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[0,n) n

5 'a'





 

Atom    := literal | Index | ( Expression )  
Index   := Atom [ Expression ; … ]  
Expr    := Atom | App | Binding 
App     := Func Expression | Atom Func Expression 
Func    := FnAtom | Func oper | Func oper FnAtom | Func [ Expr ] 
Binding := Name ← Expression | Name Func ← Expression 
Name    := var+ | var [ Expression ; … ] 
FnAtom  := primitive | var | ( Func ) | ( FnBind ) 
FnBind  := var ← Func 



1               ⍝ A scalar 1 
1 2 3           ⍝ A vector containing 1 2 3 
'abc'           ⍝ A vector containing a, b, c 
'b'             ⍝ A scalar containing b 
(1 2 3) 'abc'   ⍝ A vector pair containing 1 2 3 and a b c 

A I A[I]

M I J M[I;J]

M[I;]

M[;]

←

      X←⍳10 
      X 
0 1 2 3 4 5 6 7 8 9 
      X[0 2 4 6]←¯5 
      X 
¯5 1 ¯5 3 ¯5 5 ¯5 7 8 9 
      X Y←(⍳10)(⍳10) 
      X 
0 1 2 3 4 5 6 7 8 9 
      Y 
0 1 2 3 4 5 6 7 8 9 



 

÷ Y÷X ÷X X

1÷X



÷ ÷5



      4 5⍴⍳20 ⍝ 4 by 5 matrix of integers 
 0  1  2  3  4 
 5  6  7  8  9 
10 11 12 13 14 
15 16 17 18 19 
      X←4 5⍴⍳20 
      X 
 0  1  2  3  4 
 5  6  7  8  9 
10 11 12 13 14 
15 16 17 18 19 



      ÷X 
DOMAIN ERROR: Divide by zero 
      ÷X 
      ∧ 
      1+X 
 1  2  3  4  5 
 6  7  8  9 10 
11 12 13 14 15 
16 17 18 19 20 
      ÷1+X 
1             0.5           0.3333333333  0.25          0.2           
0.1666666667  0.1428571429  0.125         0.1111111111  0.1           
0.09090909091 0.08333333333 0.07692307692 0.07142857143 
0.06666666667 
0.0625        0.05882352941 0.05555555556 0.05263157895 0.05          
      X-10 
¯10 ¯9 ¯8 ¯7 ¯6 
 ¯5 ¯4 ¯3 ¯2 ¯1 
  0  1  2  3  4 
  5  6  7  8  9 
      ×X-10 ⍝ Sign of X-10 
¯1 ¯1 ¯1 ¯1 ¯1 
¯1 ¯1 ¯1 ¯1 ¯1 
 0  1  1  1  1 
 1  1  1  1  1 
      X+X 
 0  2  4  6  8 
10 12 14 16 18 
20 22 24 26 28 
30 32 34 36 38 
      X-X 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 

⍴

⍴



      4 5⍴⍳40 
 0  1  2  3  4 
 5  6  7  8  9 
10 11 12 13 14 
15 16 17 18 19 
      4 5⍴⍳20 
 0  1  2  3  4 
 5  6  7  8  9 
10 11 12 13 14 
15 16 17 18 19 
      4 5⍴⍳10 
0 1 2 3 4 
5 6 7 8 9 
0 1 2 3 4 
5 6 7 8 9 
      ⍳10 
0 1 2 3 4 5 6 7 8 9 
      ⍴⍳10 
10 
      5 4⍴⍳10 
0 1 2 3 
4 5 6 7 
8 9 0 1 
2 3 4 5 
6 7 8 9 

⍋

      ⊢X←?5 5⍴10  ⍝ Random 5 5 matrix 
1 3 6 1 3 
7 3 8 3 3 
4 0 3 6 3 
2 0 2 9 1 
4 7 0 7 3 
      ⍋X 
0 3 2 4 1 
      X[⍋X;] 
1 3 6 1 3 
2 0 2 9 1 
4 0 3 6 3 
4 7 0 7 3 
7 3 8 3 3 





      ⍳20 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
      +⌿⍳20 
190 
      4 5⍴⍳20 
 0  1  2  3  4 
 5  6  7  8  9 
10 11 12 13 14 
15 16 17 18 19 
      +⌿4 5⍴⍳20 
30 34 38 42 46 
      ⍴+⌿4 5⍴⍳20 
5 
      ⍴+/4 5⍴⍳20 
4 
      +/4 5⍴⍳20 
10 35 60 85 

/ ⌿
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serves to reduce the use of syntactic space, but programmers still expect the implicit behavior to be 

well-defined and predictable, in a sense, not visible, but still known. This behavior manifests so 

strongly in some cases, that some companies utilizing APL in great anger, establish large QA suites 

designed to catch any case in which the order of floating point operations within any given implicit 

operation (such as within the runtime of the interpreter) results in an observational change in results 

at the bit level for their code.’ Thus, while they take advantage of the implicit behavior to avoid needing 

to have the core source calculations handle order of operations, they still expect the order of operations 

to be highly predictable. This emphasis on implicit but predictable behavior is somewhat rare within 

the programming world. 

Syntax Design/Appearance over Semantics. Finally, from early on, the APL cultural emphasized 

the syntactic clarity and beauty of APL code, rather than its semantic beauty. Many times, Iverson and 

early implementors chose a more complex semantic model to improve the overall clarity and beauty 

of the notational expression of solutions, particularly in terms of total economy, rather than a more 

cohesive semantics at the expense of a more verbose syntax. As a result, typing the APL semantics and 

syntax in full continues to challenge researchers with the results mostly still unusable for APL 

programmers on a day to day basis (Slepak 2014; Gibbons 2017), with particular exception to the very 

APL-like approach taken by Lenore Mullin in defining an axiomatic style semantics for a core subset 

of APL (1988). 

  

‘ Personal communication with APL companies and Dyalog, Ltd. 
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In addition to general research into parallel implementations of the above computational 

classes, APL vendors have analyzed and discussed the performance of APL code and their optimized 

implementations of key primitives and idioms. One note of worthy discovery was the relatively small 

data sizes used on many variables in traditional production APL. This discovery is one reason that 

APL on the GPU has not received the attention from APL vendors that it might have in the past. In 

traditional APL code, without structured programming statements or dfns syntax (both invented in 

the 1980’s and 1990’s), much of the APL code in existence contained too much iteration and looping 

to be able to achieve high parallel performance. In code written in this style, the analysis requirements 

prohibit good parallelism, as is the case in other programming languages. As a counterpoint, APL code 

written in a more idiomatic style with better use of bulk operations and larger array data sizes enables 

a much greater degree of parallelism at much less cost of analysis (Hsu 2014, 2015). 

A unique feature of APL’s performance results has been the high performance that APL has 

been able to achieve relative to traditionally high-performance programs. This result has been noted 

in a variety of fields, including finance (Whitney 2009; Lochbaum 2018a). Ironically, these gains 

  
Operator Critical Path Computational Class 

At Constant Data Movement 

Commute/Compose 0 Pre-execution 

Each Constant Data Parallel Map 

Inner Product Logarithmic Matrix Multiplication 

Key Logarithmic Sorting 

Outer Product Constant Data Parallel Map 

Rank Constant Data Parallel Map 

Reduce/Scan Logarithmic Tree Reduction/Parallel Scan 

Stencil Constant Data Parallel Map 
  

Table 2. Primitive Operators and their Critical Paths 
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Expr FnBind Expr

FnBind

⋄

: ::



⍺ ⍵

⍺⍺ ⍵⍵

⍺⍺ ⍵⍵ ∇

∇∇

⍺

⍺

:Namespace 
 
factorial←{     ⍝ Tail recursive factorial. 
    ⍺←1 
    ⍵=0:⍺ 
    (⍺×⍵)∇ ⍵-1 
} 
 
fibonacci←{     ⍝ Tail-recursive Fibonacci. 
    ⍺←0 1 
    ⍵=0:⍬⍴⍺ 
    (1↓⍺,+/⍺)∇ ⍵-1 
} 
 
⍝ Quick Sort 
⍝ https://www.dyalog.com/blog/2014/12/quicksort-in-apl/ 
Q←{1≥≢⍵:⍵ ⋄ S←{⍺⌿⍨⍺ ⍺⍺ ⍵} ⋄ ⍵((∇<S)⍪=S⍪(∇>S))⍵⌷⍨?≢⍵} 
 
:EndNamespace 



 







 

 

define-language define-pass



 

 

 

 

 

 

 

 

 

 

 

 

⌸ to operate over different levels of the tree. 



⌸

 



 



 

 

 

 

 

 









      ∘ 
┌──┬──┴────┐ 
∘  ∘       ∘ 
│ ┌┴┐  ┌───┼───┐ 
∘ ∘ ∘  ∘   ∘   ∘ 
  │   ┌┴┐ ┌┴┐ 
  ∘   ∘ ∘ ∘ ∘      

┌─┬────┬─┐ 
│t│n...│∘│ 
└─┴────┴┼┘ 
        │┌──┬─┐ ┌───┐ ┌──┬─┐ 
        └┤c1│∘┼─┤...┼─┤cn│⍬│ 
         └──┴─┘ └───┘ └──┴─┘ 

┌─┬────┬─┐┌─┬─┐┌─┬─┐┌─┬─┐ 
│t│n...│∘┼┤∘│∘┼┤∘│∘┼┤∘│⍬│ 
└─┴────┴─┘└┼┴─┘└┼┴─┘└┼┴─┘ 
┌──────────┘    │    └───────────────┐ 
│┌─┬────┬─┐┌─┬─┐│┌─┬────┬─┐┌─┬─┐┌─┬─┐│┌─┬────┬─┐┌─┬─┐┌─┬─┐┌─┬─┐ 
└┤t│n...│∘┼┤∘│⍬│└┤t│n...│∘┼┤∘│∘┼┤∘│⍬│└┤t│n...│∘┼┤∘│∘┼┤∘│∘┼┤∘│⍬│ 
 └─┴────┴─┘└┼┴─┘ └─┴────┴─┘└┼┴─┘└┼┴─┘ └─┴────┴─┘└┼┴─┘└┼┴─┘└┼┴─┘ 
┌───────────┘     ┌─────────┘    │               │    │    │ 
│          ┌──────┘        ┌─────┘               │    │┌───┘ 
│┌─┬────┬─┐│┌─┬────┬─┐┌─┬─┐│┌─┬────┬─┐           │    ││┌─┬────┬─┐ 
└┤t│n...│⍬│└┤t│n...│∘┼┤∘│⍬│└┤t│n...│⍬│           │    │└┤t│n...│⍬│ 
 └─┴────┴─┘ └─┴────┴─┘└┼┴─┘ └─┴────┴─┘           │    │ └─┴────┴─┘ 
┌──────────────────────┘   ┌─────────────────────┘    │ 
│          ┌───────────────┘    ┌─────────────────────┘ 
│┌─┬────┬─┐│┌─┬────┬─┐┌─┬─┐┌─┬─┐│┌─┬────┬─┐┌─┬─┐┌─┬─┐ 
└┤t│n...│⍬│└┤t│n...│∘┼┤∘│∘┼┤∘│⍬│└┤t│n...│∘┼┤∘│∘┼┤∘│⍬│ 
 └─┴────┴─┘ └─┴────┴─┘└┼┴─┘└┼┴─┘ └─┴────┴─┘└┼┴─┘└┼┴─┘ 
┌──────────────────────┘    │   ┌───────────┘    │ 
│          ┌────────────────┘   │          ┌─────┘ 
│┌─┬────┬─┐│┌─┬────┬─┐          │┌─┬────┬─┐│┌─┬────┬─┐ 
└┤t│n...│⍬│└┤t│n...│⍬│          └┤t│n...│⍬│└┤t│n...│⍬│ 
 └─┴────┴─┘ └─┴────┴─┘           └─┴────┴─┘ └─┴────┴─┘ 



(N×192)+E×128

E N

      t←'∘' 
      ⊢ast←t(t t)(t(t t)t)(t(t t t)(t t t)t) 
┌─┬──┬────────┬─────────────┐ 
│∘│∘∘│┌─┬──┬─┐│┌─┬───┬───┬─┐│ 
│ │  ││∘│∘∘│∘│││∘│∘∘∘│∘∘∘│∘││ 
│ │  │└─┴──┴─┘│└─┴───┴───┴─┘│ 
└─┴──┴────────┴─────────────┘ 





 

 

 

 

 

 

 

 



 



 



      ∘           0 
┌──┬──┴────┐ 
∘  ∘       ∘      1 
│ ┌┴┐  ┌───┼───┐ 
∘ ∘ ∘  ∘   ∘   ∘  2 
  │   ┌┴┐ ┌┴┐ 
  ∘   ∘ ∘ ∘ ∘     3      

d←0 1 2 1 2 3 2 1 2 3 3 2 3 3 2 

      0              0 
┌──┬──┴──────┐ 
1  3         7       1 
│ ┌┴┐  ┌─────┼────┐ 
2 4 6  8    11   14  2 
  │   ┌┴─┐  ┌┴─┐ 
  5   9 10 12 13     3      

      ⍉(⍳≢d),⍪d 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
0 1 2 1 2 3 2 1 2 3  3  2  3  3  2 





      ∊0{(⊢,(⍺+1)∇⊣)/⌽⍺,1↓⍵}ast 
0 1 2 1 2 3 2 1 2 3 3 2 3 3 2 



                       [0,T,n...] 
    ┌────────────────┬─────┴────────────────────┐ 
[1,T,n...]       [1,T,n...]                 [1,T,n...] 
    │          ┌─────┴────┐          ┌──────────┼──────────┐ 
[2,T,n...] [2,T,n...] [2,T,n...] [2,T,n...] [2,T,n...] [2,T,n...] 
               │          ┌──────────┤        ┌─┴──────────┐ 
           [3,T,n...] [3,T,n...] [3,T,n...] [3,T,n...] [3,T,n...] 

0 T n... 

1 T n... 

2 T n... 

1 T n... 

2 T n... 

3 T n... 

2 T n... 

1 T n... 

2 T n... 

3 T n... 

3 T n... 

2 T n... 

3 T n... 

3 T n... 
2 T n... 



 



     d(15⍴'T')(↑15⍴⊂'n...') 
┌─────────────────────────────┬───────────────┬────┐ 
│0 1 2 1 2 3 2 1 2 3 3 2 3 3 2│TTTTTTTTTTTTTTT│n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
│                             │               │n...│ 
└─────────────────────────────┴───────────────┴────┘ 



⍪
     ⍪¨d(15⍴'T')(↑15⍴⊂'n...') 
┌─┬─┬────┐ 
│0│T│n...│ 
│1│T│n...│ 
│2│T│n...│ 
│1│T│n...│ 
│2│T│n...│ 
│3│T│n...│ 
│2│T│n...│ 
│1│T│n...│ 
│2│T│n...│ 
│3│T│n...│ 
│3│T│n...│ 
│2│T│n...│ 
│3│T│n...│ 
│3│T│n...│ 
│2│T│n...│ 
└─┴─┴────┘ 

     it←d(15⍴'T')(↑15⍴⊂'n...') ⍝ Inverted Table 
     mt←((⍪d),'T'),⊂'Data'     ⍝ Matrix Representation 
     ⎕SIZE¨'mt' 'it' 
1960 256 





ST N

(|N)⊃ST

 

 

 

 

 

 



d 

t 

k 

n 

:Namespace 
 global←5 
 gex←×global 
 func←{X←⍵+global ⋄ Y←X×X ⋄ Y} 
:EndNamespace 

src←⊂':Namespace'  
src,←⊂' global←5' 
src,←⊂' gex←×global' 
src,←⊂' func←{X←⍵+global ⋄ Y←X×X ⋄ Y}' 
src,←⊂':EndNamespace' 
ast←codfns.ps src 
tree exports symbols←ast 

○                   
├─┬───┐             
○ ○   ○             
│ │   │             
○ ○   ○             
│ ├─┐ ├─────┬─────┐ 
○ ○ ○ ○     ○     ○ 
    │ │     │     │ 
    ○ ○     ○     ○ 
      ├─┬─┐ ├─┬─┐   
      ○ ○ ○ ○ ○ ○   
      │   │ │   │   
      ○   ○ ○   ○   



F1                            
├──┬─────┐                    
B0 B0    B1                   
│  │     │                    
A0 E1    F1                   
│  ├──┐  ├────────┬────────┐  
N0 P0 A1 B0       B0       A1 
      │  │        │        │  
      V0 E2       E2       V0 
         ├──┬──┐  ├──┬──┐     
         A1 P0 A1 A1 P0 A1    
         │     │  │     │     
         V0    V0 V0    V0    

      N∆ 
ABEFGLMNOPVZ 

n

      (⍪¨tree)(⍪¨exports)(⍪symbols) 
┌────────────┬────────────┬────────┐ 
│┌─┬──┬─┬───┐│┌────────┬─┐│┌──────┐│ 
││0│ 3│1│  0│││┌──────┐│1│││0     ││ 
││1│ 1│0│ ¯5││││func  ││0││├──────┤│ 
││2│ 0│0│  0│││├──────┤│0│││⍵     ││ 
││3│ 7│0│ ¯6││││gex   ││ ││├──────┤│ 
││1│ 1│0│ ¯7│││├──────┤│ │││⍺     ││ 
││2│ 2│1│  0││││global││ ││├──────┤│ 
││3│ 9│0│ ¯8│││└──────┘│ │││⍺⍺    ││ 
││3│ 0│1│  0││└────────┴─┘│├──────┤│ 
││4│10│0│ ¯5││            ││⍵⍵    ││ 
││1│ 1│1│ ¯9││            │├──────┤│ 
││2│ 3│1│  0││            ││global││ 
││3│ 1│0│¯10││            │├──────┤│ 
││4│ 2│2│  0││            ││5     ││ 
││5│ 0│1│  0││            │├──────┤│ 
││6│10│0│ ¯1││            ││gex   ││ 
││5│ 9│0│¯11││            │├──────┤│ 
││5│ 0│1│  0││            ││×     ││ 
││6│10│0│ ¯5││            │├──────┤│ 
... 



