<div class="example">
<video width="640" height="110" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/VVocab13.mp4
" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Vocab13.web
m" type="video/webm">
</video>
</div>

ZotMl2~020: 4018 & 2= & =R

## Summary — Read the vocabulary

The particular solutions shown here are merely examples. What matters is the underlying
purpose: enabling the learner to read the program.
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* The environment should **make meaning transparent*, so the learner can concentrate on
high-level concepts, not vocabulary.

* The environment should **explain in context**. Show and tell. Annotate the data, not just the
code.

2 0| E HUolH SHEHM S HHI Ot S 0 DX ECI HE (0| EHIH
AN B = U LI

*EEEdE AN 2ZELITH 2010 2 LICH B 2 =0 OtLl 2t CIOTE O
2= FOtgLICH

25Nl 2~ 021 : nassol & & & X =

The examples above are just one of many ways of achieving these goals. All that really matters
is that somehow the learner's questions get answered:

I[J(http://worrydream.com/LearnableProgramming/Images/Vocab2.png)

An environment which allows learners to get hung up on these questions is an environment
which discourages learners from even getting started.

The examples above are just one of many ways of achieving these goals. All that really matters
is that somehow the learner's questions get answered:

I[J(http://worrydream.com/LearnableProgramming/Images/Vocab2.png)

An environment which allows learners to get hung up on these questions is an environment
which discourages learners from even getting started.

ZotM2~022: 408 & AHE2= & 72

# FOLLOW THE FLOW



The Khan Academy system presents the learner with code on the left, and the output of the
code on the right. When the code is changed, the output updates instantaneously.
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Another thought experiment. Imagine a cooking show, ruthlessly abbreviated. First, you're
shown a counter full of ingredients. Then, you see a delicious soufflé. Then, the show's over.
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I[J(http://worrydream.com/L earnableProgramming/Images/Flow2.jpg)

ZotMl2~023: 4008 & 2= & =R

Would you understand how that soufflé was made? Would you feel prepared to create one
yourself?

Of course not. You need to see how the ingredients are combined. You need to **see the
steps™**.
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LIt AsLICh = HE S 2*0t0F & LILH.

The programming environment exhibits the same ruthless abbreviation as this hypothetical
cooking show. We see code on the left and a result on the right, but it's the steps *in between*
which matter most. The computer traces a path through the code, looping around loops and
calling into functions, updating variables and incrementally building up the output. *We see none
of this*.

TZ20HY B2 02 = Qcl 48 PAHIE MefsS LEFRLICH 2F 0= 250
LEZN= Z4IF UKXICH *T] AO[0fl* st -0l )HE SRELIC ZBFEH=E 2ES S
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ez Z2itEs SHEULIO. *Rel= 0l AE S &6 EX €U
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BothR~024: =328 & APU2A= & 2FRY

People understand things that they can *see and touch®. In order for a learner to understand
what the program is actually doing, the program flow must be made *visible and tangible*.

MBES*2 4 YD BHE £ U= 2SS N OIHSLICH SSTSHH 20| AXE
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## Make flow tangible
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That example program again:
CHAI Bl E SO

I[1(http://worrydream.com/LearnableProgramming/Images/Flow1.png)

ZotN 2~ 025 : whdnfl21 & & 22 & 2|72

This is a particularly difficult example for a beginner to follow. The "for" construct, with its three
statements on a single line, makes the control flow jump around bizarrely, and is an
unnecessarily steep introduction to the concept of looping.
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To make the flow more sane for a learner, the loop can be rewritten using "while":
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ZotM2~026: &2 Z & AP2A= & 2FRY

Now, the control flow must be made *tangible*. We must put the execution of the program into
the programmer's hand, let her feel that it is a *real thing*, let her *own* it.
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In the following example, the programmer uses a slider to scrub through the execution:
OtcHel MU M, &5 ite S20IHE Ol A NE S UF=Z 2IIH A & LICH

<div class="example" data-top="16">
<video width="640" height="126" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow5.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow5.webm"
type="video/webm">
</video>
</div>

BotM2~027: 222 B & AP2A= &7

This control allows the programmer to move around the loop at her own pace, and understand
what is happening at each step. She can go backwards and forwards, dwell in difficult areas,
and compare what is happening at different times. She can study how the output is built up over
time, instead of seeing it magically appear all at once.
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ZIotNI 2~ 028 : Justin 2 & & 2= & 2|HE Y

## Make flow visible
#SSE=S A23GH)]

The example above allows the programmer to follow the program's execution over time. But
she's peeking through a pinhole, only seeing a single point in time at any instant. She has no
*visual context®.

IO M= Sttt ZE2 089 A
—HES SHH EZ AEUH EE X
FZEAE@H)E Mo 1D UK

To illustrate what | mean, here are two representations of a trip around my neighborhood, one
where the neighborhood itself isn't visible, and one where it is.

MOt 2ot DXt ot= BHE HE36t)| flol, (Dl W Ol=2=sUl =812 =0tCtL = SIHA 2 -
MAISLICH StLt= OI2=sUIJ 201X 2= A, GE ot 20l A.

fjo

I[J(http://worrydream.com/LearnableProgramming/Images/Flow6.png)

B ot 2~029 : Justin B & & 2= & 27 KU

This "overhead view" lets a person understand the trip at a higher level. She can see the shape
of the trip. She can see *patterns*.

Ol “2H oﬂ_ Fre st DS OIOLIINE S H =2 /IX0A 210 OloiE = A of
SUCh stgkie dWde 2= =2 &= UAsLU Lt ssskte D A *HES = =

U5 L EP.

In the following example, the program flow is plotted on a timeline. Each line of code that is
executed leaves a dot behind. The programmer can take in the entire flow at a glance:
S HMOUA, 22032 S S= et etelol el ELICH 22 Adai=l DE etels2
dss GAsLIL. skt D20 &2=2M &8l =5 8 =0l = = JUH ELICH
<div class="example" data-top="14" data-right="152" data-postright="7">

<video width="792" height="124" preload>

<source

src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow8.mp4"


http://worrydream.com/LearnableProgramming/Images/Flow6.png)

type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow8.webm"
type="video/webm">
</video>
</div>

ZotM2~030: At B & A2t E & 2IFRE

The patterns that emerge are especially helpful in the presence of conditionals and other forms
of flow control:
SdstIHEZ2 ZHY =M HE SS HEE St

= 0l £€ol ==0I ELICH.
<div class="example" data-top="14" data-right="152" data-postright="7">
<video width="792" height="232" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow9.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow9.webm"
type="video/webm">
</video>
</div>

This visualization allows the programmer to see the "shape" of an algorithm, and understand it
at a higher level. The program flow is no longer "one line after another", but a *pattern of lines
over time*.

