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The Problem

We write programs with...

e Rich, mutually recursive datatypes

¢ Possibly shifting/changing structures

What we want to accomplish? Make it easier to...

e Write complex functions over structures

e Safely reuse for different structures

Main Goals: Flexibility, reuse, and performance




The Problem: Concretely

Complex structures: AST
Exp = If | Bin | Num | /* ... */.

If = <cnd> Exp <thn> Exp <els> Exp.
Bin = <left> Exp <op> Oper <right> Exp.
Num = <val> int.

Y

Complex function: Simplify

¢ Walk an instance and replace
statically computable
expressions with constants
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Our Solution: A New Approach, TBGP

Traversal-based generic programming
e Separate traversal
* Modularize interesting code (Function-classes)
e Put together using asymmetric multiple-dispatch

e Function extension = inheritance

Our Contributions
e Implementation: DemeterF
e Powerful, generic base function-classes

e Safety and weaving — performance

Gives us: Flexibility, reuse, performance
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What is Traversal-based generic programming?

Our view of AOP

o Base program execution generates events (join points)

- Events are triggered by method call/return

- Aspects attach advice to these events

e Pointcuts select sets of events and bind context

e Advice computes with context and state



What is Traversal-based generic programming?

AOP view of TBGP

e Base program is depth-first traversal

- Events are triggered by traversal completion

- Our aspects are function-objects (with combine methods)

e Method signatures select events and bind context

¢ Method bodies compute with context (recursive results)

Advice chosen based on the dynamic type of recursive results



TBGP Example: Pictures

Pict = Overlay | Offset
| Circle | Square.

Overlay = <top> Pict <bot> Pict.

Offset = <dx> int <dy> int
<inner> Pict.

Circle = <rad> int.
Square = <size> int.




TBGP Example: Pictures (ToString)

class ToString extends ID{
String combine(Circle ¢, int rad)
{ return " Circle(" +rad+")"; }
String combine(Overlay o, String top, String bot)
{ return " Overlay(" +top+"," +bot+")"; }
/¥ x

String toString(Pict p)

{ return new Traversal(this).<String>traverse(p); }

* combine methods are like pointcuts and advice

* Adaptive depth-first traversal

10



TBGP Example: Pictures (ToString)

class ToString extends ID{

‘ String combine(Circle c, int rad) ‘

{ return " Circle(" +rad+")"; }

‘ String combine(Overlay o, String top, String bot) ‘
{ return " Overlay(" +top+"," +bot+")"; }
Y

String toString(Pict p)

‘{ return new Traversal(this).<String>traverse(p); } ‘

}

* combine methods are like pointcuts and advice

* Adaptive depth-first traversal
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return "Square(”+size+")"”; }

} Overlay

/* Provided by DemeterF */

iclass ID{ Offset Offset

} /i:t“*c/ombine(int i){ return i;} ‘//\ /l\
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TBGP Example: Execution

class ToString |extends ID
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return "Square(”+size+")"”; }

} Overlay

/* Provided by DemeterF */

class ID{ | Offset Offset

i [int_combine(int i){ return i; }]
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine{(Square s, int size)
{ return "Square("+size+")”; }

} Overlay

/* Provided by DemeterF */

iclass ID{ Offset Offset

int combine(int i){ return i;}
R T /N
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
[{ return ”Square(”+size+")"”; }]

} Overlay

/*Provided by DemeterF ¥/ |

iclz??]st Icl?)fnbine(int i){ return i; } Offset Offset
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combinel( Offset o, int dx, int dy, String inner))
{ return " Offset ("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return ”"Square(”+size+")"; }
} ‘ Overlay

/* Provided by DemeterF */

iclass ID{ | Offset

int combine(int i){ return i;}
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine(Offset o, int dx, int dy, String inner)
[{ return "Offset ("+dx+","+dy+","+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)

) { return "Square("+size+")"; } Overlay

/% Provided by DemeterfF ¥/ |

iclass ID{ | "L Offset

i int combine(int i){ return i; } |

L /l\
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine[( Circle ¢, int rad)
{ return "Circle("+rad+")";