││3│ 1│0│¯12││            ││func  ││ 
││4│ 2│2│  0││            │├──────┤│ 
││5│ 0│1│  0││            ││X     ││ 
││6│10│0│¯10││            │├──────┤│ 
││5│ 9│0│ ¯8││            ││+     ││ 
││5│ 0│1│  0││            │├──────┤│ 
││6│10│0│¯10││            ││Y     ││ 
││3│ 0│1│  0││            │└──────┘│ 
││4│10│0│¯12││            │        │ 
│└─┴──┴─┴───┘│            │        │ 
└────────────┴────────────┴────────┘ 

n

t k

 



      0              0 
┌──┬──┴──────┐ 
1  3         7       1 
│ ┌┴┐  ┌─────┼────┐ 
2 4 6  8    11   14  2 
  │   ┌┴─┐  ┌┴─┐ 
  5   9 10 12 13     3      

4 15

 0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
    1  1  3  3  3  3  7  7  7  7  7  7  7  7 
       2     4  4  6     8  8  8 11 11 11 14 
                5           9 10    12 13 

      d 
0 1 2 3 1 2 3 3 4 1 2 3 4 5 6 5 5 6 3 4 5 6 5 5 6 3 4 

7 

27



      ⍳≢d 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
      ⍉↑d,¨⍳≢d 
0 1 2 3 1 2 3 3 4 1  2  3  4  5  6  5  5  6  3  4  5  6  5  5  6  3  4 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
      (⍳≢d)@(d,¨⍳≢d)⊢7 27⍴' ' 
0                                                                      
  1     4         9                                                    
    2     5         10                                                 
      3     6 7        11                   18                   25    
                8         12                   19                   26 
                             13    15 16          20    22 23          
                                14       17          21       24       

      ⍉(⍳≢d)@(d,¨⍳≢d)⊢7 27⍴' ' 
0                  
  1                
     2             
        3          
  4                
     5             
        6          
        7          
           8       
  9                
    10             
       11          
          12       
             13    
                14 
             15    
             16    
                17 
       18          
          19       
             20    
                21 
             22    
             23    
                24 
       25          
          26       



      (⍳≢d)@(d,¨⍳≢d)⊢7 27⍴0 
0 0 0 0 0 0 0 0 0 0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0 1 0 0 4 0 0 0 0 9  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0 0 2 0 0 5 0 0 0 0 10  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0 0 0 3 0 0 6 7 0 0  0 11  0  0  0  0  0  0 18  0  0  0  0  0  0 25  0 
0 0 0 0 0 0 0 0 8 0  0  0 12  0  0  0  0  0  0 19  0  0  0  0  0  0 26 
0 0 0 0 0 0 0 0 0 0  0  0  0 13  0 15 16  0  0  0 20  0 22 23  0  0  0 
0 0 0 0 0 0 0 0 0 0  0  0  0  0 14  0  0 17  0  0  0 21  0  0 24  0  0 

      ⊢PM←⌈\⌈⍀(⍳≢d)@(d,¨⍳≢d)⊢7 27⍴0 
0 0 0 0 0 0 0 0 0 0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0 1 1 1 4 4 4 4 4 9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9 
0 1 2 2 4 5 5 5 5 9 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
0 1 2 3 4 5 6 7 7 9 10 11 11 11 11 11 11 11 18 18 18 18 18 18 18 25 25 
0 1 2 3 4 5 6 7 8 9 10 11 12 12 12 12 12 12 18 19 19 19 19 19 19 25 26 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 13 15 16 16 18 19 20 20 22 23 23 25 26 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 



+.=

d PM

      0⌈(∘.+⍨1+d)-2×(⍉+.=⊢)PM 
0 1 2 3 1 2 3 3  4 1 2 3 4 5  6 5 5  6 3 4 5  6 5 5  6 3 4 
1 0 1 2 2 3 4 4  5 2 3 4 5 6  7 6 6  7 4 5 6  7 6 6  7 4 5 
2 1 0 1 3 4 5 5  6 3 4 5 6 7  8 7 7  8 5 6 7  8 7 7  8 5 6 
3 2 1 0 4 5 6 6  7 4 5 6 7 8  9 8 8  9 6 7 8  9 8 8  9 6 7 
1 2 3 4 0 1 2 2  3 2 3 4 5 6  7 6 6  7 4 5 6  7 6 6  7 4 5 
2 3 4 5 1 0 1 1  2 3 4 5 6 7  8 7 7  8 5 6 7  8 7 7  8 5 6 
3 4 5 6 2 1 0 2  3 4 5 6 7 8  9 8 8  9 6 7 8  9 8 8  9 6 7 
3 4 5 6 2 1 2 0  1 4 5 6 7 8  9 8 8  9 6 7 8  9 8 8  9 6 7 
4 5 6 7 3 2 3 1  0 5 6 7 8 9 10 9 9 10 7 8 9 10 9 9 10 7 8 
1 2 3 4 2 3 4 4  5 0 1 2 3 4  5 4 4  5 2 3 4  5 4 4  5 2 3 
2 3 4 5 3 4 5 5  6 1 0 1 2 3  4 3 3  4 1 2 3  4 3 3  4 1 2 
3 4 5 6 4 5 6 6  7 2 1 0 1 2  3 2 2  3 2 3 4  5 4 4  5 2 3 
4 5 6 7 5 6 7 7  8 3 2 1 0 1  2 1 1  2 3 4 5  6 5 5  6 3 4 
5 6 7 8 6 7 8 8  9 4 3 2 1 0  1 2 2  3 4 5 6  7 6 6  7 4 5 
6 7 8 9 7 8 9 9 10 5 4 3 2 1  0 3 3  4 5 6 7  8 7 7  8 5 6 
5 6 7 8 6 7 8 8  9 4 3 2 1 2  3 0 2  3 4 5 6  7 6 6  7 4 5 
5 6 7 8 6 7 8 8  9 4 3 2 1 2  3 2 0  1 4 5 6  7 6 6  7 4 5 
6 7 8 9 7 8 9 9 10 5 4 3 2 3  4 3 1  0 5 6 7  8 7 7  8 5 6 
3 4 5 6 4 5 6 6  7 2 1 2 3 4  5 4 4  5 0 1 2  3 2 2  3 2 3 
4 5 6 7 5 6 7 7  8 3 2 3 4 5  6 5 5  6 1 0 1  2 1 1  2 3 4 
5 6 7 8 6 7 8 8  9 4 3 4 5 6  7 6 6  7 2 1 0  1 2 2  3 4 5 
6 7 8 9 7 8 9 9 10 5 4 5 6 7  8 7 7  8 3 2 1  0 3 3  4 5 6 
... 



5 6 7 8 6 7 8 8  9 4 3 4 5 6  7 6 6  7 2 1 2  3 0 2  3 4 5 
5 6 7 8 6 7 8 8  9 4 3 4 5 6  7 6 6  7 2 1 2  3 2 0  1 4 5 
6 7 8 9 7 8 9 9 10 5 4 5 6 7  8 7 7  8 3 2 3  4 3 1  0 5 6 
3 4 5 6 4 5 6 6  7 2 1 2 3 4  5 4 4  5 2 3 4  5 4 4  5 0 1 
4 5 6 7 5 6 7 7  8 3 2 3 4 5  6 5 5  6 3 4 5  6 5 5  6 1 0 

N×D N D

 



V ∧/V∊⍳≢V

p[i] i p i p[i]=i

p p[p]

I⍣≡⍨p I←{(⊂⍵)⌷⍺}

∧/p∊⍳≢p p p

p



      d 
0 1 2 3 1 2 3 3 4 1 2 3 4 5 6 5 5 6 3 4 5 6 5 5 6 3 4 

0                          
├─┬───┐                    
0 0   0                    
│ │   │                    
1 4   9                    
│ ├─┐ ├────────┬────────┐  
2 5 5 10       10       10 
    │ │        │        │  
    7 11       18       25 
      ├──┬──┐  ├──┬──┐     
      12 12 12 19 19 19    
      │     │  │     │     
      13    16 20    23    

      p 
0 0 1 2 0 4 5 5 7 0 9 10 11 12 13 12 12 16 10 18 19 20 19 19 23 10 25 



p t k n

      ⍪¨p t k n 
┌──┬──┬─┬───┐ 
│ 0│ 3│1│  0│ 
│ 0│ 1│0│ ¯5│ 
│ 1│ 0│0│  0│ 
│ 2│ 7│0│ ¯6│ 
│ 0│ 1│0│ ¯7│ 
│ 4│ 2│1│  0│ 
│ 5│ 9│0│ ¯8│ 
│ 5│ 0│1│  0│ 
│ 7│10│0│ ¯5│ 
... 



│ 0│ 1│1│¯10│ 
│ 9│ 3│1│  0│ 
│10│ 1│0│¯11│ 
│11│ 2│2│  0│ 
│12│ 0│1│  0│ 
│13│10│0│ ¯1│ 
│12│ 9│0│¯12│ 
│12│ 0│1│  0│ 
│16│10│0│ ¯5│ 
│10│ 1│0│¯14│ 
│18│ 2│2│  0│ 
│19│ 0│1│  0│ 
│20│10│0│¯11│ 
│19│ 9│0│ ¯8│ 
│19│ 0│1│  0│ 
│23│10│0│¯11│ 
│10│ 0│1│  0│ 
│25│10│0│¯14│ 
└──┴──┴─┴───┘ 

 

d p d[i]

i d p[i] p

i

p[i] i

i d j d[j]=d[i]–1 j<i i-j

j

⊃⌽⍸d[⍳i]=d[i]-1 . To see this working, 



recall the previous example depth vector and its associated tree giving the id of each node in the tree and the associated depth: 
      d 
0 1 2 1 2 3 2 1 2 3 3 2 3 3 2 
 
      0              0 
┌──┬──┴──────┐ 
1  3         7       1 
│ ┌┴┐  ┌─────┼────┐ 
2 4 6  8    11   14  2 
  │   ┌┴─┐  ┌┴─┐ 
  5   9 10 12 13     3      

      d←0 1 2 1 2 3 2 1 2 3 3 2 3 3 2 
      i←14 
      d[i]-1 
1 
      ⍳i 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 
      d[⍳i] 
0 1 2 1 2 3 2 1 2 3 3 2 3 3 
      d[⍳i]=d[i]-1 
0 1 0 1 0 0 0 1 0 0 0 0 0 0 
      ⍸d[⍳i]=d[i]-1 
1 3 7 
      ⌽⍸d[⍳i]=d[i]-1 
7 3 1 
      ⊃⌽⍸d[⍳i]=d[i]-1 
7 

d d

⊃⌽⍸

¯1++/∨\⌽d[⍳i]=d[i]-1



      d[⍳i]=d[i]-1 
0 1 0 1 0 0 0 1 0 0 0 0 0 0 
      ∨\⌽d[⍳i]=d[i]-1 
0 0 0 0 0 0 1 1 1 1 1 1 1 1 
      +/∨\⌽d[⍳i]=d[i]-1 
8 
      ¯1++/∨\⌽d[⍳i]=d[i]-1 
7 

d[⍳i]=d[i]-1

d

∘.>⍨d

(i,j) i

j. Thus, each row of the matrix is a potential candidate parent.  
      ∘.>⍨d 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 1 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 



d[⍳i]=d[i]-1

∘.>⍨⍳≢d

      ∘.>⍨⍳≢d 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 0  

d[⍳i]=d[i]-1 d

      (∘.>⍨d)∧∘.>⍨⍳≢d 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 0 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 0 
1 1 1 1 1 0 1 1 1 0 0 1 0 0 0 
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 



      ⌽(∘.>⍨d)∧∘.>⍨⍳≢d 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 1 0 0 0 1 0 1 1 
0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 
0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 
0 0 0 0 0 0 0 1 0 0 0 1 0 1 1 
0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 
0 0 0 1 0 0 1 1 1 0 1 1 1 1 1 
0 0 0 0 0 0 0 1 0 0 0 1 0 1 1 
      ∨\⌽(∘.>⍨d)∧∘.>⍨⍳≢d 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 
0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 
0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 
      +/∨\⌽(∘.>⍨d)∧∘.>⍨⍳≢d 
0 1 2 1 4 5 4 1 8 9 9 8 12 12 8 
      ¯1++/∨\⌽(∘.>⍨d)∧∘.>⍨⍳≢d 
¯1 0 1 0 3 4 3 0 7 8 8 7 11 11 7 
      0⌈¯1++/∨\⌽(∘.>⍨d)∧∘.>⍨⍳≢d 
0 0 1 0 3 4 3 0 7 8 8 7 11 11 7 



⍳d[i]

d i d[⍳i] f⌸v 
v f v 

f  v 
 

v.  ⊢∘⊂⌸d i

i

p

d d-1

i>0 i–1

p←⍳≢d p

⊢∘⊂⌸d



      ⊢∘⊂⌸d 
┌─┬─────┬─────────────┬────────────┐ 
│0│1 3 7│2 4 6 8 11 14│5 9 10 12 13│ 
└─┴─────┴─────────────┴────────────┘ 

⍸

⍸

      2 4 6 8 11 14⍸5 9 10 12 13 
1 3 3 4 4 

      a←2 4 6 8 11 14 
      w←5 9 10 12 13 
      a[a⍸w] 
4 8 8 11 11 



⊢∘⊂⌸d

d

      p⊣2{p[⍵]←⍺[⍺⍸⍵]}⌿⊢∘⊂⌸d⊣p←⍳≢d 
0 0 1 0 3 4 3 0 7 8 8 7 11 11 7 

≢d p ⍺ ⍵ ⍺[⍺⍸⍵]

⊢∘⊂⌸

O(≢d)

p

⍸

O(⍟≢⍺) ⊢∘⊂⌸ O(⍟≢d)

O((⍟m)+⍟≢d) m

⍸



 

r

r

p p

⍺

⍵



NearestScope←{⍺←id ⍵ 
    is∆leaf ⍵ : make∆leaf ⍺ 
    is∆F ⍵    : ⍺ make∆tree (id ⍵) ∇ kids ⍵ 
    ⍺ make∆tree ⍺ ∇ kids ⍵} 



                 │P 
                 ├─ 
○                │1 
├───────┐        │ 
○       ○        │2 
├───┐   ├───┐    │ 
○   ○   ○   ○    │4 
├─┐ ├─┐ ├─┐ ├─┐  │ 
○ ○ ○ ○ ○ ○ ○ ○  ↓8 



┌─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┐  
│ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑8 
│ ┌─┬─┬─┬─┬─┬─┐ ┌─┬─┬─┬─┬─┬─┐ │ 
│ │ ↓ ↓ ↓ ↓ ↓ ↓ │ ↓ ↓ ↓ ↓ ↓ ↓ │8 
│ │ ┌─┬─┐ ┌─┬─┐ │ ┌─┬─┐ ┌─┬─┐ │ 
│ │ │ ↓ ↓ │ ↓ ↓ │ │ ↓ ↓ │ ↓ ↓ │8 
○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ├─ 
│ │ │ ├─┘ │ ├─┘ │ │ ├─┘ │ ├─┘ │P 
│ │ ├─┘   ├─┘   │ ├─┘   ├─┘ 
│ ├─┴─────┘     ├─┴─────┘ 
└─┴─────────────┘ 



F                   
├─┬───┐             
B B   B             
│ │   │             
A E   F             
│ ├─┐ ├─────┬─────┐ 
N P A B     B     A 
    │ │     │     │ 
    V E     E     V 
      ├─┬─┐ ├─┬─┐   
      A P A A P A   
      │   │ │   │   
      V   V V   V   

p t

      p 
0 0 1 2 0 4 5 5 7 0 9 10 11 12 13 12 12 16 10 18 19 20 19 19 23 10 25 
      t 
3 1 0 7 1 2 9 0 10 1 3 1 2 0 10 9 0 10 1 2 0 10 9 0 10 0 10 