Oled AlZtete 200 lelse 2
UANESLICH Z20H sE2 O 04 ottt “alei=l = 8t 2t21”0] OtLlct *AlZ2Fel S S0l
HE ctolol IHE*YLIC

T
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## Make time tangible
& Al St

Line-by-line execution is a very fine-grained view of time. The programmer also thinks about



time at other granularities.
Ol EHR(o A2 IR ME2st 2I/LLICH Z20HHeE S H M M 26H0F & LICt.

For instance, animations and games run at a frame rate, say, sixty frames per second. Every
1/60th of a second, the program prepares the next frame to display on the screen. Other
programs are event-driven -- they respond to an external event, such as a button click or
network request, by performing some computation, and then they wait for the next event.

HE S0, HLIDIOI&E D A0l = 602U BHACID HR. FEM 2= 1/60==
O3 Zd = st EAIg &I E UL OE E2 082 HHES 2 otUAU WERA
RS OLAHL, Y HA S =Gt HLE G O|HEES JICel= 22 OIHEN EtSot=
OIHE SaLICH

ROl 2~ 032 : sahoon & & 222 & 2 EREA

These frames or event responses form a natural way of "chunking" time. If the execution of a
line of code is like a sentence, then a frame is like a chapter. These chapters can also be made
tangible, so the programmer can understand the execution at this granularity as well.

Ol 2l £= 0IHIE SEH2 "HAN(EEE 2A0IUHN HZAIIHU F= X HES
ANE)EtE S &deLilt. DE el A0l 280 208, 242 MHA 25LICH 0H
HEHS2 Mt =S JA=00/E St ZE20HH= 0l HRI0M &= Olof e =+

U5 LICH

The following example provides a timeline for exploring line-by-line execution, and a slider for
exploring frame-by-frame.

OteH Gl Ml= ctelOof Xtellti 2 &
2HSLICH
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<div class="example" data-top="14" data-bottom="36">
<video width="640" height="268" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow10.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow10.webm
" type="video/webm">
</video>
</div>



ZothR~033: =328 & A= & 272 Y.

This control enables the programmer to go backwards and forwards through time, study
interesting frames, and compare the execution across different frames.

OISt HIH= SISAA AMIZECZ T2 )Mo AN F2 2 = AN NWNS22M, M2 T E
Tl s dHlw g == UN oHsSLICH

## Make time visible
## Al 2F Al 2ESE G|

In the above example, we are once again peeking through a pinhole, seeing just one frame at a
time. In the following example, all frames are lightly overlaid, in order to give *context* to the
active frame. The entire path of the ball can be seen at once.

IS GMOoAE et et 2o ets EAJUSLICH DL Ot XA E e =
HE1|C"OI & E‘L”Z SUHF)| ?lof 2= ZdYd=S &M CE BHSLICH 52 22 20t
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<div class="example" data-bottom="30">
<video width="640" height="248" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow11.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Flow11.webm
" type="video/webm">
</video>
</div>

The output of the program is no longer a series of fleeting moments, but can be seen as a
single, solid thing that extends over time. There is great power in this way of thinking.*

Ol O Ol&f 2= 2 Al2te] A0 OtY!, Xl AlZ2tS otLt2 20 SLICH Ol st A2
APLD0l 2 8= &L

ZolNI2~034 : Justin 22 & & 2= & 2|F 2%

## Summary — Follow the flow
# el -sE= etitet



Again, the particular solutions shown here are merely examples. What matters is the underlying

purpose: enabling the learner to follow the program flow, by *controlling time* and *seeing

patterns across time*. Transforming flow from an invisible, ephemeral notion into a solid thing

that can be studied explicitly.
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BotNR2~035: Justin & & & 2= & 2l7F LY

The environment can **make flow tangible**, by enabling the programmer to explore forward
and backward at her own pace.

BE2 SISt AAZ O HOIAN =0 &FHZ2 BOAUACHE = U
s AlZ = JAsLITH™.

The environment can **make flow visible**, by visualizing the pattern of execution.
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The environment can represent time at **multiple granularities**, such as frames or event
responses, to enable exploration across these meaningful chunks of execution.
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# SEE THE STATE

A simple program:

# AEH 2]
Jtetst T2

I[J(http://worrydream.com/LearnableProgramming/Images/State1.png)

The third line declares a variable named "scaleFactor", which varies with each iteration of the
loop.

MR 2ol 2 “scaleFactor’cl= OIS 2 B2 Addot=0, 22 2F Ol A0 &0l ek
j|-O| [:}-EI_I‘:’IL El,

I[J(http://worrydream.com/LearnableProgramming/Images/State2.png)

BotM2~037: 220 B &&HHE2 =& UFTRE

Take a moment to look at that line, and think about these questions:
Al SOHMBEM ctels 21 Otefel 2 =2=0 CHoll 24 2Folf & Al CE. :

* What values does scaleFactor take on? 1? 100? -1? pi/2?

* What is scaleFactor at the beginning of the loop? At the end?

* How does scaleFactor change over the course of the loop? Linearly up? Linearly down? Does
the change get faster or slower?

* scaleFactor= HM gt= ZH & &7 1?1007 -1? pi/ 2?
*S Ot A& E [f scaleFactore=e U NR? S LI EH=HE?
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O %t AU EHRILIR?
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B St 2~ 038 : 24 & 2t

Wait. Wait a minute. Were you trying to answer those questions by doing arithmetic in your



head? The computer somehow drew that picture, so the computer must have calculated all
those scaleFactors itself. Are you seriously *recalculating them in your head?*

Now imagine if scaleFactor also depended on some other variables, or some other functions, or
external input. There would be *no way* to easily answer those questions.”

SV EANEIIGEIMR. 0l 222 eSS HelS52 2 it otdLR? & =
AP’&'; 2 = scaleFactors 2 AAZ HAGHA O SLICH 01 HE ChAl K2z 22 2HakGHD|
PIoHM & 2A0HAIR7? Bt scaleFactor)t HE CIE B0t U E &= UE 2R
OIEXHO|ct) HAHSAICE Ol 2HE A oHZ2e LEOl 8l HUH K.

BotAR2~039: S EN EEHSA

Think about this. We expect programmers to write code that manipulates variables, without ever
seeing the values of those variables. We expect readers to *understand* code that manipulates
variables, without ever seeing the values of the variables. **The entire purpose of code is to
manipulate data, and we never see the data.** We write with blindfolds, and we read by playing
pretend with data-phantoms in our imaginations.
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Information design pioneer Edward Tufte has one primary rule, and this rule should be the
principle underlying any environment for creating or understanding.