String combine(Square s, int size)
{ return "Square("+size+")"; }

} Overlay

/* Provided by DemeterF */ :
iclass ID{ "L OffSCt

int combine(int i){ return i; } |
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
[{ return "Circle("+rad+")"; }]

String combine(Square s, int size)
{ return "Square(”+size+")"”; }

} Overlay

/* Provided by DemeterF */ :
iclass ID{ "L Offset

int combine(int i){ return i; } |
%K | /l\
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combinel( Offset o, int dx, int dy, String inner))
{ return " Offset ("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return "Square("+size+")"; }

/* Provided by DemeterF */ :
iclass ID{ "L OffSGt

int combine(int i){ return i; } |
%K | /J\
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TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
{ return "Overlay("+top+”,"+bot+")"; }

String combine(Offset o, int dx, int dy, String inner)
[{ return "Offset ("+dx+","+dy+","+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)

{ return "Square("+size+")"; }
} ‘ Overlay
/*Provided by DemeterF ¥/ |
iclass ID{ ; "t "
i int combine(int i){ return i; } |
Loy ‘
i}



TBGP Example: Execution

class ToString extends ID{
String combine[(OverIay o, String top, String bot)]
{ return "Overlay("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return "Square("+size+")"; }

/* Provided by DemeterF */

iclass ID{ non non
int combine(int i){ return i; } !
/XK :




TBGP Example: Execution

class ToString extends ID{
String combine(Overlay o, String top, String bot)
[{ return "Overlay ("+top+”,"+bot+")"; }

String combine( Offset o, int dx, int dy, String inner)
{ return " Offset("+dx+","+dy+" ,"+inner+")"; }

String combine(Circle c, int rad)
{ return "Circle("+rad+")"; }

String combine(Square s, int size)
{ return "Square("+size+")"; }

) "Overlay(...)"

i /* Provided by DemeterF */

iclass ID{ :
int combine(int i){ return i;}

[* L X :



TBGP: Key points

What did we do?

e Separate, functional traversal
- Structural recursion factored out
- Follows from our data structures
- Supports different traversal implementations

e Modularized interesting functionality
- Limit scattering

e Implicit dispatch selects advice
- Recursive return values determine choice

12



TBGP: Implicit Dispatch

Only one advice...

e The “most specific” signature

¢ Based on runtime types:
(host, ... recursive results ...)

e The host is our leftmost argument
- So we give left-to-right precedence

Termed: Asymmetric multiple-dispatch

¢ No runtime ambiguities

What do we gain?

13



TBGP: Implicit Dispatch

Gives us Abstraction

String combine(Pict p, int i)
{ /*.. Applies to multiple cases ..*/ }

And Overloading/Overriding

Number combine(Pict p, Number Ift, Number rht)
{ /*.. Applies to more general cases ..*/ }

Integer combine(Overlay o, Integer Ift, Double rht)
{ /*.. Applies to specific case ..*/ }

How do we know methods work together?

14



TBGP: Dispatch Safety

What can go wrong?

* No applicable advice, means no recursive result (!)

How can we ensure safety?
e Compute the return types over the structure
e Make sure we have at least one applicable method

e Argument signatures must cover all cases (be complete)

Determine (statically) which methods may be called

e Calculate runtime dispatch residue

15
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TBGP: Generic Programming

Two useful generic cases (Lammel [2003])

Type Preserving, TP (Rebuild/copy)
traversetp : VT . T — T

Type Unifying, TU (Deep Fold)
traversety<a> VT . T — «

Also called transformations and queries
Scrap Your Boilerplate (Limmel and Peyton Jones [2003])

17



TBGP: Generic Programming (TP)

Functional updates for Picts

// Triple the size of all Picts
class Triple extends TP{
int combine(int i){ return i*3; }

}

// Flip top/bot ordering

class Flip extends TP{
Overlay combine(Overlay o, Pict top, Pict bot)
{ return new Overlay(bot, top); }

}

e Special cases for int and Overlay

e TP rebuilds other cases

18



TBGP: Generic Programming (TU)

Deep Fold for Picts

// Collect the Circles

class CollectCircs extends TU<List<Circle>>{
List<Circle> combine(){ return List.create(); }
List<Circle> fold(List<Circle> a, List<Circle> b){ return a.append(b); }
List<Circle> combine(Circle c){ return List.create(c); }