 3                         
 ├─┬────┐                  
 1 1    1                  
 │ │    │                  
 0 2    3                  
 │ ├─┐  ├───────┬───────┐  
 7 9 0  1       1       0  
     │  │       │       │  
     10 2       2       10 
        ├──┬─┐  ├──┬─┐     
        0  9 0  0  9 0     
        │    │  │    │     
        10   10 10   10    



      p 
0 0 1 2 0 4 5 5 7 0 9 10 11 12 13 12 12 16 10 18 19 20 19 19 23 10 25 
      t 
3 1 0 7 1 2 9 0 10 1 3 1 2 0 10 9 0 10 1 2 0 10 9 0 10 0 10 
      t[p] 
3 3 1 0 3 1 2 2 0 3 1 3 1 2 0 2 2 0 3 1 2 0 2 2 0 3 0 
      t[p]≠3 
0 0 1 1 0 1 1 1 1 0 1 0 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 
      (t[p]≠3)/p 
1 2 4 5 5 7 9 11 12 13 12 12 16 18 19 20 19 19 23 25 
      p I (t[p]≠3)/p 
0 1 0 4 4 5 0 10 11 12 11 11 12 10 18 19 18 18 19 10 
      p I@{t[⍵]≠3} p 
0 0 0 1 0 0 4 4 5 0 0 10 10 11 12 11 11 12 10 10 18 19 18 18 19 10 10 
      p I@{t[⍵]≠3} p I@{t[⍵]≠3} p 
0 0 0 0 0 0 0 0 4 0 0 10 10 10 11 10 10 11 10 10 10 18 10 10 18 10 10 
      p I@{t[⍵]≠3} p I@{t[⍵]≠3} p I@{t[⍵]≠3} p 
0 0 0 0 0 0 0 0 0 0 0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
      p I@{t[⍵]≠3}⍣≡ p 
0 0 0 0 0 0 0 0 0 0 0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 
      I@{t[⍵]≠3}⍣≡⍨p 
0 0 0 0 0 0 0 0 0 0 0 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 

p t

p[⍵]

⍵ p[⍵] 
p[⍵] p

p

I@B⍣≡ ⍺

⍵ i ⍵ ⍺[⍵[i]]

(B ⍵)[i] 1





r

r←I@{t[⍵]≠3}⍣≡⍨p 

 

r





A

B A,←B



⍸P P

P   
:Namespace 
  Fn←{⍺ {⍺+⍵} ⍺ {⍺+⍵} ⍺ {⍺+⍵} ⍵} 
:EndNamespace 

F                         
│                         
B                         
│                         
F                         
│                         
E                         
├─┬─────┐                 
A F     E                 
│ │     ├─┬─────┐         
V E     A F     E         
  ├─┬─┐ │ │     ├─┬─────┐ 
  A P A V E     A F     A 
  │   │   ├─┬─┐ │ │     │ 
  V   V   A P A V E     V 
          │   │   ├─┬─┐   
          V   V   A P A   
                  │   │   
                  V   V   

d p t k n i



i 0  1 2 3 4  5 6 7 8  9 10 11 12 13 14 15 16 17 18 19 
d 0  1 2 3 4  5 4 5 6  7  6  6  7  4  5  6  5  6  7  8 
p 0  0 1 2 3  4 3 6 7  8  7  7 11  3 13 14 13 16 17 18 
t 3  1 3 2 0 10 3 2 0 10  9  0 10  2  0 10  3  2  0 10 
k 1  2 1 2 1  0 1 2 1  0  0  1  0  2  1  0  1  2  1  0 
n 0 ¯5 0 0 0 ¯2 0 0 0 ¯2 ¯6  0 ¯1  0  0 ¯2  0  0  0 ¯2 
 
      i 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
      d  7  7  8  5  6  7  6  7  8  9  8  8  9  6  7 
      p 17 17 21 13 23 24 23 26 27 28 27 27 31 23 33 
      t  9  0 10  2  0 10  3  2  0 10  9  0 10  0 10 
      k  0  1  0  2  1  0  1  2  1  0  0  1  0  1  0 
      n ¯6  0 ¯1  0  0 ¯2  0  0  0 ¯2 ¯6  0 ¯1  0 ¯1 

F              F      F      F      F  
│              │      │      │      │  
E              E      E      E      B  
├─┬─┐          ├─┬─┐  ├─┬─┐  ├─┬─┐  │  
A V E          A P A  A P A  A P A  V  
│   ├─┬─┐      │   │  │   │  │   │     
V   A V E      V   V  V   V  V   V     
    │   ├─┬─┐                          
    V   A V A                          
        │   │                          
        V   V                          
 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 21 
p 0  0  1 35  3  4  3 36  7  8  7  7 11  3 13 14 13 37 17 18 17 17 
t 3  1 10  2  0 10 10  2  0 10  9  0 10  2  0 10 10  2  0 10  9  0 
k 1  2  1  2  1  0  1  2  1  0  0  1  0  2  1  0  1  2  1  0  0  1 
n 0 ¯5 35  0  0 ¯2 36  0  0 ¯2 ¯6  0 ¯1  0  0 ¯2 37  0  0 ¯2 ¯6  0 
r 0  0  0 35 35 35 35 36 36 36 36 36 36 35 35 35 35 37 37 37 37 37 
 
      i 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 
      p 21 13 23 24 23 38 27 28 27 27 31 23 33 35 36 37 38 
      t 10  2  0 10 10  2  0 10  9  0 10  0 10  3  3  3  3 
      k  0  2  1  0  1  2  1  0  0  1  0  1  0  1  1  1  1 
      n ¯1  0  0 ¯2 38  0  0 ¯2 ¯6  0 ¯1  0 ¯1  0  0  0  0 
      r 37 35 35 35 35 38 38 38 38 38 38 35 35  0 35 35 35 

F

p n



n

n

n

i

r

i←⍸(t=3)∧p≠⍳≢p 



p,←n[i]←(≢p)+⍳≢i 

i n

○



F                         
│                         
B                         
│                         
F→○                         
│                         
E                         
├─┬─────┐                 
A F→○   E                 
│ │     ├─┬─────┐         
V E     A F→○   E         
  ├─┬─┐ │ │     ├─┬─────┐ 
  A P A V E     A F→○   A 
  │   │   ├─┬─┐ │ │     │ 
  V   V   A P A V E     V 
          │   │   ├─┬─┐   
          V   V   A P A   
                  │   │   
                  V   V   

p,←, n[i]←, and (≢p)+⍳≢i

(≢p)+⍳≢i p,← p

n[i]←

i (≢p)+⍳≢i

(≢p) (≢p)+(≢i)-1 (≢p) (≢i) p i

p,← n[i]←

n[i]←p,← p,←n[i]←

(≢p)+⍳≢i



p n p

i≡⍬

t k n r

n r

r

t,←(≢i)⍴3 
k,←(≢i)⍴1 
n,←(≢i)⍴0 
r,←r[i] 

t k n r,←3 1 0(r[i])⍴⍨¨≢i 

i

t[i]←10 
k[i]←1 



⊣@i n⊣@i⊢A

A A[i] n

t k(⊣@i⍨)←10 1 

r

V V[p] V[r] p r

p r ⍳≢p

i j V[i]

j i n[i] ⍳≢p

i n[i] n[i]@i⊢⍳≢p

p r I⍨←⊂n[i]@i⊢⍳≢p 

⍸



⍝ Lift Functions 
p,←n[i]←(≢p)+⍳≢i←⍸(t=3)∧p≠⍳≢p ⋄ t k n r,←3 1 0(r[i])⍴⍨¨≢i 
p r I⍨←⊂n[i]@i⊢⍳≢p ⋄ t k (⊣@i⍨)←10 1 

 

 

 

 

{5 ⋄ 3}

5 3

{1:5 ⋄ 3} 5 3



0 ¯1



:Namespace 
  f←{⍵:x←3 ⋄ 5 ⋄ 2+⍵} 
:EndNamespace 

      Before      │     After 
──────────────────┼─────────────── 
  F            F  │ F            F   
  ├───┬─┐      │  │ ├───┬─┐      │   
  G   A E      B  │ G   E E      E   
  ├─┐ │ ├─┬─┐  │  │ ├─┐ │ │      │   
  A B N A P A  V  │ A E A E      B   
  │ │   │   │     │ │ │ │ ├─┬─┐  │   
  V A   N   V     │ V B N A P A  V    
    │             │   │   │   │      
    N             │   A   N   V      
                  │   │              
                  │   N              



      before 
i 0  1  2  3  4  5  6  7  8  9 10 11 12  13 14 15 
p 0  0  1 15  3  3  5  6 15  8 15 10 11  10 10 15 
t 3  1 10  4 10  1  0  7  0  7  2  0  7   9 10  3 
k 0  1  1  0  0  0  0  0  0  0  2  0  0   1  0  1 
n 0 ¯5 15  0 ¯1 ¯6  0 ¯7  0 ¯8  0  0 ¯9 ¯10 ¯1  0 
r 0  0  0 15 15 15 15 15 15 15 15 15 15  15 15  0 
      after 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16  17 18 19 
p 0  0  1  2 19  4  4  6  7  8 19 10 11 19 13 14 15  14 14 19 
t 3  2  1 10  4 10  2  1  0  7  2  0  7  2  2  0  7   9 10  3 
k 0 ¯1  1  1  0  0  0  0  0  0  0  0  0  0  2  0  0   1  0  1 
n 0 ¯5 ¯5 19  0 ¯1 ¯6 ¯6  0 ¯7  0  0 ¯8  0  0  0 ¯9 ¯10 ¯1  0 
r 0  0  0  0 19 19 19 19 19 19 19 19 19 19 19 19 19  19 19  0 

f x f



      p 
0 0 1 15 3 3 5 6 15 8 15 10 11 10 10 15 
      t 
3 1 10 4 10 1 0 7 0 7 2 0 7 9 10 3 
      t[p] 
3 3 1 3 4 4 1 0 3 0 3 2 0 2 2 3 
      t[p]=3 
1 1 0 1 0 0 0 0 1 0 1 0 0 0 0 1 
      t∊3 4 
1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
      ~t∊3 4 
0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 0 
      (~t∊3 4)∧t[p]=3 
0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
      ⍸(~t∊3 4)∧t[p]=3 
1 8 10 

      t[p]=4 
0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 
      ⍸t[p]=4 
4 5 
      ≢⍸t[p]=4 
2 
      ⍳≢⍸t[p]=4 
0 1 
      2|⍳≢⍸t[p]=4 
0 1 
      0 1⌿⍸t[p]=4 
5 
      {⍵⌿⍨2|⍳≢⍵}⍸t[p]=4 
5 



i

      ⊢i←(⍸(~t∊3 4)∧t[p]=3),{⍵⌿⍨2|⍳≢⍵}⍸t[p]=4 
1 8 10 5 

i

⌿) 

i



i

@

      i 
1 8 10 5 
      1⍴⍨≢p 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
      2@i⊢1⍴⍨≢p 
1 2 1 1 1 2 1 1 2 1 2 1 1 1 1 1 

m m

      m←2@i⊢1⍴⍨≢p 
      m⌿p 
0 0 0 1 15 3 3 3 5 6 15 15 8 15 15 10 11 10 10 15 
      m⌿t 
3 1 1 10 4 10 1 1 0 7 0 0 7 2 2 0 7 9 10 3 
      m⌿k 
0 1 1 1 0 0 0 0 0 0 0 0 0 2 2 0 0 1 0 1 
      m⌿n 
0 ¯5 ¯5 15 0 ¯1 ¯6 ¯6 0 ¯7 0 0 ¯8 0 0 0 ¯9 ¯10 ¯1 0 
      m⌿r 
0 0 0 0 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 0 
      p t k n r⌿⍨←⊂m←2@i⊢1⍴⍨≢p 
      ↑p t k n r 
0  0  0  1 15  3  3  3  5  6 15 15  8 15 15 10 11  10 10 15 
3  1  1 10  4 10  1  1  0  7  0  0  7  2  2  0  7   9 10  3 
0  1  1  1  0  0  0  0  0  0  0  0  0  2  2  0  0   1  0  1 
0 ¯5 ¯5 15  0 ¯1 ¯6 ¯6  0 ¯7  0  0 ¯8  0  0  0 ¯9 ¯10 ¯1  0 
0  0  0  0 15 15 15 15 15 15 15 15 15 15 15 15 15  15 15  0 

p r i n

j

j[v] v v m

m



k

(m[k]+j[k-1])-1 j

      (+⍀m)-1 
0 2 3 4 5 7 8 9 11 12 14 15 16 17 18 19 

p r i

      j←(+⍀m)-1 
      j[p] 
0 0 0 2 19 4 4 4 7 8 19 19 11 19 19 14 15 14 14 19 
      j[r] 
0 0 0 0 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 0 
      j[i] 
2 11 14 7 
      p r i I⍨←⊂j←(+⍀m)-1 
      ⍪p r i 
┌──────────────────────────────────────────────────────┐ 
│0 0 0 2 19 4 4 4 7 8 19 19 11 19 19 14 15 14 14 19    │ 
├──────────────────────────────────────────────────────┤ 
│0 0 0 0 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 0│ 
├──────────────────────────────────────────────────────┤ 
│2 11 14 7                                             │ 
└──────────────────────────────────────────────────────┘ 

n

@

      n 
0 ¯5 ¯5 15 0 ¯1 ¯6 ¯6 0 ¯7 0 0 ¯8 0 0 0 ¯9 ¯10 ¯1 0 
      j 
0 2 3 4 5 7 8 9 11 12 14 15 16 17 18 19 
      0≤n 
1 0 0 1 1 0 0 0 1 0 1 1 0 1 1 1 0 0 0 1 
      (0≤⊢)n 
1 0 0 1 1 0 0 0 1 0 1 1 0 1 1 1 0 0 0 1 
      j I@(0≤⊢)n 
0 ¯5 ¯5 19 0 ¯1 ¯6 ¯6 0 ¯7 0 0 ¯8 0 0 0 ¯9 ¯10 ¯1 0 
      n←j I@(0≤⊢)n 



i

i-1 i-1

i i-1 i i-1

      i 
2 11 14 7 
      i-1 
1 10 13 6 
      p 
0 0 0 2 19 4 4 4 7 8 19 19 11 19 19 14 15 14 14 19 
      p[i]←j←i-1 
      p 
0 0 1 2 19 4 4 6 7 8 19 10 11 19 13 14 15 14 14 19 

i-1 j k[j]

0 ¯1

¯1 0

      j 
1 10 13 6 
      r 
0 0 0 0 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 0 
      k 
0 1 1 1 0 0 0 0 0 0 0 0 0 2 2 0 0 1 0 1 
      r[j] 
0 19 19 19 
      k[r[j]] 
0 1 1 1 
      k[r[j]]=0 
1 0 0 0 

t[j]=1



⌸) as follows: 
      p[j] 
0 19 19 4 
      ⊢∘⊃1 2 3 
1 
      ⊢∘⊃5 3 7 
5 
      {⍺⍵}⌸p[j] 
┌──┬───┐ 
│0 │0  │ 
├──┼───┤ 
│19│1 2│ 
├──┼───┤ 
│4 │3  │ 
└──┴───┘ 
      {⊃⌽⍵}⌸x 
0 2 3 

j t[j]=1

      j 
1 10 13 6 
      t 
3 1 1 10 4 10 1 1 0 7 0 0 7 2 2 0 7 9 10 3 
      t[j] 
1 0 2 1 
      t[j]=1 
1 0 0 1 
      0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 
0 0 0 0 

k[j]

      k[r[j]]=0 
1 0 0 0 
      0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 
0 0 0 0 
      -(k[r[j]]=0)∨0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 
¯1 0 0 0 
      k[j]←-(k[r[j]]=0)∨0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 



      t[j]←2 
      t 
3 2 1 10 4 10 2 1 0 7 2 0 7 2 2 0 7 9 10 3 

⍸, ⍀,  ⌿ 

⍝ Wrap Expressions 
i←(⍸(~t∊3 4)∧t[p]=3),{⍵⌿⍨2|⍳≢⍵}⍸t[p]=4 ⋄ p t k n r⌿⍨←⊂m←2@i⊢1⍴⍨≢p 
p r i I⍨←⊂j←(+⍀m)-1 ⋄ n←j I@(0≤⊢)n ⋄ p[i]←j←i-1 
k[j]←-(k[r[j]]=0)∨0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 ⋄ t[j]←2 

 

n

 

 

 



 

:Namespace 
  f←{⍵:0 ⋄ ⍺+⍵:1 ⋄ 2} 
:EndNamespace 

 
F             F 
├───┬───────┐ │ 
G   G       E B 
├─┐ ├─────┐ │ │ 
A E E     E A V 
│ │ ├─┬─┐ │ │ 
V A A P A A N 
  │ │   │ │ 
  N V   V N 