**Show the data.**

If you are serious about creating a programming environment for learning, the **number one
thing you can do** -- more important than live coding or adjustable constants, more important
than narrated lessons or discussion forums, more important than badges or points or
ultra-points or anything else -- is to **show the data**.
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ZoIMI 2~ 041 : nassol 2 & 222

## Show the data

Because the value of a variable varies over time, showing the data is intimately connected with
showing time.

The previous section presented a timeline representation that showed the data at each step. In
the following example, the programmer mouses over a particular row of the timeline to
concentrate on a single line.

#HUIOIEHE 2017
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<div class="example" data-top="14" data-right="152" data-postright="7">
<video width="792" height="196" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State3.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State3.webm"



type="video/webm">
</video>
</div>

RIStNI 2~ 042 : nassol 2 & 2322 & 2|8 A

In this example, it is easy to answer the first two questions. By skimming over the execution of
that line of code, we can see all of the values that scaleFactor takes on, and when.

However, it is still difficult to answer the third question: *how* does the variable vary? What is
the shape of its change? The question is difficult because we are, once again, peeking through
a pinhole, only seeing a single point at a time.

Edward Tufte has a second rule. It is not enough to just show the data. We must **show
comparisons**.

GHXI B BI4DF OB BIBHOHED1? 2 A B 2SS 01& 0| LHESH| o g &LICH 230
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& LICH SIS XL HIOIEIS **XH0IS Bl DA 2 4 AN o Z010F BHLICH

2ot 2~ 043 : nassol & & &&=

##Show comparisons

Data needs context. It is rarely enough to see a single data point in isolation. We understand
data by comparing it to other data.

The timeline examples so far have used dots to represent executed lines. But instead of dots,
we can show data. The following timeline shows each of the scaleFactors:
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R 5HNI 2~ 044 : nassol 2 & ZH 22

Almost every line of code here calculates something. The environment should provide the best
visualization of whatever that something is. For example, the "rotate" line can show the
rotations.

I[J(http://worrydream.com/LearnableProgramming/Images/State5.png)

The "fill" line sets a fill color. That color can be shown.

I[J(http://worrydream.com/LearnableProgramming/Images/State6.png)

The "triangle" line draws a triangle to the canvas, rotated and colored. The timeline can show a
thumbnail of each triangle produced.

I[J(http://worrydream.com/L earnableProgramming/Images/State7.png)
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Taken together, we have a timeline that depicts not just the flow, but *all* of *the data calculated
in that flow*. The execution of the program is laid bare for the reader. At a glance, she can see
*which* lines were executed, *when* they were executed, and *what* they produced. The flow
and the data are both shown *in context*.
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<div class="example" data-top="12" data-right="152" data-postright="7">
<video width="792" height="194" preload>

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State8.mp4"
type="video/mp4">

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State8.webm"
type="video/webm">

</video>

</div>
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The example above only loops twenty times. Is it possible to understand a loop with, say,
thousands of iterations, without drowning in thousands of numbers?

Yes -- there is an entire field of study devoted to depicting large amounts of numbers. To
visualize this data, we can use all of the standard techniques of *data visualization™.

In the following example, as the programmer zooms the timeline out, the visualization
automatically switches from a table to a plot.

<div class="example" data-top="12">
<video width="584" height="86" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State9.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State9.webm"
type="video/webm">
</video>
</div>

2 oLNI 2~ 047 : twshim& & &2

## Eliminate hidden state
In order to understand what a line of code does, the learner must *see its effect*. For example,
as the programmer moves over iterations of the "triangle" line, she sees each triangle appear on

the canvas:
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<div class="example" data-top="12" data-right="152" data-postright="7">
<video width="792" height="194" preload>



<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State10.mp4"
type="video/mp4">

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State10.web
m" type="video/webm">

</video>

</div>

BotAR2~048: 2408 & S

The "fill" line, on the other hand, sets the fill color for subsequent drawing operations. When the
programmer moves over this line, what effect does she see? She sees *nothing happen®,
because the "fill" function *modifies hidden state™.

The Processing graphics library relies heavily on implicit state, in the form of the "current” fill
color, stroke color, transform matrix, and so on. Code that modifies this state produces *no
visible effect* on the canvas. In an interactive environment, this is unacceptable.
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There are two design options here. One alternative is to **eliminate the state**. For example,
color could be passed as a parameter to the "triangle" function.
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I[](http://worrydream.com/LearnableProgramming/Images/State11.png)



The other alternative is to **show the state**. In the following example, the current fill and stroke
colors are shown above the canvas. Now, when a line of code changes the fill color, the
programmer actually *sees something change*. Making something visible *makes it real*.
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<div class="example" data-top="14" data-right="152" data-postright="7">
<video width="792" height="196" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State12.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State12.web
m" type="video/webm">
</video>
</div>

ZotM2~050:2 =22 & & HP2A= & 7L

All state must be *eliminated* or *shown*. Either can be a reasonable design decision. An
environment that does neither -- forcing learners to *imagine* the state and make sense of
functions that produce no visible effect -- is irresponsible design, and disrespectful to the
learner.
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The current transform matrix is a particularly critical and confusing member of the state.
Drawing anything interesting with the Processing graphics library requires matrix transforms, but
the *current transform is invisible*. Functions such as "scale" and "rotate" have no visible effect,



and compound transformations (such as translation followed by scale, or should it be the other
way around?) often involve groping blindly through trial-and-error.
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In the following example, the transform is visualized, and the effect of every function can be
seen directly.
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<div class="example" data-top="14" data-bottom="20" data-right="168" data-postright="23">
<video width="808" height="216" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State13.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/State13.web
m" type="video/webm">
</video>
</div>

ZothMl2~053: =80/ B & HEE &l7F2=

## Summary — See the state
#H ol - 4EHE Weotet

Code manipulates data. To understand code, a learner must *see the data*, and see the *effect
of code on the data*.
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* The environment must **show the data**. If a line of code computes a thing, that thing should
be immediately visible.

* The environment must **show comparisons**. If a program computes many things, all of those
things should be shown in context. This is nothing more than data visualization.

* The system must have **no hidden state**. State should either be eliminated, or represented
as explicit objects on the screen. Every action must have a visible effect.
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# CREATE BY REACTING

#ol2S =Alo2 otS )|

| was recently watching an artist friend begin a painting, and | asked him what a particular shape
on the canvas was going to be. He said that he wasn't sure yet; he was just "pushing paint
around on the canvas", reacting to and getting inspired by the forms that emerged. Likewise,
most musicians don't compose entire melodies in their head and then write them down; instead,
they noodle around on a instrument for a while, playing with patterns and reacting to what they
hear, adjusting and sculpting.
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An essential aspect of a painter's canvas and a musical instrument is the immediacy with which
the artist gets *something there* to react to. A canvas or sketchbook serves as an "external
imagination”, where an artist can grow an idea from birth to maturity by continuously *reacting to
what's in front of him*.