Default combine () returns the empty-list (leafs)

fold merges two results

Special case for Circle

TU calls fold for composite cases

19



TBGP: Generic Programming

Benefits
¢ Overriding/overloading is easy
e Exploit commonalities, write our own base classes

e Function-classes are near-sighted

TP/TU in particular
¢ Functions adapt by way of TP/TU

e TP/TU are structure-based
- We can generate concrete versions

20
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Weaving traversals and functions

Traversal is structure-based
e Produce an implementation of structural recursion

¢ Inline method selection residue (if any)

How do we implement traversal?
@ Abstract: choose between direct subclasses
@® Concrete: traverse each field, select/apply a combine method

© Use types, methods, and residue from type checking

22



Weaving traversals and functions

What does it look like for ToString?

class InlineToString{
ToString func;

Y
}
Pict = Overlay | ... .
String traversePict(Pict h){

if(h instanceof Overlay) return traverseOverlay((Overlay)h);

Y
throw new RuntimeException(” Unknown Pict");

}

Overlay = <top> Pict <bot> Pict.
String traverseOverlay(Overlay h){
String top = traversePict(h.top);
String bot = traversePict(h.bot);
return func.combine(h, top, bot);

}

23



Weaving traversals and functions

Separate Traversals/Functions means:
e Less redundant information
¢ New traversal implementations only require regeneration

¢ Good for parallelism and/or eliminating stack use

Inlining benefits

o Automatic generation (structure + function — code)
e Direct replacement for reflective traversal

e Performs much better

24



Performance: Picts

x Hand
N

Inline

Hand

Visitor

50, 47, 72, 32

>

Reflect

mTP

B TP w/ Residue
TU

B Mixed
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Performance: Exp. Compiler

x Hand
N

1 ﬂ

Inline Hand

Visitor

43, 88

Reflect

—

B TP w/ Residue
TU
B Mixed
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Conclusions

Traversal-Based Generic Prog. (TBGP)

Separate/abstract structural recursion

Function-classes modularize interesting code

Combine the two with implicit, asymmetric multiple-dispatch

Reuse/safety is check-able

Extensible base function-classes
e TP/TU for starters

Weave together traversal and functions for performance

27



Conclusions

TBGP: Important Points

e Enable powerful, extensible, generic functions

¢ Flexibility of reflection, with the safety and performance of
hand-written, structural recursion

28


http://www.ccs.neu.edu/~chadwick/demeterf/

Conclusions

TBGP: Important Points

e Enable powerful, extensible, generic functions

¢ Flexibility of reflection, with the safety and performance of
hand-written, structural recursion

Thank You

Bryan Chadwick: chadwick@ccs.neu.edu
Karl Lieberherr:  1lieber@ccs.neu.edu

DemeterF Home:  http://www.ccs.neu.edu/~chadwick/demetert/
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TBGP: Type Preserving Details

// Specific TP for Picts

class TPpict{
Overlay combine(Overlay o, Pict t, Pict b)
{ return new Overlay(t,b); }

Offset combine(Offset o, int dx, int dy, Pict in)
{ return new Offset(dx,dy,in); }

Circle combine(Circle ¢, int r){ return new Circle(r); }
Square combine(Square s, int sz){ return new Square(sz); }

int combine(int i){ return i; }

29



TBGP: Type Unifying Details

// Specific TU for Picts

class TUpict<X>{
abstract X combine(); //** Default result
abstract X fold(X a, X b); //** Merge two results

X combine(Offset o, X dx, X dy, X inner)

{ return fold(dx, fold(dy, inner)); }

X combine(Overlay o, X top, X bot){ return fold(top, bot); }
X combine(Circle ¢, X rad){ return rad; }

X combine(Square s, X size){ return size; }

X combine(int i){ return combine(); }

30



Function-classes from a CD

Only need Concrete classes

C =<f;> Dy ... <f,> D,,.

// TP methods
C combine(C ¢, Dy f1, ..., Dy f){
return new C(fi, ..., fr);

}

// TU methods
X combine(C ¢, X f1, ..., X fu){
return fold(f1, fold(..., f,));

}

31
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