 
F             F  
├─┬─┬─────┬─┐ │  
A G E     G E B  
│ │ ├─┬─┐ │ │ │  
V E A P A E A V  
  │ │   │ │ │     
  A V   V A N     
  │       │       
  N       N       

      before 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 
p 0  0  1  2 20  4  4  6  7 20  9 10 10 10  9 14 15 20 17 18 20 
t 3  2  1 10  4 10  2  0  7  4  2 10  9 10  2  0  7  2  0  7  3 
k 0 ¯1  1  1  0  0  0  0  0  0  2  0  1  0  0  0  0  0  0  0  1 
n 0 ¯5 ¯5 20  0 ¯1  0  0  0  0  0 ¯2 ¯6 ¯1  0  0 ¯7  0  0 ¯8  0 
r 0  0  0  0 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20  0 
      after 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 
p 0  0  1  2 20 20  5  6  7 20 20  9  9  9 10 14 15 20 17 18 20 
t 3  2  1 10 10  4  2  0  7  2  4 10  9 10  2  0  7  2  0  7  3 
k 0 ¯1  1  1  0  0  0  0  0  2  0  0  1  0  0  0  0  0  0  0  1 
n 0 ¯5 ¯5 20 ¯1 ¯1  0  0  0  0  0 ¯2 ¯6 ¯1  0  0 ¯7  0  0 ¯8  0 
r 0  0  0  0 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20  0 

i

i x



      p 
0 0 1 2 20 4 4 6 7 20 9 10 10 10 9 14 15 20 17 18 20 
      t 
3 2 1 10 4 10 2 0 7 4 2 10 9 10 2 0 7 2 0 7 3 
      t[p] 
3 3 2 1 3 4 4 2 0 3 4 2 2 2 4 2 0 3 2 0 3 
      t[p]=4 
0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 
      ⍸t[p]=4 
5 6 10 14 
      ~2|⍳≢⍸t[p]=4 
1 0 1 0 
      {⍵⌿⍨~2|⍳≢⍵}⍸t[p]=4 
5 10 
      ⊢x←p[i←{⍵⌿⍨~2|⍳≢⍵}⍸t[p]=4] 
4 9 

i

p[i]←p[x] 

p[i]≡p[x] r[i]≡r[x]

n 

 

t[i,x]←t[x,i] ⋄ k[i,x]←k[x,i] ⋄ n[x]←n[i] 

p←((x,i)@(i,x)⊢⍳≢p)[p] 



⍝ Lift Guard Test Expressions 
p[i]←p[x←¯1+i←{⍵⌿⍨~2|⍳≢⍵}⍸t[p]=4] ⋄ t[i,x]←t[x,i] ⋄ k[i,x]←k[x,i] 
n[x]←n[i] ⋄ p←((x,i)@(i,x)⊢⍳≢p)[p]  

 

n

n[p⌿⍨(t[p]=2)∧k[p]=3]+←1 

n[i]+←1 i n

i



n ,∘≢⌸

i

,∘≢⌸p⌿⍨(t[p]=2)∧k[p]=3 

:Namespace 
  R1←{⍵[]} 
  R2←{⍵[;]} 
  R3←{⍵[;;]} 
  R4←{⍵[;;;]} 
:EndNamespace 

F                                   
├─────┬───────┬─────────┐           
B     B       B         B           
│     │       │         │           
F     F       F         F           
│     │       │         │           
E     E       E         E           
├─┬─┐ ├─┬─┐   ├─┬─┐     ├─┬─┐       
V P E V P E   V P E     V P E       
    │     ├─┐     ├─┬─┐     ├─┬─┬─┐ 
    A     A A     A A A     A A A A 
    │     │ │     │ │ │     │ │ │ │ 
    P     P P     P P P     P P P P 



┌───────┬─────┬───────┬─────────┬───────────┐ 
│F      │F    │F      │F        │F          │ 
│├─┬─┬─┐││    ││      ││        ││          │ 
│E E E E│E    │E      │E        │E          │ 
││ │ │ │││    ││      ││        ││          │ 
│B B B B│E    │E      │E        │E          │ 
││ │ │ ││├─┬─┐│├─┬─┐  │├─┬─┐    │├─┬─┐      │ 
│V V V V│V P E│V P E  │V P E    │V P E      │ 
│       │    ││    ├─┐│    ├─┬─┐│    ├─┬─┬─┐│ 
│       │    A│    A A│    A A A│    A A A A│ 
│       │    ││    │ ││    │ │ ││    │ │ │ ││ 
│       │    P│    P P│    P P P│    P P P P│ 
└───────┴─────┴───────┴─────────┴───────────┘ 
 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 
p 0  0  1  2 53  4  5  5  5  8  9  0 11 12 54 14 15 15 15 18 
t 3  2  1 10  2  2 10  9  2  0  9  2  1 10  2  2 10  9  2  0 
k 0 ¯1  1  1  0  2  0  1  3  3  0 ¯1  1  1  0  2  0  1  3  3 
n 0 ¯5 ¯5 53  0  0 ¯1 ¯6  0  0 ¯7 ¯8 ¯8 54  0  0 ¯1 ¯6  0  0 
r 0  0  0  0 53 53 53 53 53 53 53  0  0  0 54 54 54 54 54 54 
 
   i 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36  37  38 39 
   p 19 18 21  0 23 24 55 26 27 27 27 30 31 30 33 30 35   0  37 38 
   t  9  0  9  2  1 10  2  2 10  9  2  0  9  0  9  0  9   2   1 10 
   k  0  3  0 ¯1  1  1  0  2  0  1  3  3  0  3  0  3  0  ¯1   1  1 
   n ¯7  0 ¯7 ¯9 ¯9 55  0  0 ¯1 ¯6  0  0 ¯7  0 ¯7  0 ¯7 ¯10 ¯10 56 
   r 54 54 54  0  0  0 55 55 55 55 55 55 55 55 55 55 55   0   0  0 
 
   i 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 
   p 56 40 41 41 41 44 45 44 47 44 49 44 51 53 54 55 56 
   t  2  2 10  9  2  0  9  0  9  0  9  0  9  3  3  3  3 
   k  0  2  0  1  3  3  0  3  0  3  0  3  0  1  1  1  1 
   n  0  0 ¯1 ¯6  0  0 ¯7  0 ¯7  0 ¯7  0 ¯7  0  0  0  0 
   r 56 56 56 56 56 56 56 56 56 56 56 56 56  0  0  0  0 

      p 
0 0 1 2 53 4 5 5 5 8 9 0 11 12 54 14 15 15 15 18 19 18 21 0 
      23 24 55 26 27 27 27 30 31 30 33 30 35 0 37 38 56 40 41 
      41 41 44 45 44 47 44 49 44 51 53 54 55 56 
      t 
3 2 1 10 2 2 10 9 2 0 9 2 1 10 2 2 10 9 2 0 9 0 9 2 1 10 2 2 
      10 9 2 0 9 0 9 0 9 2 1 10 2 2 10 9 2 0 9 0 9 0 9 0 9 3 
      3 3 3 
      t[p]=2 
0 0 1 0 0 1 1 1 1 1 0 0 1 0 0 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 
      1 0 1 0 1 0 0 1 0 0 1 1 1 1 1 0 1 0 1 0 1 0 0 0 0 0 



      k 
0 ¯1 1 1 0 2 0 1 3 3 0 ¯1 1 1 0 2 0 1 3 3 0 3 0 ¯1 1 1 0 2 0 
      1 3 3 0 3 0 3 0 ¯1 1 1 0 2 0 1 3 3 0 3 0 3 0 3 0 1 1 1 
      1 
      k[p]=3 
0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 
      1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 
      (t[p]=2)∧k[p]=3 
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
      1 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 0 0 0 
      ⍸(t[p]=2)∧k[p]=3 
9 19 21 31 33 35 45 47 49 51 
      p⌿⍨(t[p]=2)∧k[p]=3] 
8 18 18 30 30 30 44 44 44 44 
      n[8 18 30 44] 
0 0 0 0 
      n[p⌿⍨(t[p]=2)∧k[p]=3]+←1 
      n[8 18 30 44] 
1 2 3 4 

 



:Namespace 
  dist←{xy←⍺-⍵ ⋄ (+⌿xy*2)*.5} 
:EndNamespace 

      before 
 F  F                    
 │  ├─────┐              
 E  E     E              
 │  │     │              
 B  B     E              
 │  │     ├─────────┬─┐  
 V  E     E         P A  
    ├─┬─┐ ├───┐       │  
    V P V O   E       N  
          ├─┐ ├─┬─┐      
          P P V P A      
                  │      
                  N        
 
      after                            
 F      F                                    
 ├─┬─┐  ├─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┬─┐  
 V B E  V P V E B E A P A P V E P P O E E E  
                    │   │                    
                    N   N                    



      before 
i 0  1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17  18 19 
p 0  0  1  2 24  4  5  6  6  6 24 10 11 12 13 13 12 16  16 16 
t 3  2  1 10  2  1  2 10  9 10  2  2  2  8  9  9  2 10   9  0 
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As a result, in cases where the operations have relatively small critical paths but very large 

memory manipulation requirements, such as with Expression Lifting or Expression Wrapping, the 

GPU’s higher memory throughput and better computational parallelism (where function fusion can 

play a part) quickly outperforms the CPU, often by a fairly wide margin (more than 17x in the case of 

expression wrapping). However, on passes with longer critical paths where lookup and search are 

critical elements, the simplistic and unoptimized GPU algorithms require more data to work with 

before they begin to compete with the highly tuned and optimized runtime environment of Dyalog 

APL. The Lexical Resolution pass demonstrates this clearly. Note, however, that in all cases the GPU 

eventually outperforms the CPU as the data grows, and as the size grows larger, no single pass sees 

less than a 3x performance improvement at scale over the CPU. Improvements to the GPU 

implementation and optimization would undoubtedly yield lower constant factors and thus enable 

the GPU version to see improvements over the CPU runtime at smaller data sizes, but the current 

results indicate that the parallel scaling as size increases for the GPU algorithms agrees with the 

theoretical behavior of these algorithms, even in the presence of algorithmic tuning on the CPU side 

otherwise lacking on the GPU side. 

Lines of Code Tokens Unique Names Nodes in AST 
  

Nanopass 1012 20947 248 14680 

Co-dfns 17 760 74 948 
  

Table 5. Comparison of the Nanopass Reference Compiler source code metrics vs. Co-dfns 
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Figure 8. Speedups vs. Chez Nanopass for CPU (Left) and GPU (Right) platforms, continued. 
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Assignment        ← ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕ 
Indexing          [ ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕ 
SIMD Maps         + ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕ 
Catenation        , ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕                                           
Substitution      @ ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕                                               
Index Gen.        ⍳ ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕                                               
Where             ⍸ ⎕⎕⎕⎕⎕⎕⎕⎕⎕⎕                                                  
Replicate/Reduce  ⌿ ⎕⎕⎕⎕⎕⎕                                                      
Transpose         ⍉ ⎕⎕⎕⎕⎕                                                       
Array Equality    ≡ ⎕⎕⎕⎕                                                        
Key/Group By      ⌸ ⎕⎕⎕⎕                                                        
Reshape           ⍴ ⎕⎕⎕⎕                                                        
Enlist/Membership ∊ ⎕⎕⎕⎕                                                        
Reverse/Flip      ⌽ ⎕⎕⎕                                                         
Grade Up/Sort     ⍋ ⎕⎕                                                          
Unique            ∪ ⎕⎕                                                          
Drop/Take         ↓ ⎕⎕                                                           
Scan              ⍀ ⎕                                                           

 



 



¨



I@{...}⍣≡⍨p 

⌸



⍸



 





 





0                          
├─┬───┐                    
1 4   9                    
│ │   │                    
2 5   10                   
│ ├─┐ ├────────┬────────┐  
3 6 7 11       18       25 
    │ │        │        │  
    8 12       19       26 
      ├──┬──┐  ├──┬──┐     
      13 15 16 20 22 23    
      │     │  │     │     
      14    17 21    24    

      ⍸M←4 12∊⍨p I@{~⍵∊4 12}⍣≡⍳≢p 
4 5 6 7 8 12 13 14 15 16 17 

M

      p 
0 0 1 2 0 4 5 5 7 0 9 10 11 12 13 12 12 16 10 18 19 20 19 19 23 10 
25 
      (~M)⌿p 
0 0 1 2 0 9 10 10 18 19 20 19 19 23 10 25 

p p

      (⍸M)(⊢-1+⍸)(~M)⌿p 
0 0 1 2 0 4 5 5 7 8 9 8 8 12 5 14 

⊢-1+⍸



⍸

      (⍸M)(1+⍸)(~M)⌿p 
0 0 0 0 0 5 5 5 11 11 11 11 11 11 5 11 

p

0 0 1 2 0 4 5 5 7 8  9 8  8 12 5 14 

○           
├─┐         
○ ○         
│ │         
○ ○         
│ ├─┬─────┐ 
○ ○ ○     ○ 
    │     │ 
    ○     ○ 
    ├─┬─┐   
    ○ ○ ○   
    │   │   
    ○   ○   

 









p[i]←p[x]



 



 



i←(⍸(~t∊3 4)∧t[p]=3),{⍵⌿⍨2|⍳≢⍵}⍸t[p]=4 ⋄ p t k n r⌿⍨←⊂m←2@i⊢1⍴⍨≢p 
p r i I⍨←⊂j←(+⍀m)-1 ⋄ n←j I@(0≤⊢)n ⋄ p[i]←j←i-1 
k[j]←-(k[r[j]]=0)∨0@({⊃⌽⍵}⌸p[j])⊢t[j]=1 ⋄ t[j]←2 

(define i 
  (catenate 
    (where 
      (and 
        (not (members-of t `(3 4))) 
        (pequal? 3 (indexing t p)))) 
    ((lambda (w) 
       (replicate 
         (modulo 
           (index-gen (tally w)) 
           2) 
         w)) 
     (where (pequal? 4 (indexing t p)))))) 



 
(define m ((at 2 i) (reshape (tally p) 1))) 
 
(define-values (p t k n r) 
  (let ([m^ (enclose m)]) 
    (apply values (map (lambda (x) (replicate m^ x)) p t k n r)))) 
 
(define j (pminus (scan-first + m) 1) 
 
(define-values (p r i) 
  (let ([j^ (enclose j)]) 
    (apply values (map (lambda (x) (indexing j^ x)) p r i)))) 
 
(define n  
  ((at indexing (lambda (x) (pless-equal? 0 x))) 
   j n)) 
 
(define j (pminus i 1)) 
 
(array-set! p i j) 
 
(array-set! k j 
  (negate 
    (or 
      (pequal? 0 
        (indexing k 
          (indexing r j))) 
      ((at 0 ((key (lambda (x) (disclose (reverse x)))) 
              (indexing p j))) 
       (pequal 1 (indexing t j)))))) 
 
(array-set! t j 2) 
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#lang nanopass 
 
(define (run-compiler ast) 
  (foldl (lambda (pass ast) (pass ast)) ast compiler)) 
 
(define compiler 
  `(,(lambda (x) (record-parent (uniquely-identify x))) 
    ,(lambda (x) (record-reference x)) 
    ,(lambda (x) (lift-functions x)) 
    ,(lambda (x) (wrap-expressions x)) 
    ,(lambda (x) (lift-guards x)) 
    ,(lambda (x) (count-index-children x)) 
    ,(lambda (x) (lift-expressions x)) 
    ,(lambda (x) (compute-slots x)) 
    ,(lambda (x) (compute-frames x)) 
    ,(lambda (x) (compute-exports x)) 
    ,(lambda (x) (anchor-variables x)) 
    )) 
 
(define (name-field? x) 
  (eq? x 'n)) 
 
(define (reference-field? x) 
  (eq? x 'r)) 
 
(define (parent-field? x) 
  (eq? x 'p)) 
 
(define (uid-field? x) 
  (eq? x 'uid)) 
 
(define (name/ref? x) 
  (or (number? x) (symbol? x) (string? x))) 
 
(define-language L_ 
  (terminals 
    (name-field (name)) 
    (string (ns))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns]) stmt* ...))   ;; Module 
  (Stmt (stmt) e f)                ;; Function Body Statement 
  (Func (f) 
    fb 
    (P.1 ([name ns]))              ;; Primitive Function 
    (V.1 ([name ns]))              ;; Function Variable 
    (F.1 ([name ns]) gstmt* ...)   ;; Dfns 



    (O.2 ([name ns]) oprim f)      ;; Monadic Operator 
    (O.5 ([name ns]) e oprim f)    ;; AOF Dyadic Operator 
    (O.7 ([name ns]) f oprim e)    ;; FOA Dyadic Operator 
    (O.8 ([name ns]) f1 oprim f2)) ;; FOF Dyadic Operator 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns]) e1 e2))       ;; Expression Guard 
  (FuncBind (fb) 
    (B.1 ([name ns]) f))           ;; Function Binding 
  (Expr (e) 
    v 
    (B.0 ([name ns]) e)            ;; Value Binding     
    (A.0 ([name ns]) num* ...)     ;; Literal Array 
    (A.3 ([name ns]) v* ...)       ;; Stranding; Semi-colon Span 
    (E.1 ([name ns]) f e)          ;; Monadic Expression 
    (E.2 ([name ns]) e f ebrk)     ;; Dyadic Expr or Bracket Indexing 
    (E.4 ([name ns]) v ebrk e))    ;; Assignment 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns]) e* ...))      ;; Bracket Expression 
  (Oprim (oprim) 
    (P.2 ([name ns])))             ;; Operator Primitive 
  (Number (num) 
    (N.0 ([name ns])))             ;; Scalar number 
  (Value (v) 
    (P.0 ([name ns]))              ;; Value Primitive 
    (V.0 ([name ns]))))            ;; Value Variable 
 
(define-parser parse L_) 
 