Programmers, by contrast, have traditionally worked in their heads, first imagining the details of
a program, then laboriously coding them.

ZotNR2~056: =40] &

Working in the head doesn't scale. The head is a hardware platform that hasn't been updated in
millions of years. To enable the programmer to achieve increasingly complex feats of creativity,
the environment must get the programmer *out* of her head, by providing an *external*
imagination where the programmer can always be reacting to a work-in-progress.

Lot 2~ 057 :

Some programming systems attempt to address this with a so-called "live coding" environment,
where the output updates immediately as the code changes. An example of live coding:*

<div class="example">
<video width="640" height="110" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React1.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React1.webm
" type="video/webm">
</video>
</div>

As you can see, live coding, on its own, is almost worthless. The programmer still must type at
least a full line of code before *seeing any effect*. This means that she must already understand
what line of code she needs to write. The programmer is still doing the creative work entirely in
her head -- imagining the next addition to the program and then translating it into code.

L otMl 2~ 058 :



## Get something on the screen as soon as possible

Live coding does, however, provide a foundation for *other* features which can jump-start the
create-by-reacting process. In the following example, the environment offers *autocomplete with
default arguments*. After typing just a couple of characters, the programmer immediately *sees
something on the screen*, and can proceed to adjust it.

B oAl R~ 059 :

<div class="example" data-push-left="18" data-bottom="16" data-right="6">
<video width="664" height="198" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React2.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React2.webm
" type="video/webm">
</video>
</div>

Autocomplete is a common feature of most programming environments, but there are two
critical subtleties here. First, the functions all have default arguments (position, width, height,
and so on are already filled in), so each completion is a complete statement that produces a
visible effect. Second, a default completion is selected immediately. Here's what this means for
the programmer's thought process:

R SHNI 2~ 060 :

In the example above, the programmer wants to draw a roof on the house. She doesn't need to
mentally plan out *how* to draw the roof beforehand -- she doesn't need to imagine which
functions would be appropriate. She just needs the vague notion: "l want to draw *something*."
She starts typing "draw”, and **immediately sees a shape on the screen**.



Z ol R~ 061 :

At this point, she can stop *imagining* and start *reacting™:

* *"This is the wrong shape. Which shape will work better?"* She goes down the list and turns
the shape into a triangle.

* *"This is a right triangle. | want a different triangle."* She adjusts the triangle's points into a
more roof-like shape.

**"The roof isn't lying on the house."* She adjusts the triangle to lower it onto the house.

Zothl 2~ 062 :

This example assumed a hypothetical graphics library which was *designed for autocomplete™ --
all of the drawing functions begin with "draw", so the completion list would appear as the
designer intended.*

A different way to structure the library would be to provide a single "shape" function, which takes
the type of shape (triangle, ellipse, etc.) as an argument. For example:

<div class="example" data-push-left="18" data-right="6">
<video width="664" height="182" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React4.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React4.webm
" type="video/webm">
</video>
</div>

B othl 2~ 063 :

This could help to further encourage the create-by-reacting way of thinking. Because
"drawTriangle" and "drawRect" aren't in the vocabulary, the programmer would never find
herself thinking about specific shape functions before something is on the screen. Her starting



point is always just "shape".

Zothl 2~ 064 :

The environment is the *user interface for working with a program*. Consider the second menu
that appeared above, with "line", "triangle", etc. If an argument can take one of five values, the
environment should provide the *best interface* for selecting among those values. That is, in
this situation, the programmer is a *user who has to select one of five* choices. How would a
good Ul designer represent those five choices? Perhaps more like this:

I[](http://worrydream.com/LearnableProgramming/Images/React5.png)

Why should we expect anything less from a programming environment?

B othl 2~ 065 :

## Dump the parts bucket onto the floor

As a child, you probably had the experience of playing with a construction kit of some kind --
Legos, or Erector Sets, or even just blocks. As a first act before starting to build, a child will
often spread out all of the parts on the floor.

I[J(http://worrydream.com/LearnableProgramming/Images/React6.jpg)

Zothl 2~ 066 :

This provides more than simply quick access. It allows the child to scan the available parts and
*get new ideas™. A child building a Lego car might spot a wide flat piece, and decide to give the
car wings.

This is a second form of create-by-reacting. In addition to reacting to the object under
construction, the child is also reacting to the *parts she has available*.



RGN 2~ 067 :

In the following example, the available functions are located adjacent to the coding area, and
the programmer can skim over these "parts" and get ideas.

<div class="example" data-left="160" data-bottom="28">
<video width="640" height="210" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React7.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React7.webm
" type="video/webm">
</video>
</div>

RSN 2~ 068 :

The above example *encourages* the programmer to explore the available functions. A learner
who would never think to try typing the "bezier" function, with its unfamiliar name and eight
arguments, can now easily stumble upon it and discover what it's about.

The example above is one way of representing the "parts bucket" for programmatic drawing. But
would an user interface designer consider that to be the *best interface* for drawing a picture on
a computer screen? What about the following?

Zothl 2~ 069 :

<div class="example" data-left="33">
<video width="640" height="146" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React8.mp4"
type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/React8.webm
" type="video/webm">
</video>



</div>
An objection might arise at this point. With this interface, is this even "programming"?

No, not really. *But none of the examples in this section are "programming".* Typing in the code
to draw a static shape --

B othl 2~ 070 :

I[J(http://worrydream.com/LearnableProgramming/Images/React9.png)

-- is not programming! It's merely a very cumbersome form of illustration. It becomes genuine
*programming when the code is abstracted* -- when arguments are *variable*, when a block of
code can do different things at different times. The next section will discuss how
create-by-reacting leads into *create-by-abstracting®.

RSN 2~ 071 :

## Summary — Create by reacting

The create-by-reacting way of thinking could be stated as: start with *something*, then adjust
until it's right.”

The programmer must be able to do her thinking out in the environment, not trapped in her
head. The environment must serve as an *external imagination*, where the programmer can be
continuously reacting to a work-in-progress.

RSN 2~ 072 :

To be clear, this does not relieve the programmer from thinking! It simply makes those thoughts
*immediately visible*. | am happy to be composing this essay in a text editor, where my words
become visible and editable as soon as | think of them, as opposed to working entirely internally
like the orators and playwrights of the distant past.