(define-language L0 
  (extends L_) 
  (terminals 
    (- (string (ns))) 
    (+ (name/ref (ns))))) 
 
(define-pass symbolify : L_ (ir) -> L0 () 
  (Module : Module (mod) -> Module () 
    [(F.0 ([,name ,ns]) ,[stmt*] ...) 
     `(F.0 ([,name ,(string->symbol ns)]) ,stmt* ...)]) 
  (Func : Func (f) -> Func () 
    [(P.1 ([,name ,ns])) 
     `(P.1 ([,name ,(string->symbol ns)]))] 
    [(V.1 ([,name ,ns])) 
     `(V.1 ([,name ,(string->symbol ns)]))] 
    [(F.1 ([,name ,ns]) ,[gstmt*] ...) 
     `(F.1 ([,name ,(string->symbol ns)]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,(string->symbol ns)]) ,oprim ,f)] 
    [(O.5 ([,name ,ns]) ,[e] ,[oprim] ,[f]) 
     `(O.5 ([,name ,(string->symbol ns)]) ,e ,oprim ,f)] 



    [(O.7 ([,name ,ns]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,(string->symbol ns)]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,(string->symbol ns)]) ,f1 ,oprim ,f2)]) 
  (Guard : Guard (g) -> Guard () 
    [(G.0 ([,name ,ns]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,(string->symbol ns)]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (fb) -> FuncBind () 
    [(B.1 ([,name ,ns]) ,[f]) 
     `(B.1 ([,name ,(string->symbol ns)]) ,f)]) 
  (Expr : Expr (e) -> Expr () 
    [(B.0 ([,name ,ns]) ,[e]) 
     `(B.0 ([,name ,(string->symbol ns)]) ,e)] 
    [(A.0 ([,name ,ns]) ,[num*] ...) 
     `(A.0 ([,name ,(string->symbol ns)]) ,num* ...)] 
    [(A.3 ([,name ,ns]) ,[v*] ...) 
     `(A.3 ([,name ,(string->symbol ns)]) ,v* ...)] 
    [(E.1 ([,name ,ns]) ,[f] ,[e]) 
     `(E.1 ([,name ,(string->symbol ns)]) ,f ,e)] 
    [(E.2 ([,name ,ns]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,(string->symbol ns)]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,(string->symbol ns)]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ebrk) -> BrkOrE () 
    [(E.3 ([,name ,ns]) ,[e*] ...) 
     `(E.3 ([,name ,(string->symbol ns)]) ,e* ...)]) 
  (Oprim : Oprim (oprim) -> Oprim () 
    [(P.2 ([,name ,ns])) 
     `(P.2 ([,name ,(string->symbol ns)]))]) 
  (Number : Number (num) -> Number () 
    [(N.0 ([,name ,ns])) 
     `(N.0 ([,name ,(string->symbol ns)]))]) 
  (Value : Value (v) -> Value () 
    [(P.0 ([,name ,ns])) 
     `(P.0 ([,name ,(string->symbol ns)]))] 
    [(V.0 ([,name ,ns])) 
     `(V.0 ([,name ,(string->symbol ns)]))])) 
 
(define-language L1 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (symbol (id)) 
    (name/ref (ns))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id]) stmt* ...)) 
  (Stmt (stmt) e f) 
  (Func (f) 
    fb 



    (P.1 ([name ns] [uid id])) 
    (V.1 ([name ns] [uid id])) 
    (F.1 ([name ns] [uid id]) gstmt* ...) 
    (O.2 ([name ns] [uid id]) oprim f) 
    (O.5 ([name ns] [uid id]) e oprim f) 
    (O.7 ([name ns] [uid id]) f oprim e) 
    (O.8 ([name ns] [uid id]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id]) e)  
    (A.0 ([name ns] [uid id]) num* ...) 
    (A.3 ([name ns] [uid id]) v* ...) 
    (E.1 ([name ns] [uid id]) f e) 
    (E.2 ([name ns] [uid id]) e f ebrk) 
    (E.4 ([name ns] [uid id]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id])) 
    (V.0 ([name ns] [uid id])))) 
 
(define-pass uniquely-identify : L0 (ir) -> L1 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns]) ,[stmt*] ...) 
     `(F.0 ([,name ,ns] [uid ,(gensym "F0:")]) ,stmt* ...)]) 
  (Func : Func (ir) -> Func () 
    [(P.1 ([,name ,ns])) 
     `(P.1 ([,name ,ns] [uid ,(gensym "P1:")]))] 
    [(V.1 ([,name ,ns])) 
     `(V.1 ([,name ,ns] [uid ,(gensym "V1:")]))] 
    [(F.1 ([,name ,ns]) ,[gstmt*] ...) 
     `(F.1 ([,name ,ns] [uid ,(gensym "F1:")]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,ns] [uid ,(gensym "O2:")]) ,oprim ,f)] 
    [(O.5 ([,name ,ns]) ,[e] ,[oprim] ,[f]) 
     `(O.5 ([,name ,ns] [uid ,(gensym "O5:")]) ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,ns] [uid ,(gensym "O7:")]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,ns] [uid ,(gensym "O8:")]) ,f1 ,oprim ,f2)]) 
  (Guard : Guard (ir) -> Guard () 



    [(G.0 ([,name ,ns]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,ns] [uid ,(gensym "G0:")]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir) -> FuncBind () 
    [(B.1 ([,name ,ns]) ,[f]) 
     `(B.1 ([,name ,ns] [uid ,(gensym "B1:")]) ,f)]) 
  (Expr : Expr (ir) -> Expr () 
    [(B.0 ([,name ,ns]) ,[e]) 
     `(B.0 ([,name ,ns] [uid ,(gensym "B0:")]) ,e)] 
    [(A.0 ([,name ,ns]) ,[num*] ...) 
     `(A.0 ([,name ,ns] [uid ,(gensym "A0:")]) ,num* ...)] 
    [(A.3 ([,name ,ns]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [uid ,(gensym "A3:")]) ,v* ...)] 
    [(E.1 ([,name ,ns]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [uid ,(gensym "E1:")]) ,f ,e)] 
    [(E.2 ([,name ,ns]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [uid ,(gensym "E2:")]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [uidp ,(gensym "E4:")]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE () 
    [(E.3 ([,name ,ns]) ,[e*] ...) 
     `(E.3 ([,name ,ns] [uid ,(gensym "E3:")]) ,e* ...)]) 
  (Oprim : Oprim (ir) -> Oprim () 
    [(P.2 ([,name ,ns])) 
     `(P.2 ([,name ,ns] [uid ,(gensym "P2:")]))]) 
  (Number : Number (ir) -> Number () 
    [(N.0 ([,name ,ns])) 
     `(N.0 ([,name ,ns] [uid ,(gensym "N0:")]))]) 
  (Value : Value (ir) -> Value () 
    [(P.0 ([,name ,ns])) 
     `(P.0 ([,name ,ns] [uid ,(gensym "P0:")]))] 
    [(V.0 ([,name ,ns])) 
     `(V.0 ([,name ,ns] [uid ,(gensym "V0:")]))]))   
 
;; Parent Vector 
(define-language L2 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (name/ref (ns)) 
    (symbol (id pid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id] [par pid]) stmt* ...)) 
  (Stmt (stmt) e f) 
  (Func (f) 
    fb 
    (P.1 ([name ns] [uid id] [par pid])) 
    (V.1 ([name ns] [uid id] [par pid])) 
    (F.1 ([name ns] [uid id] [par pid]) gstmt* ...) 



    (O.2 ([name ns] [uid id] [par pid]) oprim f) 
    (O.5 ([name ns] [uid id] [par pid]) e oprim f) 
    (O.7 ([name ns] [uid id] [par pid]) f oprim e) 
    (O.8 ([name ns] [uid id] [par pid]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id] [par pid]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id] [par pid]) e)  
    (A.0 ([name ns] [uid id] [par pid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid]) v* ...) 
    (E.1 ([name ns] [uid id] [par pid]) f e) 
    (E.2 ([name ns] [uid id] [par pid]) e f ebrk) 
    (E.4 ([name ns] [uid id] [par pid]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id] [par pid]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id] [par pid]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id] [par pid]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id] [par pid])) 
    (V.0 ([name ns] [uid id] [par pid])))) 
 
(define-pass record-parent : L1 (ir) -> L2 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns] [,uid ,id]) ,[stmt* id -> stmt*] ...) 
     `(F.0 ([,name ,ns] [,uid ,id] [p ,id]) ,stmt* ...)]) 
  (Stmt : Stmt (ir pid) -> Stmt ()) 
  (Func : Func (ir pid) -> Func () 
    [(P.1 ([,name ,ns] [,uid ,id])) 
     `(P.1 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(V.1 ([,name ,ns] [,uid ,id])) 
     `(V.1 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(F.1 ([,name ,ns] [,uid ,id]) ,[gstmt* id -> gstmt*] ...) 
     `(F.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns] [,uid ,id]) ,[oprim id -> oprim] ,[f id -> f]) 
     `(O.2 ([,name ,ns] [,uid ,id] [p ,pid]) ,oprim ,f)] 
    [(O.5 ([,name ,ns] [,uid ,id]) 
       ,[e id -> e] ,[oprim id -> oprim] ,[f id -> f]) 
     `(O.5 ([,name ,ns] [,uid ,id] [p ,pid]) ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns] [,uid ,id]) 
       ,[f id -> f] ,[oprim id -> oprim] ,[e id -> e]) 
     `(O.7 ([,name ,ns] [,uid ,id] [p ,pid]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns] [,uid ,id]) 
       ,[f1 id -> f1] ,[oprim id -> oprim] ,[f2 id -> f2]) 
     `(O.8 ([,name ,ns] [,uid ,id] [p ,pid]) ,f1 ,oprim ,f2)]) 



  (GStmt : GStmt (ir pid) -> GStmt ()) 
  (Guard : Guard (ir pid) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id]) ,[e1 id -> e1] ,[e2 id -> e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir pid) -> FuncBind () 
    [(B.1 ([,name ,ns] [,uid ,id]) ,[f id -> f]) 
     `(B.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,f)]) 
  (Expr : Expr (ir pid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id]) ,[e id -> e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id]) ,[num* id -> num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id]) ,[v* id -> v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [p ,pid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id]) ,[f id -> f] ,[e id -> e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id]) 
       ,[e id -> e] ,[f id -> f] ,[ebrk id -> ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [p ,pid]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id]) 
       ,[v id -> v] ,[ebrk id -> ebrk] ,[e id -> e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [p ,pid]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir pid) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id]) ,[e* id -> e*] ...) 
     `(E.3 ([,name ,ns] [,uid ,id] [p ,pid]) ,e* ...)]) 
  (Oprim : Oprim (ir pid) -> Oprim () 
    [(P.2 ([,name ,ns] [,uid ,id])) 
     `(P.2 ([,name ,ns] [,uid ,id] [p ,pid]))]) 
  (Number : Number (ir pid) -> Number () 
    [(N.0 ([,name ,ns] [,uid ,id])) 
     `(N.0 ([,name ,ns] [,uid ,id] [p ,pid]))]) 
  (Value : Value (ir pid) -> Value () 
    [(P.0 ([,name ,ns] [,uid ,id])) 
     `(P.0 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(V.0 ([,name ,ns] [,uid ,id])) 
     `(V.0 ([,name ,ns] [,uid ,id] [p ,pid]))])) 
 
;; Reference Vector 
(define-language L3 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (reference-field (ref)) 
    (name/ref (ns)) 
    (symbol (id pid rid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id] [par pid] [ref rid]) stmt* ...)) 
  (Stmt (stmt) e f) 



  (Func (f) 
    fb 
    (P.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...) 
    (O.2 ([name ns] [uid id] [par pid] [ref rid]) oprim f) 
    (O.5 ([name ns] [uid id] [par pid] [ref rid]) e oprim f) 
    (O.7 ([name ns] [uid id] [par pid] [ref rid]) f oprim e) 
    (O.8 ([name ns] [uid id] [par pid] [ref rid]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid] [ref rid]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id] [par pid] [ref rid]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id] [par pid] [ref rid]) e)  
    (A.0 ([name ns] [uid id] [par pid] [ref rid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid] [ref rid]) v* ...) 
    (E.1 ([name ns] [uid id] [par pid] [ref rid]) f e) 
    (E.2 ([name ns] [uid id] [par pid] [ref rid]) e f ebrk) 
    (E.4 ([name ns] [uid id] [par pid] [ref rid]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.0 ([name ns] [uid id] [par pid] [ref rid])))) 
 
(define-pass record-reference : L2 (ir) -> L3 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid])  
       ,[stmt* id -> stmt*] ...) 
     `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,id]) ,stmt* ...)]) 
  (Stmt : Stmt (ir rid) -> Stmt ()) 
  (Func : Func (ir rid) -> Func () 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid]) 
       ,[gstmt* id -> gstmt*] ...) 
     `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,oprim ,f)] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e] ,[oprim] ,[f]) 
     `(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  



        ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  
        ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) 
        ,f1 ,oprim ,f2)]) 
  (GStmt : GStmt (ir rid) -> GStmt ()) 
  (Guard : Guard (ir rid) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir rid) -> FuncBind () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f]) 
     `(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,f)]) 
  (Expr : Expr (ir rid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  
        ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir rid) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e*] ...) 
     `(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e* ...)]) 
  (Oprim : Oprim (ir rid) -> Oprim () 
    [(P.2 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))]) 
  (Number : Number (ir rid) -> Number () 
    [(N.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(N.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))]) 
  (Value : Value (ir rid) -> Value () 
    [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))])) 
 
;; Lift Functions 
(define-language L4 
  (extends L3) 
  (Module (mod) 
    (+ (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...))) 
  (Func (f) 
    (- (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...)))) 
 



(define-pass lift-functions : L3 (ir) -> L4 () 
  (Roots : Roots (ir) -> Roots () 
    [(,[mod* mod**] ...) 
     (let ([nmod* (append* mod**)]) 
       `(,mod* ... ,nmod* ...))]) 
  (Module : Module (ir) -> Module (fn*) 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[stmt* fn**] ...) 
     (values `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,stmt* ...) 
             (append* fn**))]) 
  (Stmt : Stmt (ir) -> Stmt (fn*)) 
  (Func : Func (ir) -> Func (fn*) 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (values `(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
             `())] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (values `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
             `())] 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[gstmt* fn**] ...) 
     (let ([f (in-context Module 
                `(F.1 ([,name ,ns] [,uid ,id] [,par ,id] [,ref ,rid]) 
                   ,gstmt* ...))]) 
       (values `(V.1 ([n ,id] 
                      [uid ,(gensym "V1:")] 
                      [,par ,pid] 
                      [,ref ,rid])) 
               (append* (list f) fn**)))] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[oprim] ,[f fn*]) 
     (values `(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,oprim ,f) 
             fn*)] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e fn1*] ,[oprim] ,[f fn2*]) 
     (values `(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e ,oprim ,f) 
             (append fn1* fn2*))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f fn1*] ,[oprim] ,[e fn2*]) 
     (values `(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f ,oprim ,e) 
             (append fn1* fn2*))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f1 fn1*] ,[oprim] ,[f2 fn2*]) 
     (values `(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f1 ,oprim ,f2) 
             (append fn1* fn2*))]) 
  (GStmt : GStmt (ir) -> GStmt (fn*)) 
  (Guard : Guard (ir) -> Guard (fn*) 



    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e1 f1*] ,[e2 f2*]) 
     (values `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e1 ,e2) 
             (append f1* f2*))]) 
  (FuncBind : FuncBind (fb) -> FuncBind (fn*) 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f fn*]) 
     (values `(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f) 
             fn*)]) 
  (Expr : Expr (ir) -> Expr (fn*) 
    [,v (values (Value v) `())] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e fn*]) 
     (values `(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e) 
             fn*)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[num*] ...) 
     (values `(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,num* ...) 
             `())] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     (values `(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,v* ...) 
             `())] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f fn1*] ,[e fn2*]) 
     (values `(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f ,e) 
             (append fn1* fn2*))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e fn1*] ,[f fn2*] ,[ebrk fn3*]) 
     (values `(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e ,f ,ebrk) 
             (append* (list fn1* fn2* fn3*)))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[v] ,[ebrk fn1*] ,[e fn2*]) 
     (values `(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,v ,ebrk ,e) 
             (append fn1* fn2*))]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE (fn*) 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e* fn**] ...) 
     (values `(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e* ...) 
             (append* fn**))]) 
  (Value : Value (ir) -> Value ())) 
 
;; Wrap Expressions 
(define-language L5 
  (extends L4) 



  (GStmt (gstmt) 
    (- e fb) 
    (+ wx)) 
  (Guard (g) 
    (- (G.0 ([name ns] [uid id] [par pid] [ref rid]) e1 e2)) 
    (+ (G.0 ([name ns] [uid id] [par pid] [ref rid]) e wx))) 
  (WrapExpr (wx) 
    (+ (E.0 ([name ns] [uid id] [par pid] [ref rid]) stmt) 
       (E_1 ([name ns] [uid id] [par pid] [ref rid]) stmt))) 
  (Module (mod) 
    (- (F.0 ([name ns] [uid id] [par pid] [ref rid]) stmt* ...)) 
    (+ (F.0 ([name ns] [uid id] [par pid] [ref rid]) wx* ...)))) 
 
(define-pass wrap-expressions : L4 (ir) -> L5 () 
  (Stmt : Stmt (ir) -> WrapExpr () 
    [,e (WrapExpr e #t)] 
    [,f (WrapFunc f)]) 
  (GStmt : GStmt (ir) -> GStmt () 
    [,e (WrapExpr e #t)] 
    [,fb (WrapFunc fb)]) 
  (Guard : Guard (ir) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e1] ,[WrapExpr : e2 #f -> e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e1 ,e2)]) 
  (WrapExpr : Expr (ir func?) -> WrapExpr () 
    (definitions 
      (define E0 (gensym "E0:")) 
      (define E1 (gensym "E¯1:"))) 
    [,v 
     (nanopass-case (L4 Value) v 
       [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
        `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
           (P.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid])))] 
       [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
        `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
           (V.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid])))])] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e]) 
     (if func? 
         `(E_1 ([n |0|] [uid ,E1] [p ,pid] [r ,rid]) 
            (B.0 ([,name ,ns] [,uid ,id] [,par ,E1] [,ref ,rid]) ,e)) 
         `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
            (B.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
              ,e)))] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[num*] ...) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (A.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,num* ...))] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (A.3 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 



          ,v* ...))] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f] ,[e]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.1 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,f ,e))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e] ,[f] ,[ebrk]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.2 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,e ,f ,ebrk))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[v] ,[ebrk] ,[e]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.4 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,v ,ebrk ,e))]) 
  (Func : Func (ir) -> Func ()) 
  (WrapFunc : Func (ir) -> WrapExpr () 
    (definitions 
      (define sym (gensym "E¯1:"))) 
    [,fb 
     (nanopass-case (L4 FuncBind) fb 
       [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f) 
        `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
           (B.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
             ,(Func f)))])] 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (P.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid])))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (V.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid])))] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[oprim] ,[f]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.2 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,oprim ,f))] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e] ,[oprim] ,[f]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.5 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,e ,oprim ,f))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f] ,[oprim] ,[e]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.7 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,f ,oprim ,e))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f1] ,[oprim] ,[f2]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.8 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,f1 ,oprim ,f2))])) 



 
;; Lift Guards 
(define-language L6 
  (extends L5) 
  (GStmt (gstmt) 
    (+ e)) 
  (Guard (g) 
    (- (G.0 ([name ns] [uid id] [par pid] [ref rid]) e wx)) 
    (+ (G.0 ([name ns] [uid id] [par pid] [ref rid]) wx)))) 
 
(define-pass lift-guards : L5 (ir) -> L6 () 
  (Module : Module (ir) -> Module () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[GStmt : gstmt* -> gstmt**] ...) 
     (let ([gstmt* (append* gstmt**)]) 
       `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
          ,gstmt* ...))]) 
  (WrapExpr : WrapExpr (ir) -> WrapExpr ()) 
  (GStmt : GStmt (ir) -> * () 
    [,wx (list (WrapExpr wx))] 
    [,g (let-values ([(g t) (Guard g)]) (list t g))]) 
  (Guard : Guard (ir) -> Guard (tst) 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[LiftExpr : e pid -> e] ,[wx]) 
     (values `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,wx) 
             e)]) 
  (LiftExpr : Expr (ir nid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid])  
        ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid])  
        ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid])  
        ,v ,ebrk ,e)])) 
 
;; Count Index Children 
(define-pass count-index-children : L6 (ir) -> L6 () 
  (Expr : Expr (ir) -> Expr () 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 



     `(A.3 ([,name ,(length v*)] [,uid ,id] [,par ,pid] [,ref ,rid]) 
        ,v* ...)]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e*] ...) 
     `(E.3 ([,name ,(length e*)] [,uid ,id] [,par ,pid] [,ref ,rid]) 
        ,e* ...)])) 
 
;; Lift Expressions 
(define-language L7 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (reference-field (ref)) 
    (name/ref (ns)) 
    (symbol (id pid rid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.1 ([name ns] [uid id] [par pid] [ref rid]) ge* ...) 
    (F.0 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (GorE (ge) g e) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (Expr (e) 
    (P.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (P.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.3 ([name ns] [uid id] [par pid] [ref rid])) 
    (B.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (P.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.5 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.7 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.8 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (E_1 ([name ns] [uid id] [par pid] [ref rid])) 
    (B.0 ([name ns] [uid id] [par pid] [ref rid]))  
    (A.0 ([name ns] [uid id] [par pid] [ref rid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.4 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id] [par pid] [ref rid])))) 
 
(define-pass lift-expressions : L6 (ir) -> L7 () 
  (Module : Module (ir) -> Module () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,gstmt* ...) 



     (let ([ge* (foldr (lambda (gstmt e*) (GorE gstmt e* id)) 
                       '() gstmt*)]) 
       `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
          ,ge* ...))] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,wx* ...) 
     (let ([e* (foldr (lambda (wx e*) (WrapExpr wx e* id)) 
                      '() wx*)]) 
       `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
          ,e* ...))]) 
  (GorE : GStmt (ir e* pid) -> * () 
    [,e (Expr e e* pid)] 
    [,wx (WrapExpr wx e* pid)] 
    [,g (cons (Guard g) e*)]) 
  (Stmt : Stmt (ir e* pid) -> * () 
    [,e (Expr e e* pid)] 
    [,f (Func f e* pid)]) 
  (Guard : Guard (ir) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[WrapExpr : wx '() id -> e*]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...)]) 
  (WrapExpr : WrapExpr (ir e* nid) -> * () 
    [(E.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,stmt) 
     (Stmt stmt 
           (cons (in-context Expr 
                   `(E.0 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)] 
    [(E_1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,stmt) 
     (Stmt stmt 
           (cons (in-context Expr 
                   `(E_1 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)]) 
  (Expr : Expr (ir e* nid) -> * () 
    [,v (Value v e* nid)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e) 
     (Expr e 
           (cons (in-context Expr 
                   `(B.0 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid] 
                          [,ref ,rid]))) 
                 e*) 
           nid)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  



       ,[num*] ...) 
     (cons (in-context Expr 
             `(A.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) 
                ,num* ...)) 
           e*)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,v* ...) 
     (let* ([e* (cons (in-context Expr 
                        `(A.3 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)]) 
       (foldl (lambda (v e*) (Value v e* nid)) e* v*))] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(E.1 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f e* nid)]) 
       (Expr e e* nid))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,e ,f ,ebrk) 
     (let* ([e* (cons (in-context Expr 
                        `(E.2 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Expr e e* nid)] 
            [e* (Func f e* nid)]) 
       (BrkOrE ebrk e* nid))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,v ,ebrk ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(E.4 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Value v e* nid)] 
            [e* (BrkOrE ebrk e* nid)]) 
       (Expr e e* nid))]) 
  (Func : Func (ir e* nid) -> * () 
    [,fb (FuncBind fb e* nid)] 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 



     (cons (in-context Expr 
             `(V.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,oprim ,f) 
     (let* ([e* (cons (in-context Expr 
                        `(O.2 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Oprim oprim e* nid)]) 
       (Func f e* nid))] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,e ,oprim ,f) 
     (let* ([e* (cons (in-context Expr 
                        `(O.5 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Expr e e* nid)] 
            [e* (Oprim oprim e* nid)]) 
       (Func f e* nid))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,f ,oprim ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(O.7 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f e* nid)] 
            [e* (Oprim oprim e* nid)]) 
       (Expr e e* nid))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,f1 ,oprim ,f2) 
     (let* ([e* (cons (in-context Expr 
                        `(O.8 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f1 e* nid)] 
            [e* (Oprim oprim e* nid)]) 
       (Func f2 e* nid))]) 
  (FuncBind : FuncBind (ir e* nid) -> * () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f) 
     (Func f 
           (cons (in-context Expr 
                   `(B.1 ([,name ,ns]  
                          [,uid ,id]  



                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)]) 
  (BrkOrE : BrkOrE (ir te* nid) -> * () 
    [,e (Expr e te* nid)] 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (foldl (lambda (e te*) (Expr e te* nid)) 
            (cons (in-context Expr 
                    `(E.3 ([,name ,ns]  
                           [,uid ,id]  
                           [,par ,nid]  
                           [,ref ,rid]))) 
                  te*) 
            e*)]) 
  (Oprim : Oprim (ir e* nid) -> * () 
    [(P.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.2 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)]) 
  (Value : Value (ir e* nid) -> * () 
    [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(V.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)]) 
  (Number : Number (ir) -> Number ())) 
 
;; Compute Slots 
(define-language L8 
  (extends L7) 
  (entry Tree+Env) 
  (terminals 
    (+ (hash (slots frames scopes exports)))) 
  (Tree+Env (ast) 
    (+ (root slots frames scopes exports)))) 
 
(define-pass compute-slots : L7 (ir) -> L8 () 
  (Roots : Roots (ir) -> Tree+Env () 
    [(,[mod1 -> mod2] ...) 
     (let ([db (make-hasheq (map Module mod1))]) 
       `((,mod2 ...) ,db ,(hash) ,(hash) ,(hash)))]) 
  (Module : Module (ir) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     (cons id 
           (remove-duplicates (foldr GorE '() ge*)))] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (cons id 



           (remove-duplicates (foldr Expr '() e*)))]) 
  (GorE : GorE (ir b*) -> * () 
    [,g (Guard g b*)] 
    [,e (Expr e b*)]) 
  (Guard : Guard (ir b*) -> * ()    
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (foldr Expr '() b*)]) 
  (Expr : Expr (ir b*) -> * () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons ns b*)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons ns b*)] 
    [else b*]) 
  (Roots ir)) 
 
;; Compute Frames 
(define-pass compute-frames : L8 (ir) -> L8 () 
  (definitions 
    (define (calculate-frames db) 
      (define (calculate-frame f) 
        (let ([x (hash-ref db f)]) 
          (if (eq? x f) 
              0 
              (+ 1 (calculate-frame x))))) 
      (make-hasheq 
        (map (lambda (x) (cons x (calculate-frame x))) 
             (hash-keys db))))) 
  (Tree+Env : Tree+Env (ir) -> Tree+Env () 
    [(,[Roots : root -> scopes^] ,slots ,frames ,scopes ,exports) 
     `(,root ,slots ,(calculate-frames scopes^) ,scopes^ ,exports)]) 
  (Roots : Roots (ir) -> * () 
    [(,[Module : mod* -> ref*] ...) (make-hasheq ref*)]) 
  (Module : Module (ir) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     (cons id rid)] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (cons id rid)])) 
 
;; Compute Exports 
(define-pass compute-exports : L8 (ir) -> L8 () 
  (Tree+Env : Tree+Env (ir) -> Tree+Env () 
    [(,[Roots : root -> exports^] ,slots ,frames ,scopes ,exports) 
     `(,root ,slots ,frames ,scopes ,exports^)]) 
  (Roots : Roots (ir) -> * () 
    [(,mod* ...) (make-hasheq (foldr Module '() mod*))]) 
  (Module : Module (ir x*) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     x*] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (foldr Expr x* e*)]) 
  (Expr : Expr (ir x*) -> * () 



    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (cons id ns) x*)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (cons id ns) x*)] 
    [else x*])) 
 
;; Anchor Variables to Frame and Slot 
(define (frame-field? x) 
  (eq? x 'frame)) 
(define (slot-field? x) 
  (eq? x 'slot)) 
 
(define-language L9 
  (extends L8) 
  (terminals 
    (+ (frame-field (frame)) 
       (slot-field (slot)) 
       (integer (fid sid)))) 
  (Expr (e) 
    (- (V.0 ([name ns] [uid id] [par pid] [ref rid])) 
       (B.1 ([name ns] [uid id] [par pid] [ref rid])) 
       (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
       (B.0 ([name ns] [uid id] [par pid] [ref rid]))) 
    (+ (V.0 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (B.1 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (V.1 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (B.0 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid]))))) 
 
(define-pass anchor-variables : L8 (ir) -> L9 () 
  (definitions 
    (define-values (slots frames scopes) 
      (nanopass-case (L8 Tree+Env) ir 
        [(,root ,slots ,frames ,scopes ,exports) 
         (values slots frames scopes)])) 
    (define (walk-refs rid) 
      (hash-ref scopes rid)) 
    (define (lookup-frame/slot ns rid) 
      (if (memq ns '(⍺ ⍵ ⍵⍵ ⍺⍺)) 
          (values -1 -1) 
          (let ([vars (hash-ref slots rid)]) 
            (let ([sid (index-of vars ns)] 
                  [fid (hash-ref frames rid)]) 
              (if sid 
                  (values fid sid) 
                  (let ([nid (walk-refs rid)]) 
                    (if (eq? nid rid) 
                        (values fid -1) 



                        (lookup-frame/slot ns nid))))))))) 
  (Expr : Expr (ir) -> Expr () 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid sid) (lookup-frame/slot ns rid)]) 
       `(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid] 
              [frame ,fid] [slot ,sid])))] 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid ns^) (lookup-frame/slot ns rid)]) 
       (let-values ([(fid sid)  
                     (lookup-frame/slot ns (walk-refs rid))]) 
         `(B.1 ([,name ,ns^] [,uid ,id] [,par ,pid] [,ref ,rid] 
                [frame ,fid] [slot ,sid]))))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid sid) (lookup-frame/slot ns rid)]) 
       `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid] 
              [frame ,fid] [slot ,sid])))] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid ns^) (lookup-frame/slot ns rid)]) 
       (let-values ([(fid sid)  
                     (lookup-frame/slot ns (walk-refs rid))]) 
         `(B.0 ([,name ,ns^] [,uid ,id] [,par ,pid] [,ref ,rid] 
                [frame ,fid] [slot ,sid]))))])) 
 



 

#!chezscheme 
 
(library (serial) 
  (export  
    load-ast 
    gen-ast 
    time-apply 
    time-compiler 
    run-benchmark 
    get-ast-memory-use 
    compiler 
    get-frames 
    get-slots 
    run-compiler) 
  (import  
    (chezscheme) 
    (nanopass)) 
 
(define (load-ast file) 
  (with-input-from-file file 
    (lambda () (read)))) 
 
(define (gen-ast size) 
  (symbolify (parse (make-list size (load-ast "s1_ast.sexpr"))))) 
 
(define (time-apply fn args) 
  (define-values (cpu-start real-start) 
    (values (cpu-time) (real-time))) 
  (define result (fn args)) 
  (define-values (cpu-end real-end) 
    (values (cpu-time) (real-time))) 
  (values result (- cpu-end cpu-start) (- real-end real-start) -1)) 
 
(define (time-compiler ast) 
  (define (time-pass res pass) 
    (collect (collect-maximum-generation)) 
    (let-values ([(z c r g) (time-apply pass (car res))]) 
      (list z (append (cadr res) `(,r))))) 
  (cadr (fold-left time-pass `(,ast ()) compiler))) 
 
(define (run-benchmark max) 
  (define (go) 
    (map (lambda (x) (time-compiler (gen-ast (expt 2 x)))) 
         (iota max))) 
  (map (lambda iter 
         (apply map 
                (lambda pass (/ (fold-right + 0 pass) 5.0)) 
                iter)) 



       (go) (go) (go) (go) (go))) 
 
(define (get-ast-memory-use n) 
  (collect (collect-maximum-generation)) 
  (let ([start (current-memory-bytes)]) 
    (let ([x (gen-ast (expt 2 n))]) 
      (collect (collect-maximum-generation)) 
      (let ([end (current-memory-bytes)]) 
        (cons (exact->inexact (/ (- end start) (expt 2 20))) 
              x))))) 
 
(define (run-compiler ast) 
  (fold-left (lambda (ast pass) (pass ast)) ast compiler)) 
 
(define compiler 
  `(,(lambda (x) (record-parent (uniquely-identify x))) 
    ,(lambda (x) (record-reference x)) 
    ,(lambda (x) (lift-functions x)) 
    ,(lambda (x) (wrap-expressions x)) 
    ,(lambda (x) (lift-guards x)) 
    ,(lambda (x) (count-index-children x)) 
    ,(lambda (x) (lift-expressions x)) 
    ,(lambda (x) (compute-slots x)) 
    ,(lambda (x) (compute-frames x)) 
    ,(lambda (x) (compute-exports x)) 
    ,(lambda (x) (anchor-variables x)) 
    )) 
 
(define (name-field? x) 
  (eq? x 'n)) 
 
(define (reference-field? x) 
  (eq? x 'r)) 
 
(define (parent-field? x) 
  (eq? x 'p)) 
 
(define (uid-field? x) 
  (eq? x 'uid)) 
 
(define (name/ref? x) 
  (or (number? x) (symbol? x) (string? x))) 
 
(define-language L_ 
  (terminals 
    (name-field (name)) 
    (string (ns))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns]) stmt* ...))   ;; Module 