2ot 2~ 073 :

* The environment must be designed to **get something on the screen as soon as possible*™,



so the programmer can start reacting. This requires modeling the programmer's thought
process, and designing a system that can pick up on the earliest possible seed of thought.

* The environment must **dump the parts bucket onto the floor**, allowing the programmer to
continuously react to her raw material and spark new ideas.

B oMl 2~ 074 :
# CREATE BY ABSTRACTING

Learning programming is learning abstraction.

A computer program that is just a list of fixed instructions -- draw a rectangle here, then a
triangle there -- is easy enough to write. Easy to follow, easy to understand.

I[J(http://worrydream.com/LearnableProgramming/Images/Abstract1.png)
It also makes *no sense at all*. It would be much *easier* to simply draw that house by hand.

What is the point of learning to "code", if it's just a way of getting the computer to do things that
are easier to do directly?

2 otNl R~ 075 :

Because code can be *generalized* beyond that specific case. We can change the program so
it draws the house anywhere we ask. We can change the program to draw many houses, and
change it again so that houses can have different heights. Critically, we can draw all these
different houses from a *single description*.

I[J(http://worrydream.com/LearnableProgramming/Images/Abstract2.png)

2 otNl 2~ 076 :

The description still says "draw a rectangle here, then a triangle there", but the here and there
have been *abstracted*. Different parameters give us different heres and different theres.

How does a programmer learn to write this abstract code? How does she learn to write a single



description that is generalized for many cases?

She *doesn't*. The learner should start by writing concrete code, and then *gradually* change it
to introduce abstraction. And the environment must provide the tools to perform this process, in
such a way that the learner can *understand* the program at each stage.

RGN 2~ 077 :

## Start constant, then vary

In the create-by-abstracting way of thinking, the programmer starts by creating a specific case,

typically involving *constants®. She then moves to the general case by turning those constants

into *variables*. Here's an example of how the environment can encourage this way of thinking,
starting with the house from earlier.

I[J(http://worrydream.com/LearnableProgramming/Images/Abstract3.png)

2 otNl 2~ 078 :

The programmer wants to move the house to a different location. She can't move it by adjusting
a single number in the code, because there are four different points which all need to change at
the same time -- the rectangle's origin, and the triangle's three points.

Here, the programmer selects one of the numbers, and *converts it into a variable*.

<div class="example" data-left="90" data-no-marker="1">
<video width="640" height="164" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract4.mp
4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract4.we
bm" type="video/webm">
</video>
</div>

She then *connects* the variable to another number, by dragging from one to the other.

<div class="example" data-left="90" data-no-marker="1">
<video width="640" height="164" preload>



<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract5.mp
4" type="video/mp4">

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract5.we
bm" type="video/webm">

</video>

</div>

B oAl R~ 079 :

There are two additional arguments to "triangle" which need to vary as well. When she connects
the variable, whose value is 80, to the constant 100, the environment offers a choice of four
possible relationships between the numbers.

<div class="example" data-left="90" data-no-marker="1">
<video width="640" height="164" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract6.mp
4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract6.we
bm" type="video/webm">
</video>
</div>

The four expressions involve addition, subtraction, multiplication, and division respectively. One
of them will typically be either the correct relationship or a good starting point.

Here is the entire process of introducing the variable.

<div class="example" data-left="90">
<video width="640" height="164" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract7.mp
4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract7.we
bm" type="video/webm">
</video>
</div>



Zothl 2~ 080 :

## Start with one, then make many

In the example above, the house is now *abstracted® -- the code doesn't just draw one fixed
house, but can draw a house anywhere. This abstracted code can now be used to draw *many
different houses™.

In the following example, the programmer wants to draw a row of houses. She selects the
abstracted code, and *converts it into a loop*.

<div class="example" data-left="90">
<video width="640" height="164" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract8.mp
4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract8.we
bm" type="video/webm">
</video>
</div>

Zothl 2~ 081 :

The variable in the first line of the selection becomes an *induction variable*, and the
programmer can then adjust its bounds.

This is a process of starting with a specific case, and progressively generalizing:

* First, the programmer creates a house at a fixed location. Here, she has interactive control
over each *individual shape®.

* She turns the house's location into a variable. Now, she has interactive control over the
variable, which affects *many shapes™.

* She introduces a loop to vary that variable. Now, she has interactive control over the bounds
of the loop, which affects *many houses®*, which affect many shapes.



Zothl 2~ 082 :

At each stage, the programmer has interactive control over the relevant parameters, but the
parameters are at successively higher levels of abstraction. That is, the programmer can still
create by reacting, but she's **creating and reacting at higher levels**.

Instead of drawing an evenly-spaced row of houses, the programmer now wants individual
control over each of the houses. Starting from the variable abstraction, she selects the code and
*converts it into a function®.

<div class="example" data-left="90">
<video width="640" height="164" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract9.mp
4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract9.we
bm" type="video/webm">
</video>
</div>

B otk 2~ 083 :

By duplicating the function call, she obtains several houses which can be controlled individually.

Now, instead of identical houses, she wants to vary the heights of the houses. She introduces
another variable, and then converts it into *an additional argument to the function*.

<div class="example" data-left="90">
<video width="640" height="164" preload>

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract10.m
p4" type="video/mp4">

<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Abstract10.w
ebm" type="video/webm">



</video>
</div>

The process, again, consists of starting concrete, and progressively introducing abstraction:*

* The programmer creates a drawing of a house.

* She turns x into a variable, so she can control the house's position.

* She turns x into a function argument, so different houses can have different positions.
* She turns y into a variable, so she can control the house's height.

* She turns y into a function argument, so different houses can have different heights.

B olANl R~ 084 :

## Summary — Create by abstracting

Start concrete, start grounded. Start with one specific case, entirely understood. Then gradually
generalize, level by level, in such a way that the programmer still fully understands the program
at each level of abstraction.

Fully concrete code can be micromanaged -- the programmer has explicit control over every
step of the execution. Abstraction means giving up some of this control, and this can be scary
for a learner.

25Nl 2~ 085 :

But the learner can work up to it -- introduce a variable, interactively control it, connect the
variable to another value, interactively control it, turn the variable into a function argument,
interactively control it. **The learner always gets the experience of interactively controlling the
lower-level details, understanding them, developing trust in them, before handing off that control
to an abstraction and moving to a higher level of control.**

The environment must support this process. A typical text editor only provides direct support for

growing "outward" -- adding new lines of code. The environment must also support growing
"upward" -- abstracting over existing code.*

Zothl 2~ 086 :



* The environment should encourage the learner to **start constant, then vary**, by providing
meaningful ways of gradually and seamlessly transitioning constant expressions into variable
expressions.