  (Stmt (stmt) e f)              ;; Function Body Statement 
  (Func (f) 
    fb 
    (P.1 ([name ns]))              ;; Primitive Function 
    (V.1 ([name ns]))              ;; Function Variable 
    (F.1 ([name ns]) gstmt* ...)   ;; Dfns 
    (O.2 ([name ns]) oprim f)      ;; Monadic Operator 
    (O.5 ([name ns]) e oprim f)    ;; AOF Dyadic Operator 
    (O.7 ([name ns]) f oprim e)    ;; FOA Dyadic Operator 
    (O.8 ([name ns]) f1 oprim f2)) ;; FOF Dyadic Operator 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns]) e1 e2))       ;; Expression Guard 
  (FuncBind (fb) 
    (B.1 ([name ns]) f))           ;; Function Binding 
  (Expr (e) 
    v 
    (B.0 ([name ns]) e)            ;; Value Binding     
    (A.0 ([name ns]) num* ...)     ;; Literal Array 
    (A.3 ([name ns]) v* ...)       ;; Stranding; Semi-colon Span 
    (E.1 ([name ns]) f e)          ;; Monadic Expression 
    (E.2 ([name ns]) e f ebrk)     ;; Dyadic Expr or Bracket Indexing 
    (E.4 ([name ns]) v ebrk e))    ;; Assignment 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns]) e* ...))      ;; Bracket Expression 
  (Oprim (oprim) 
    (P.2 ([name ns])))             ;; Operator Primitive 
  (Number (num) 
    (N.0 ([name ns])))             ;; Scalar number 
  (Value (v) 
    (P.0 ([name ns]))              ;; Value Primitive 
    (V.0 ([name ns]))))             ;; Value Variable 
 
(define-parser parse L_) 
 
(define-language L0 
  (extends L_) 
  (terminals 
    (- (string (ns))) 
    (+ (name/ref (ns))))) 
 
(define-pass symbolify : L_ (ir) -> L0 () 
  (Module : Module (mod) -> Module () 
    [(F.0 ([,name ,ns]) ,[stmt*] ...) 
     `(F.0 ([,name ,(string->symbol ns)]) ,stmt* ...)]) 
  (Func : Func (f) -> Func () 
    [(P.1 ([,name ,ns])) 
     `(P.1 ([,name ,(string->symbol ns)]))] 
    [(V.1 ([,name ,ns])) 
     `(V.1 ([,name ,(string->symbol ns)]))] 



    [(F.1 ([,name ,ns]) ,[gstmt*] ...) 
     `(F.1 ([,name ,(string->symbol ns)]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,(string->symbol ns)]) ,oprim ,f)] 
    [(O.5 ([,name ,ns]) ,[e] ,[oprim] ,[f]) 
     `(O.5 ([,name ,(string->symbol ns)]) ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,(string->symbol ns)]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,(string->symbol ns)]) ,f1 ,oprim ,f2)]) 
  (Guard : Guard (g) -> Guard () 
    [(G.0 ([,name ,ns]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,(string->symbol ns)]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (fb) -> FuncBind () 
    [(B.1 ([,name ,ns]) ,[f]) 
     `(B.1 ([,name ,(string->symbol ns)]) ,f)]) 
  (Expr : Expr (e) -> Expr () 
    [(B.0 ([,name ,ns]) ,[e]) 
     `(B.0 ([,name ,(string->symbol ns)]) ,e)] 
    [(A.0 ([,name ,ns]) ,[num*] ...) 
     `(A.0 ([,name ,(string->symbol ns)]) ,num* ...)] 
    [(A.3 ([,name ,ns]) ,[v*] ...) 
     `(A.3 ([,name ,(string->symbol ns)]) ,v* ...)] 
    [(E.1 ([,name ,ns]) ,[f] ,[e]) 
     `(E.1 ([,name ,(string->symbol ns)]) ,f ,e)] 
    [(E.2 ([,name ,ns]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,(string->symbol ns)]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,(string->symbol ns)]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ebrk) -> BrkOrE () 
    [(E.3 ([,name ,ns]) ,[e*] ...) 
     `(E.3 ([,name ,(string->symbol ns)]) ,e* ...)]) 
  (Oprim : Oprim (oprim) -> Oprim () 
    [(P.2 ([,name ,ns])) 
     `(P.2 ([,name ,(string->symbol ns)]))]) 
  (Number : Number (num) -> Number () 
    [(N.0 ([,name ,ns])) 
     `(N.0 ([,name ,(string->symbol ns)]))]) 
  (Value : Value (v) -> Value () 
    [(P.0 ([,name ,ns])) 
     `(P.0 ([,name ,(string->symbol ns)]))] 
    [(V.0 ([,name ,ns])) 
     `(V.0 ([,name ,(string->symbol ns)]))])) 
 
(define-language L1 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (symbol (id)) 
    (name/ref (ns))) 
  (Roots (root) 



    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id]) stmt* ...)) 
  (Stmt (stmt) e f) 
  (Func (f) 
    fb 
    (P.1 ([name ns] [uid id])) 
    (V.1 ([name ns] [uid id])) 
    (F.1 ([name ns] [uid id]) gstmt* ...) 
    (O.2 ([name ns] [uid id]) oprim f) 
    (O.5 ([name ns] [uid id]) e oprim f) 
    (O.7 ([name ns] [uid id]) f oprim e) 
    (O.8 ([name ns] [uid id]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id]) e)  
    (A.0 ([name ns] [uid id]) num* ...) 
    (A.3 ([name ns] [uid id]) v* ...) 
    (E.1 ([name ns] [uid id]) f e) 
    (E.2 ([name ns] [uid id]) e f ebrk) 
    (E.4 ([name ns] [uid id]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id])) 
    (V.0 ([name ns] [uid id])))) 
 
(define-pass uniquely-identify : L0 (ir) -> L1 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns]) ,[stmt*] ...) 
     `(F.0 ([,name ,ns] [uid ,(gensym "F0:")]) ,stmt* ...)]) 
  (Func : Func (ir) -> Func () 
    [(P.1 ([,name ,ns])) 
     `(P.1 ([,name ,ns] [uid ,(gensym "P1:")]))] 
    [(V.1 ([,name ,ns])) 
     `(V.1 ([,name ,ns] [uid ,(gensym "V1:")]))] 
    [(F.1 ([,name ,ns]) ,[gstmt*] ...) 
     `(F.1 ([,name ,ns] [uid ,(gensym "F1:")]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,ns] [uid ,(gensym "O2:")]) ,oprim ,f)] 
    [(O.5 ([,name ,ns]) ,[e] ,[oprim] ,[f]) 



     `(O.5 ([,name ,ns] [uid ,(gensym "O5:")]) ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,ns] [uid ,(gensym "O7:")]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,ns] [uid ,(gensym "O8:")]) ,f1 ,oprim ,f2)]) 
  (Guard : Guard (ir) -> Guard () 
    [(G.0 ([,name ,ns]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,ns] [uid ,(gensym "G0:")]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir) -> FuncBind () 
    [(B.1 ([,name ,ns]) ,[f]) 
     `(B.1 ([,name ,ns] [uid ,(gensym "B1:")]) ,f)]) 
  (Expr : Expr (ir) -> Expr () 
    [(B.0 ([,name ,ns]) ,[e]) 
     `(B.0 ([,name ,ns] [uid ,(gensym "B0:")]) ,e)] 
    [(A.0 ([,name ,ns]) ,[num*] ...) 
     `(A.0 ([,name ,ns] [uid ,(gensym "A0:")]) ,num* ...)] 
    [(A.3 ([,name ,ns]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [uid ,(gensym "A3:")]) ,v* ...)] 
    [(E.1 ([,name ,ns]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [uid ,(gensym "E1:")]) ,f ,e)] 
    [(E.2 ([,name ,ns]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [uid ,(gensym "E2:")]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [uidp ,(gensym "E4:")]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE () 
    [(E.3 ([,name ,ns]) ,[e*] ...) 
     `(E.3 ([,name ,ns] [uid ,(gensym "E3:")]) ,e* ...)]) 
  (Oprim : Oprim (ir) -> Oprim () 
    [(P.2 ([,name ,ns])) 
     `(P.2 ([,name ,ns] [uid ,(gensym "P2:")]))]) 
  (Number : Number (ir) -> Number () 
    [(N.0 ([,name ,ns])) 
     `(N.0 ([,name ,ns] [uid ,(gensym "N0:")]))]) 
  (Value : Value (ir) -> Value () 
    [(P.0 ([,name ,ns])) 
     `(P.0 ([,name ,ns] [uid ,(gensym "P0:")]))] 
    [(V.0 ([,name ,ns])) 
     `(V.0 ([,name ,ns] [uid ,(gensym "V0:")]))]))   
 
;; Parent Vector 
(define-language L2 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (name/ref (ns)) 
    (symbol (id pid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id] [par pid]) stmt* ...)) 



  (Stmt (stmt) e f) 
  (Func (f) 
    fb 
    (P.1 ([name ns] [uid id] [par pid])) 
    (V.1 ([name ns] [uid id] [par pid])) 
    (F.1 ([name ns] [uid id] [par pid]) gstmt* ...) 
    (O.2 ([name ns] [uid id] [par pid]) oprim f) 
    (O.5 ([name ns] [uid id] [par pid]) e oprim f) 
    (O.7 ([name ns] [uid id] [par pid]) f oprim e) 
    (O.8 ([name ns] [uid id] [par pid]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id] [par pid]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id] [par pid]) e)  
    (A.0 ([name ns] [uid id] [par pid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid]) v* ...) 
    (E.1 ([name ns] [uid id] [par pid]) f e) 
    (E.2 ([name ns] [uid id] [par pid]) e f ebrk) 
    (E.4 ([name ns] [uid id] [par pid]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id] [par pid]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id] [par pid]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id] [par pid]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id] [par pid])) 
    (V.0 ([name ns] [uid id] [par pid])))) 
 
(define-pass record-parent : L1 (ir) -> L2 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns] [,uid ,id]) ,[stmt* id -> stmt*] ...) 
     `(F.0 ([,name ,ns] [,uid ,id] [p ,id]) ,stmt* ...)]) 
  (Stmt : Stmt (ir pid) -> Stmt ()) 
  (Func : Func (ir pid) -> Func () 
    [(P.1 ([,name ,ns] [,uid ,id])) 
     `(P.1 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(V.1 ([,name ,ns] [,uid ,id])) 
     `(V.1 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(F.1 ([,name ,ns] [,uid ,id]) ,[gstmt* id -> gstmt*] ...) 
     `(F.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns] [,uid ,id]) ,[oprim id -> oprim] ,[f id -> f]) 
     `(O.2 ([,name ,ns] [,uid ,id] [p ,pid]) ,oprim ,f)] 
    [(O.5 ([,name ,ns] [,uid ,id]) 
       ,[e id -> e] ,[oprim id -> oprim] ,[f id -> f]) 
     `(O.5 ([,name ,ns] [,uid ,id] [p ,pid]) ,e ,oprim ,f)] 



    [(O.7 ([,name ,ns] [,uid ,id]) 
       ,[f id -> f] ,[oprim id -> oprim] ,[e id -> e]) 
     `(O.7 ([,name ,ns] [,uid ,id] [p ,pid]) ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns] [,uid ,id]) 
       ,[f1 id -> f1] ,[oprim id -> oprim] ,[f2 id -> f2]) 
     `(O.8 ([,name ,ns] [,uid ,id] [p ,pid]) ,f1 ,oprim ,f2)]) 
  (GStmt : GStmt (ir pid) -> GStmt ()) 
  (Guard : Guard (ir pid) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id]) ,[e1 id -> e1] ,[e2 id -> e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir pid) -> FuncBind () 
    [(B.1 ([,name ,ns] [,uid ,id]) ,[f id -> f]) 
     `(B.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,f)]) 
  (Expr : Expr (ir pid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id]) ,[e id -> e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id]) ,[num* id -> num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [p ,pid]) ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id]) ,[v* id -> v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [p ,pid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id]) ,[f id -> f] ,[e id -> e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [p ,pid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id]) 
       ,[e id -> e] ,[f id -> f] ,[ebrk id -> ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [p ,pid]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id]) 
       ,[v id -> v] ,[ebrk id -> ebrk] ,[e id -> e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [p ,pid]) ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir pid) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id]) ,[e* id -> e*] ...) 
     `(E.3 ([,name ,ns] [,uid ,id] [p ,pid]) ,e* ...)]) 
  (Oprim : Oprim (ir pid) -> Oprim () 
    [(P.2 ([,name ,ns] [,uid ,id])) 
     `(P.2 ([,name ,ns] [,uid ,id] [p ,pid]))]) 
  (Number : Number (ir pid) -> Number () 
    [(N.0 ([,name ,ns] [,uid ,id])) 
     `(N.0 ([,name ,ns] [,uid ,id] [p ,pid]))]) 
  (Value : Value (ir pid) -> Value () 
    [(P.0 ([,name ,ns] [,uid ,id])) 
     `(P.0 ([,name ,ns] [,uid ,id] [p ,pid]))] 
    [(V.0 ([,name ,ns] [,uid ,id])) 
     `(V.0 ([,name ,ns] [,uid ,id] [p ,pid]))])) 
 
;; Reference Vector 
(define-language L3 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (reference-field (ref)) 
    (name/ref (ns)) 



    (symbol (id pid rid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.0 ([name ns] [uid id] [par pid] [ref rid]) stmt* ...)) 
  (Stmt (stmt) e f) 
  (Func (f) 
    fb 
    (P.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...) 
    (O.2 ([name ns] [uid id] [par pid] [ref rid]) oprim f) 
    (O.5 ([name ns] [uid id] [par pid] [ref rid]) e oprim f) 
    (O.7 ([name ns] [uid id] [par pid] [ref rid]) f oprim e) 
    (O.8 ([name ns] [uid id] [par pid] [ref rid]) f1 oprim f2)) 
  (GStmt (gstmt) g e fb) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid] [ref rid]) e1 e2)) 
  (FuncBind (fb) 
    (B.1 ([name ns] [uid id] [par pid] [ref rid]) f)) 
  (Expr (e) 
    v 
    (B.0 ([name ns] [uid id] [par pid] [ref rid]) e)  
    (A.0 ([name ns] [uid id] [par pid] [ref rid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid] [ref rid]) v* ...) 
    (E.1 ([name ns] [uid id] [par pid] [ref rid]) f e) 
    (E.2 ([name ns] [uid id] [par pid] [ref rid]) e f ebrk) 
    (E.4 ([name ns] [uid id] [par pid] [ref rid]) v ebrk e)) 
  (BrkOrE (ebrk) 
    e 
    (E.3 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (Oprim (oprim) 
    (P.2 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Number (num) 
    (N.0 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Value (v) 
    (P.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.0 ([name ns] [uid id] [par pid] [ref rid])))) 
 
(define-pass record-reference : L2 (ir) -> L3 () 
  (Module : Module (ir) -> Module () 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid])  
       ,[stmt* id -> stmt*] ...) 
     `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,id]) ,stmt* ...)]) 
  (Stmt : Stmt (ir rid) -> Stmt ()) 
  (Func : Func (ir rid) -> Func () 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid]) 



       ,[gstmt* id -> gstmt*] ...) 
     `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,gstmt* ...)] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[oprim] ,[f]) 
     `(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,oprim ,f)] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e] ,[oprim] ,[f]) 
     `(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  
        ,e ,oprim ,f)] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f] ,[oprim] ,[e]) 
     `(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  
        ,f ,oprim ,e)] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f1] ,[oprim] ,[f2]) 
     `(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) 
        ,f1 ,oprim ,f2)]) 
  (GStmt : GStmt (ir rid) -> GStmt ()) 
  (Guard : Guard (ir rid) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e1] ,[e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e1 ,e2)]) 
  (FuncBind : FuncBind (ir rid) -> FuncBind () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f]) 
     `(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,f)]) 
  (Expr : Expr (ir rid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid])  
        ,v ,ebrk ,e)]) 
  (BrkOrE : BrkOrE (ir rid) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid]) ,[e*] ...) 
     `(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]) ,e* ...)]) 
  (Oprim : Oprim (ir rid) -> Oprim () 
    [(P.2 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.2 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))]) 
  (Number : Number (ir rid) -> Number () 
    [(N.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(N.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))]) 
  (Value : Value (ir rid) -> Value () 
    [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))] 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid])) 
     `(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [r ,rid]))])) 
 
;; Lift Functions 
(define-language L4 



  (extends L3) 
  (Module (mod) 
    (+ (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...))) 
  (Func (f) 
    (- (F.1 ([name ns] [uid id] [par pid] [ref rid]) gstmt* ...)))) 
 