* The environment should encourage the learner to **start with one, then make many**, by
providing ways of using those variable expressions at a higher level, such as function
application or looping.

B othl 2~ 087 :

# LANGUAGE

A programming system has two parts. The environment is installed in on the computer, and the
language is installed in the programmer's head.

The design of the language is just as critical to the programmer's way of thinking as the design
of the environment. In the best cases, they are co-designed and inseparable. Many recent
learning environments use JavaScript or Processing, and for the sake of comparison, the
examples in this essay used them as well. But neither is a well-designed language for learning.

I SHNI 2~ 088 :

Fortunately, there are giant shoulders to stand on here -- programming systems that were
carefully and beautifully designed around *the way people think and learn*. This section will
briefly offer some design principles that have been distilled from these great systems of the
past.

## Great works

The canonical work on designing programming systems for learning, and perhaps the greatest
book ever written on learning in general, is Seymour Papert's "Mindstorms".

I[](http://worrydream.com/LearnableProgramming/Images/Language1.jpg)

Zothl 2~ 089 :

Designing a learning system without a solid understanding of the principles in this book is like
designing a mechanical system without understanding "the lever". Or "gravity". If you are
reading this essay (and I'm pretty sure you are!) then you need to read "Mindstorms".



Seriously. | mean it. If you are going to design anything whatsoever related to learning, then you
literally need to read "Mindstorms".

For fuck's sake, [read
"Mindstorms"](http://books.google.com/books?id=HhIEAgUfGHwC&printsec=frontcover).

ot 2~ 090 :

This section will make reference to four seminal programming systems that were designed for
learning, and | strongly recommend studying each of them.

I[J(http://worrydream.com/LearnableProgramming/Images/Language2.png)

To be clear, I'm not advocating *using* any of these systems, in either their historical or modern
incarnations. I'm advocating *understanding* them, and building on their insights.

Zothl 2~ 091 :

## |dentity and metaphor

In **Logo**, the programmer draws pictures by directing the "turtle", an onscreen character
which leaves a trail as it moves:

I[1(http://worrydream.com/LearnableProgramming/Images/Language3.png)
Watch just two minutes of this video -- the children, and the beardy guy talking:
<div class="example center"><iframe width="420" height="315"

src="http://www.youtube.com/embed/BTd3N50j2jk?rel=0#t=37" frameborder="0"
allowfullscreen></iframe></div>

B oAl R~ 092 :



That's Seymour Papert explaining the Logo turtle. The turtle serves a number of brilliant
functions, but the most important is that the programmer can *identify* with it. To figure out how
to make the turtle perform an action, the programmer can ask how she would perform that
action herself, if *she were the turtle*.

Zothl 2~ 093 :

For example, to figure out how to draw a circle, a learner will walk around in circles for a bit, and
quickly derive a "circle procedure" of taking a step forward, turning a bit, taking a step forward,
turning a bit. After teaching it to herself, the learner can then teach it to the computer.” The turtle
is the in-computer embodiment of the programmer herself, a "self", like the player-character in a
video game, and thereby allows the learner to transfer her knowledge of her own body into
knowledge of programming.

B othl 2~ 094 :

Every programming language is made of metaphors, but some fit the mind better than others.
Standard imperative programming uses the metaphor of "assigning to variables", shuffling bits
between little boxes. Unlike the Logo turtle, this metaphor was not designed to resonate with
how people learn and understand; it simply evolved as a thin layer over the metaphors used in
the underlying machine architecture, such as "storing to memory".*

R OLHI 2~ 095 :

**Smalltalk*™, like Logo, also has a strong resonant metaphor, which is the *message®. All
computation in Smalltalk is represented by objects sending and responding to messages from
other objects. In order to program the behavior of an object, the programmer casts herself into
the role of that object (to the extent of referring to the object as "self"!) and thinks of herself as
*carrying on a conversation® with other objects. This is a powerful metaphor, because
role-playing and conversing are powerful innate human facilities. As with Logo, tremendous time
and thought went into the crafting and honing of Smalltalk's metaphors.

Zothl 2~ 096 :

In **HyperCard**, the program is represented as a stack of cards, with the programmer drawing
objects onto each card. Unlike a typical programming language, where an "object" is an abstract
ethereal entity floating inside the computer, every object in HyperCard has a "physical presence"
-- it has a location on a particular card, it can be seen, it can be interacted with. Every object in



HyperCard is a "real thing", and this is a powerful metaphor which allows programmers to apply
their intuition and understanding of the physical world.

B othl 2~ 097 :

**Rocky's Boots** is structured as a video game, with a player-character that can be moved
around directly. The player not only can pick up and move objects, but also acts as a power
source -- a *literally* powerful metaphor. Everything is visible and tangible -- electricity is not
some abstract voltage reading, but can be seen directly as orange fire, flowing through wires.
This beautiful metaphor makes it trivial to *follow the flow and see the state*.

In **Processing**, by contrast, the programmer has no identity within the system. There are no
strong metaphors that allow the programmer to translate her experiences as a person into
programming knowledge. The programmer cannot solve a programming problem by performing
it in the real world.

Zothl 2~ 098 :

Processing's core metaphor is the "painter's algorithm" -- the computer places a series of
shapes on the screen, like drawing on paper. Because this metaphor carries no computational
power (you cannot *compute® by filling in pixels), all computation occurs outside the bounds of
the metaphor. In this example of a bouncing-ball animation --

<div class="example" data-no-marker="1">
<video width="640" height="218" preload>
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Language5.m
p4" type="video/mp4">
<source
src="https://s3.amazonaws.com/worrydream.com/LearnableProgramming/Movies/Language5.w
ebm" type="video/webm">
</video>
</div>

-- the simulated properties of the ball (position, velocity) are not associated with the picture of
the ball onscreen. They are computed and stored abstractly as "numbers" in "variables", and the
ball is merely a shadow that is cast off by this ethereal internal representation. The ball cannot
be picked up and moved; it cannot be told how to interact with other objects. It is not a "living
thing", and the simulation cannot be *understood* or *thought* about in any way other than



"numbers in variables". This is a very weak way of thinking.*

B otAl R~ 099 :

## Decomposition

Modularity is the human mind's lever against complexity. Breaking down a complex thing into
understandable chunks is essential for understanding, perhaps the *essence* of understanding.

A programming language must encourage the programmer to *decompose* -- to approach a
complex problem by breaking it into simpler problems. Papert refers to this as breaking down a
program into "mind-size bites".

B othl2~100:

**Logo** uses the metaphor of "teaching the turtle a new word". To draw a face consisting of
four circles, we can teach the turtle a subprocedure for drawing a circle, and then apply that
subprocedure four times. Long and careful thought was given to the process by which a learner
*discovers™ the need for subprocedures, and then factors a large procedure into subprocedures.

**Smalltalk*™ is, in essence, a philosophy of decomposition in the form of a programming
language. This is Alan Kay inventing objects:

Zothl2~101:

> Bob Barton [said] "The basic principle of recursive design is to make the parts have the same
power as the whole." For the first time | thought of the whole as the entire computer, and
wondered why anyone would want to divide it up into weaker things called data structures and
procedures. Why not divide it up into little computers... Why not thousands of them, each
simulating a useful structure?

Smalltalk's key insight was that a complex computer program could be decomposed into smaller
computers, called "objects". Programming in Smalltalk is almost entirely an exercise in
decomposition -- breaking down thoughts into classes and messages.



ZotAIR~102:

Almost every computer language provides some facility for decomposition, but some are better
than others. In his wonderful essay [Why Functional Programming
Matters](http://www.cs.kent.ac.uk/people/staff/dat/miranda/whyfp90.pdf), John Hughes argues
that decomposition lies at the heart of the power of languages like Haskell:

> When writing a modular program to solve a problem, one first divides the problem into
subproblems, then solves the subproblems, and finally combines the solutions. The ways in
which one can divide up the original problem depend directly on the ways in which one can glue
solutions together. Therefore, to increase one's ability to modularize a problem conceptually,
one must provide new kinds of glue in the programming language.

Zothl2~103:

> Functional languages provide two new, very important kinds of glue... This is the key to
functional programming’s power -- it allows improved modularization.

**Processing™* allows for Logo-style decomposition into subprocedures, in the form of function
definitions. The more powerful Smalltalk-style decomposition, where submodules can be
*thought about independently*, is not supported. In Processing, drawing and input events are
tied to single entry points -- top-level functions such as "draw" and "mouseDown". The behavior
of submodules must be tangled across these global functions. Clean decomposition is not
possible.

Zothl2~104 :

Consider a programmer who has made a bouncing ball animation. How does she go from one
ball to two, to a hundred? How does she make the balls bounce off one another? How does she
make balls draggable with the mouse? In a genuine learning environment such as Etoys, this
progression is natural and encouraged. In Processing, each of these steps is a nightmare of
needless complexity.

A language that discourages decomposition is a language that cripples a programmer's most
valuable way of thinking.



R otMl 2~ 105 :
## Recomposition

Creating is remixing. To a large extent, new ideas are old ideas in new combinations.

A programming language must encourage *recomposition* -- grabbing parts of other programs,
assembling them together, modifying them, building on top of them. This gives creators the
initial material they need to create by reacting, instead of facing every new idea with a blank
page. It also allows creators to *learn from each other*, instead of deriving techniques and style
in a vacuum.

Zothl2~106 :

**HyperCard** was designed for recomposition, and is perhaps still unsurpassed in that respect.
Bill Atkinson fully intended for creators to assemble a program by copying and pasting objects
from other programs, and then gradually tweaking and customizing them. Every program thus
serves as a parts kit for creating new programs. Because all source code, if any, is embedded in
individual objects in the form of scripts, and because scripts use loose, relative references to
other objects, groups of related objects can be transplanted much more easily and successfully
than in other systems.*

25N 2~ 107 :

Many people revere HyperCard for initiating them into programming. Any user can remix their
software with copy and paste, thereby subtly transitioning from user to creator, and often
eventually from creator to programmer.

**Processing**'s lack of modularity is a major barrier to recomposition. The programmer cannot
simply grab a friend's bouncing ball and place it alongside her own bouncing ball -- variables
must be renamed or manually encapsulated; the "draw" and mouse functions must be woven
together, and so on. One can easily start from an existing Processing program and modify it, but
the language does not encourage *combining two programs*.

Zothl2~108 :



Worse, Processing's dependence on global state hinders even the simplest forms of
recomposition. As an analogy, imagine you're writing an email. You copy some red text from a
website, paste it into your email, and *everything else in your email turns red*:

I[J(http://worrydream.com/LearnableProgramming/Images/Language6.png)

This is *exactly* what can happen when copying and pasting lines of Processing code, because
Processing's way of handling color is inherently leaky:

I[](http://worrydream.com/LearnableProgramming/Images/Language?.png)
Experienced programmers might look at this example and consider this a programmer's error,

because this is "just how code works." But this error is not intrinsic to programming; it's a
consequence of specific design decisions -- mutable state, global variables, no encapsulation.

B oAl R~ 109 :

Worse yet, Processing has global modes which *alter the meaning of function arguments®. The
following line of code sets a fill color. Do you know what color it is?

I[J(http://worrydream.com/LearnableProgramming/Images/Language8.png)

Trick question -- it's impossible to know what color it is, because the meaning of "255" depends
on the global "color mode". It could be *any* of these colors:

I[](http://worrydream.com/LearnableProgramming/Images/Language9.png)

If two Processing programs specify their colors in different color modes, then combining the two
programs is almost hopeless.

Designing a system that supports recomposition demands long and careful thought, and design

decisions that make programming more convenient for individuals may be detrimental to social
creation.

ZotMR2~110:

## Readability

A learner must be able to look at a line of code and know what it means.



**Syntax matters.** Here are two statements in HyperCard's scripting language, and their
equivalents in a more conventional syntax:

<div class="codetable" style="width:710px;">
<div class="codetableRow">
<span class="codetableHeader">HyperTalk:</span>
<span class="codetableCell">Write "hello" to file "greetings".</span>
<span class="codetableCell2">Drag from "0,0" to "100,100" with optionKey.</span>
</div>
<div class="codetableRow">
<span class="codetableHeader">C-like syntax:</span>
<span class="codetableCell">writeFile("hello", "greetings");</span>
<span class="codetableCell2">dragMouse(0, 0, 100, 100, OPTION_KEY);</span>
</div>
</div>

HyperTalk happens to use an English-like syntax, but that's not the point here. What matters is
that every argument can be *understood in context®. It's clear that "hello" is a string and
"greetings" is a filename, and that "0,0" and "100,100" are start and end points. In the
conventional syntax, both are ambiguous.

As another example, here's how a programmer might draw an ellipse in three languages:

<div class="codetable">
<div class="codetableRow">
<span class="codetableHeader">Smalltalk:</span>
<span class="codetableCell3">canvas drawEllipseCenteredAtX:50 y:50 width:100
height:100.</span>
</div>
<div class="codetableRow">
<span class="codetableHeader">Processing:</span>
<span class="codetableCell3">ellipse(50,50,100,100);</span>
</div>
<div class="codetableRow">
<span class="codetableHeader">x86 assembly:</span>
<span class="codetableCell3">push 100; push 100; push 50; push 50; call _ellipse</span>
</div>
</div>



Zoth2~111:

In Smalltalk, arguments have context. Processing's "ellipse" is exactly as cryptic as assembly
language. The reader must look up or memorize every argument, a significant barrier to
reading.

**Names matter.*™ Below are four array methods from Apple's Cocoa framework, and the
equivalent JavaScript methods:

<div class="codetable" style="width:770px;">
<div class="codetableHeading">
<span class="codetableHeadingCell4" style="width:137px;"></span>
<span class="codetableHeadingCell4" style="width:240px;">mutate array and return
nothing</span>
<span class="codetableHeadingCell4" style="width:380pXx;">mutate nothing and return new
array</span>
</div>
<div class="codetableRow">
<span class="codetableHeader">Cocoa:</span>
<span class="codetableCell4" style="width:70px;">addObject</span>
<span class="codetableCell4" style="width:140px;">addObjectsFromArray</span>
<span class="codetableCell4" style="width:140px;">arrayByAddingObject</span>
<span class="codetableCell4"
style="width:190px;">arrayByAddingObjectsFromArray</span>
</div>
<div class="codetableRow">
<span class="codetableHeader">JavaScript:</span>
<span class="codetableCell4" style="width:70px;">push</span>
<span class="codetableCell4" style="width:140pXx;">splice</span>
<span class="codetableCell4" style="width:140px;">concat</span>
<span class="codetableCell4" style="width:190px;">concat</span>
</div>
</div>

ZotN2~112:

Cocoa follows strong grammatical conventions which immediately convey the meanings of
methods. Verb phrases ("addObject") perform an action and return nothing. Noun phrases
("arrayByAddingObiject") return the noun so named, and generally do not have stateful effects



unless the name suggests so. Expected arguments are clearly indicated by the name, in
Smalltalk style. ("addObject" takes an object; "addObjectsFromArray" takes an array.) Most
Cocoa code can thus be read and at least vaguely understood without documentation.

BotNE~113: ZME8 & (P22 & 2l7R Y

By contrast, many of Processing's function names are grammatically ambiguous or misleading.
Many nouns, such as "ellipse" and "triangle", perform actions. Many verbs, such as "fill" and
"stroke", do not.* The programmer constructs a color using a noun ("color"), and constructs an
image using a verb ("createlmage"). This sort of linguistic sloppiness is inappropriate, especially
in a system for learning. A language must be parsed by people, not just compilers.
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The design principles presented in this essay can be used as a checklist to evaluate a
programming system for learning.
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Does the *environment* allow the learner to...
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B othl2~114 :

* **read the vocabulary?** -- *Is meaning transparent? Is meaning explained in context, by
showing and telling?*

* **follow the flow?** -- *Is time visible and tangible? At all meaningful granularities?*

* **see the state?** -- *Does the environment show the data? Show comparisons? Is hidden
state eliminated?*

* **create by reacting?** -- *Is something on screen as soon as possible? Is the parts bucket on



the floor?*
* **create by abstracting?** -- *Can the programmer start concrete, then generalize?*

AotN 2~ 115 :
Does the **language™* provide...

* **identity and metaphor?** -- *Is the computer's world connected to the programmer's world?*
* **decomposition?** -- *“Can the programmer break down her thoughts into mind-sized pieces?*
* **recomposition?** -- *Can the programmer put diverse pieces together?*

* **readability?** -- *Is meaning transparent?*

This essay suggested some features and references that address these questions, but the
guestions matter more than my answers.

If you are designing a system and you can't answer these questions, it's time to reopen your
sketchbook, because your design's not done yet.

B oMl 2~ 116 :

## These are not training wheels

These design principles were presented in the context of systems for learning, but they apply
universally. An experienced programmer may not need to know what an "if" statement means,
but she does need to understand the runtime behavior of her program, and she needs to
understand it while she's programming.

A frequent question about the sort of techniques presented here is, **"How does this scale to
real-world programming?"** This is a reasonable question, but it's somewhat like asking how the
internal combustion engine will benefit horses. The question assumes the wrong kind of change.

ZotN R~ 11T :

Here is a more useful attitude: **Programming has to work like this.** Programmers *must* be
able to read the vocabulary, follow the flow, and see the state. Programmers *have to* create by
reacting and create by abstracting. Assume that these are *requirements*. Given these
requirements, how do we *redesign programming*?



Here's an example. In many styles of programming today, when an application launches, it
creates a large set of interconnected stateful objects. To see the effect of a code change, the
application must be "relaunched" -- that is, its entire world is destroyed, and rebuilt again from
scratch. How can we "create by reacting”, continuously changing the code and seeing
continuous effects in the flow and data, when there is no continuity between the application's
state before and after the change?

B othl 2~ 118 :

We can't. That's the wrong question. A better question is: *How do we design a new
programming model that does allow for continuous change?* We already have clear hints.*

Another example. Most programs today manipulate abstract data structures and opaque
objects, not pictures. How can we visualize the state of these programs?

Again, wrong question. A better attitude is to assert that we have to be able to understand the
state of our programs. We can then ask: *How do we design data structures that can be
visualized?* Can we invent data structures that are *intended* to be visualized? How do we
move towards a culture where only visually-understandable data is considered sound? Where
opaque data is regarded in the same way that "goto" is today?*

ZotM2~119 :

In his influental essay [No Silver
Bullet](http://faculty.salisbury.edu/~xswang/Research/Papers/SERelated/no-silver-bullet.pdf),
Fred Brooks makes the case that software is inherently "invisible and unvisualizable", and points
out the universal failure of so-called "visual programming" environments. | don't fault Fred
Brooks for his mistake -- visual programming is indeed worthless. But that's because it
visualizes the wrong thing.

B oAl 2~120:

Traditional visual environments visualize the code. They visualize static structure. But that's not
what we need to understand. We need to understand what the code is doing.

Visualize data, not code. Dynamic behavior, not static structure.

Maybe we don't need a silver bullet. We just need to take off our blindfolds to see where we're



firing.

Much thanks to Star Simpson, Dan Amelang, Dave Cerf, Patrick Collison, Christina Cacioppo,
and Oliver Steele for their feedback on this essay.

B othl2~121:

This essay was an immune response, triggered by hearing too many times that Inventing on
Principle was "about live coding", and seeing too many attempts to "teach programming" by
adorning a JavaScript editor with badges and mascots.

Please read
[Mindstorms](http://books.google.com/books?id=HhIEAgQUfGHwC&printsec=frontcover). Okay?
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