(define-pass lift-functions : L3 (ir) -> L4 () 
  (Roots : Roots (ir) -> Roots () 
    [(,[mod* mod**] ...) 
     (let ([nmod* (apply append mod**)]) 
       `(,mod* ... ,nmod* ...))]) 
  (Module : Module (ir) -> Module (fn*) 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[stmt* fn**] ...) 
     (values `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,stmt* ...) 
             (apply append fn**))]) 
  (Stmt : Stmt (ir) -> Stmt (fn*)) 
  (Func : Func (ir) -> Func (fn*) 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (values `(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
             `())] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (values `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
             `())] 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[gstmt* fn**] ...) 
     (let ([f (in-context Module 
                `(F.1 ([,name ,ns] [,uid ,id] [,par ,id] [,ref ,rid]) 
                   ,gstmt* ...))]) 
       (values `(V.1 ([n ,id] 
                      [uid ,(gensym "V1:")] 
                      [,par ,pid] 
                      [,ref ,rid])) 
               (apply append (list f) fn**)))] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[oprim] ,[f fn*]) 
     (values `(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,oprim ,f) 
             fn*)] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e fn1*] ,[oprim] ,[f fn2*]) 
     (values `(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e ,oprim ,f) 
             (append fn1* fn2*))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f fn1*] ,[oprim] ,[e fn2*]) 
     (values `(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f ,oprim ,e) 
             (append fn1* fn2*))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 



       ,[f1 fn1*] ,[oprim] ,[f2 fn2*]) 
     (values `(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f1 ,oprim ,f2) 
             (append fn1* fn2*))]) 
  (GStmt : GStmt (ir) -> GStmt (fn*)) 
  (Guard : Guard (ir) -> Guard (fn*) 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e1 f1*] ,[e2 f2*]) 
     (values `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e1 ,e2) 
             (append f1* f2*))]) 
  (FuncBind : FuncBind (fb) -> FuncBind (fn*) 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f fn*]) 
     (values `(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
                ,f) 
             fn*)]) 
  (Expr : Expr (ir) -> Expr (fn*) 
    [,v (values (Value v) `())] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e fn*]) 
     (values `(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
                ,e) 
             fn*)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[num*] ...) 
     (values `(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,num* ...) 
             `())] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     (values `(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,v* ...) 
             `())] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f fn1*] ,[e fn2*]) 
     (values `(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,f ,e) 
             (append fn1* fn2*))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e fn1*] ,[f fn2*] ,[ebrk fn3*]) 
     (values `(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e ,f ,ebrk) 
             (append fn1* fn2* fn3*))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[v] ,[ebrk fn1*] ,[e fn2*]) 
     (values `(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,v ,ebrk ,e) 
             (append fn1* fn2*))]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE (fn*) 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e* fn**] ...) 
     (values `(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
                ,e* ...) 



             (apply append fn**))]) 
  (Value : Value (ir) -> Value ())) 
 
;; Wrap Expressions 
(define-language L5 
  (extends L4) 
  (GStmt (gstmt) 
    (- e fb) 
    (+ wx)) 
  (Guard (g) 
    (- (G.0 ([name ns] [uid id] [par pid] [ref rid]) e1 e2)) 
    (+ (G.0 ([name ns] [uid id] [par pid] [ref rid]) e wx))) 
  (WrapExpr (wx) 
    (+ (E.0 ([name ns] [uid id] [par pid] [ref rid]) stmt) 
       (E_1 ([name ns] [uid id] [par pid] [ref rid]) stmt))) 
  (Module (mod) 
    (- (F.0 ([name ns] [uid id] [par pid] [ref rid]) stmt* ...)) 
    (+ (F.0 ([name ns] [uid id] [par pid] [ref rid]) wx* ...)))) 
 
(define-pass wrap-expressions : L4 (ir) -> L5 () 
  (Stmt : Stmt (ir) -> WrapExpr () 
    [,e (WrapExpr e #t)] 
    [,f (WrapFunc f)]) 
  (GStmt : GStmt (ir) -> GStmt () 
    [,e (WrapExpr e #t)] 
    [,fb (WrapFunc fb)]) 
  (Guard : Guard (ir) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e1] ,[WrapExpr : e2 #f -> e2]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e1 ,e2)]) 
  (WrapExpr : Expr (ir func?) -> WrapExpr () 
    (definitions 
      (define E0 (gensym "E0:")) 
      (define E1 (gensym "E¯1:"))) 
    [,v 
     (nanopass-case (L4 Value) v 
       [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
        `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
           (P.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid])))] 
       [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
        `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
           (V.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid])))])] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e]) 
     (if func? 
         `(E_1 ([n |0|] [uid ,E1] [p ,pid] [r ,rid]) 
            (B.0 ([,name ,ns] [,uid ,id] [,par ,E1] [,ref ,rid]) ,e)) 
         `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
            (B.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
              ,e)))] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[num*] ...) 



     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (A.0 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,num* ...))] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (A.3 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,v* ...))] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f] ,[e]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.1 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,f ,e))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e] ,[f] ,[ebrk]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.2 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,e ,f ,ebrk))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[v] ,[ebrk] ,[e]) 
     `(E.0 ([n |0|] [uid ,E0] [p ,pid] [r ,rid]) 
        (E.4 ([,name ,ns] [,uid ,id] [,par ,E0] [,ref ,rid]) 
          ,v ,ebrk ,e))]) 
  (Func : Func (ir) -> Func ()) 
  (WrapFunc : Func (ir) -> WrapExpr () 
    (definitions 
      (define sym (gensym "E¯1:"))) 
    [,fb 
     (nanopass-case (L4 FuncBind) fb 
       [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f) 
        `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
           (B.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
             ,(Func f)))])] 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (P.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid])))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (V.1 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid])))] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[oprim] ,[f]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.2 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,oprim ,f))] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e] ,[oprim] ,[f]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.5 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,e ,oprim ,f))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f] ,[oprim] ,[e]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.7 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 



          ,f ,oprim ,e))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[f1] ,[oprim] ,[f2]) 
     `(E_1 ([n |0|] [uid ,sym] [p ,pid] [r ,rid]) 
        (O.8 ([,name ,ns] [,uid ,id] [,par ,sym] [,ref ,rid]) 
          ,f1 ,oprim ,f2))])) 
 
;; Lift Guards 
(define-language L6 
  (extends L5) 
  (GStmt (gstmt) 
    (+ e)) 
  (Guard (g) 
    (- (G.0 ([name ns] [uid id] [par pid] [ref rid]) e wx)) 
    (+ (G.0 ([name ns] [uid id] [par pid] [ref rid]) wx)))) 
 
(define-pass lift-guards : L5 (ir) -> L6 () 
  (Module : Module (ir) -> Module () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[GStmt : gstmt* -> gstmt**] ...) 
     (let ([gstmt* (apply append gstmt**)]) 
       `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
          ,gstmt* ...))]) 
  (WrapExpr : WrapExpr (ir) -> WrapExpr ()) 
  (GStmt : GStmt (ir) -> * () 
    [,wx (list (WrapExpr wx))] 
    [,g (let-values ([(g t) (Guard g)]) (list t g))]) 
  (Guard : Guard (ir) -> Guard (tst) 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
       ,[LiftExpr : e pid -> e] ,[wx]) 
     (values `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])  
                ,wx) 
             e)]) 
  (LiftExpr : Expr (ir nid) -> Expr () 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e]) 
     `(B.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,e)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[num*] ...) 
     `(A.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) 
        ,num* ...)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     `(A.3 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,v* ...)] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[f] ,[e]) 
     `(E.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) ,f ,e)] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[e] ,[f] ,[ebrk]) 
     `(E.2 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) 
        ,e ,f ,ebrk)] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[v] ,[ebrk] ,[e]) 
     `(E.4 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) 



        ,v ,ebrk ,e)])) 
 
;; Count Index Children 
(define-pass count-index-children : L6 (ir) -> L6 () 
  (Expr : Expr (ir) -> Expr () 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[v*] ...) 
     `(A.3 ([,name ,(length v*)] [,uid ,id] [,par ,pid] [,ref ,rid]) 
        ,v* ...)]) 
  (BrkOrE : BrkOrE (ir) -> BrkOrE () 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,[e*] ...) 
     `(E.3 ([,name ,(length e*)] [,uid ,id] [,par ,pid] [,ref ,rid]) 
        ,e* ...)])) 
 
;; Lift Expressions 
(define-language L7 
  (terminals 
    (name-field (name)) 
    (uid-field (uid)) 
    (parent-field (par)) 
    (reference-field (ref)) 
    (name/ref (ns)) 
    (symbol (id pid rid))) 
  (Roots (root) 
    (mod* ...)) 
  (Module (mod) 
    (F.1 ([name ns] [uid id] [par pid] [ref rid]) ge* ...) 
    (F.0 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (GorE (ge) g e) 
  (Guard (g)    
    (G.0 ([name ns] [uid id] [par pid] [ref rid]) e* ...)) 
  (Expr (e) 
    (P.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (P.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.3 ([name ns] [uid id] [par pid] [ref rid])) 
    (B.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (P.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.5 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.7 ([name ns] [uid id] [par pid] [ref rid])) 
    (O.8 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.0 ([name ns] [uid id] [par pid] [ref rid])) 
    (E_1 ([name ns] [uid id] [par pid] [ref rid])) 
    (B.0 ([name ns] [uid id] [par pid] [ref rid]))  
    (A.0 ([name ns] [uid id] [par pid] [ref rid]) num* ...) 
    (A.3 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.1 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.2 ([name ns] [uid id] [par pid] [ref rid])) 
    (E.4 ([name ns] [uid id] [par pid] [ref rid]))) 
  (Number (num) 



    (N.0 ([name ns] [uid id] [par pid] [ref rid])))) 
 
(define-pass lift-expressions : L6 (ir) -> L7 () 
  (Module : Module (ir) -> Module () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,gstmt* ...) 
     (let ([ge* (fold-right  
                  (lambda (gstmt e*) (GorE gstmt e* id)) 
                  '() gstmt*)]) 
       `(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
          ,ge* ...))] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,wx* ...) 
     (let ([e* (fold-right  
                 (lambda (wx e*) (WrapExpr wx e* id)) 
                 '() wx*)]) 
       `(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
          ,e* ...))]) 
  (GorE : GStmt (ir e* pid) -> * () 
    [,e (Expr e e* pid)] 
    [,wx (WrapExpr wx e* pid)] 
    [,g (cons (Guard g) e*)]) 
  (Stmt : Stmt (ir e* pid) -> * () 
    [,e (Expr e e* pid)] 
    [,f (Func f e* pid)]) 
  (Guard : Guard (ir) -> Guard () 
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[WrapExpr : wx '() id -> e*]) 
     `(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...)]) 
  (WrapExpr : WrapExpr (ir e* nid) -> * () 
    [(E.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,stmt) 
     (Stmt stmt 
           (cons (in-context Expr 
                   `(E.0 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid] 
                          [,ref ,rid]))) 
                 e*) 
           nid)] 
    [(E_1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,stmt) 
     (Stmt stmt 
           (cons (in-context Expr 
                   `(E_1 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)]) 
  (Expr : Expr (ir e* nid) -> * () 
    [,v (Value v e* nid)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e) 
     (Expr e 



           (cons (in-context Expr 
                   `(B.0 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)] 
    [(A.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,[num*] ...) 
     (cons (in-context Expr 
             `(A.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]) 
                ,num* ...)) 
           e*)] 
    [(A.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,v* ...) 
     (let* ([e* (cons (in-context Expr 
                        `(A.3 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)]) 
       (fold-left (lambda (e* v) (Value v e* nid)) e* v*))] 
    [(E.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(E.1 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f e* nid)]) 
       (Expr e e* nid))] 
    [(E.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,e ,f ,ebrk) 
     (let* ([e* (cons (in-context Expr 
                        `(E.2 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Expr e e* nid)] 
            [e* (Func f e* nid)]) 
       (BrkOrE ebrk e* nid))] 
    [(E.4 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,v ,ebrk ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(E.4 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Value v e* nid)] 
            [e* (BrkOrE ebrk e* nid)]) 



       (Expr e e* nid))]) 
  (Func : Func (ir e* nid) -> * () 
    [,fb (FuncBind fb e* nid)] 
    [(P.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(V.1 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(O.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,oprim ,f) 
     (let* ([e* (cons (in-context Expr 
                        `(O.2 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Oprim oprim e* nid)]) 
       (Func f e* nid))] 
    [(O.5 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,e ,oprim ,f) 
     (let* ([e* (cons (in-context Expr 
                        `(O.5 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Expr e e* nid)] 
            [e* (Oprim oprim e* nid)]) 
       (Func f e* nid))] 
    [(O.7 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,f ,oprim ,e) 
     (let* ([e* (cons (in-context Expr 
                        `(O.7 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f e* nid)] 
            [e* (Oprim oprim e* nid)]) 
       (Expr e e* nid))] 
    [(O.8 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) 
       ,f1 ,oprim ,f2) 
     (let* ([e* (cons (in-context Expr 
                        `(O.8 ([,name ,ns]  
                               [,uid ,id]  
                               [,par ,nid]  
                               [,ref ,rid]))) 
                      e*)] 
            [e* (Func f1 e* nid)] 



            [e* (Oprim oprim e* nid)]) 
       (Func f2 e* nid))]) 
  (FuncBind : FuncBind (ir e* nid) -> * () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,f) 
     (Func f 
           (cons (in-context Expr 
                   `(B.1 ([,name ,ns]  
                          [,uid ,id]  
                          [,par ,nid]  
                          [,ref ,rid]))) 
                 e*) 
           nid)]) 
  (BrkOrE : BrkOrE (ir te* nid) -> * () 
    [,e (Expr e te* nid)] 
    [(E.3 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (fold-left  
       (lambda (te* e) (Expr e te* nid)) 
       (cons (in-context Expr 
               `(E.3 ([,name ,ns]  
                      [,uid ,id]  
                      [,par ,nid]  
                      [,ref ,rid]))) 
             te*) 
       e*)]) 
  (Oprim : Oprim (ir e* nid) -> * () 
    [(P.2 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.2 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)]) 
  (Value : Value (ir e* nid) -> * () 
    [(P.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(P.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)] 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (in-context Expr 
             `(V.0 ([,name ,ns] [,uid ,id] [,par ,nid] [,ref ,rid]))) 
           e*)]) 
  (Number : Number (ir) -> Number ())) 
 
;; Compute Slots 
(define-language L8 
  (extends L7) 
  (entry Tree+Env) 
  (terminals 
    (+ (hashtable (slots frames scopes exports)))) 
  (Tree+Env (ast) 
    (+ (root slots frames scopes exports)))) 
 
(define (remove-duplicates lst) 
  (let ([lst (sort (lambda (x y)  



                     (string<? (symbol->string x) (symbol->string y))) 
                   lst)]) 
    (fold-right  
      (lambda (x y)  
        (cond 
          [(null? y) (cons x y)] 
          [(eq? x (car y)) y] 
          [else (cons x y)])) 
      '() 
      lst))) 
 
(define-pass compute-slots : L7 (ir) -> L8 () 
  (Roots : Roots (ir) -> Tree+Env () 
    [(,[mod1 -> mod2] ...) 
     (let ([db (make-eq-hashtable)]) 
       (for-each (lambda (x) (hashtable-set! db (car x) (cdr x))) 
                 (map Module mod1)) 
       `((,mod2 ...)  
         ,db  
         ,(make-eq-hashtable)  
         ,(make-eq-hashtable) 
         ,(make-eq-hashtable)))]) 
  (Module : Module (ir) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     (cons id 
           (remove-duplicates (fold-right GorE '() ge*)))] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (cons id 
           (remove-duplicates (fold-right Expr '() e*)))]) 
  (GorE : GorE (ir b*) -> * () 
    [,g (Guard g b*)] 
    [,e (Expr e b*)]) 
  (Guard : Guard (ir b*) -> * ()    
    [(G.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (fold-right Expr '() b*)]) 
  (Expr : Expr (ir b*) -> * () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons ns b*)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons ns b*)] 
    [else b*]) 
  (Roots ir)) 
 
;; Compute Frames 
(define-pass compute-frames : L8 (ir) -> L8 () 
  (definitions 
    (define (calculate-frames db) 
      (define (calculate-frame f) 
        (let ([x (hashtable-ref db f #f)]) 
          (cond 
            [(not x) (error 'compute-frames "Bad frame lookup.")] 



            [(eq? x f) 0] 
            [else (+ 1 (calculate-frame x))]))) 
      (let ([db2 (make-eq-hashtable)]) 
        (vector-for-each  
          (lambda (x) (hashtable-set! db2 x (calculate-frame x))) 
          (hashtable-keys db)) 
        db2))) 
  (Tree+Env : Tree+Env (ir) -> Tree+Env () 
    [(,[Roots : root -> scopes^] ,slots ,frames ,scopes ,exports) 
     `(,root ,slots ,(calculate-frames scopes^) ,scopes^ ,exports)]) 
  (Roots : Roots (ir) -> * () 
    [(,[Module : mod* -> ref*] ...) 
     (let ([db (make-eq-hashtable)]) 
       (for-each (lambda (x) (hashtable-set! db (car x) (cdr x))) 
                 ref*) 
       db)]) 
  (Module : Module (ir) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     (cons id rid)] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (cons id rid)])) 
 
;; Compute Exports 
(define-pass compute-exports : L8 (ir) -> L8 () 
  (Tree+Env : Tree+Env (ir) -> Tree+Env () 
    [(,[Roots : root -> exports^] ,slots ,frames ,scopes ,exports) 
     `(,root ,slots ,frames ,scopes ,exports^)]) 
  (Roots : Roots (ir) -> * () 
    [(,mod* ...)  
     (let ([db (make-eq-hashtable)]) 
       (for-each (lambda (x) (hashtable-set! db (car x) (cdr x))) 
         (fold-right Module '() mod*)) 
       db)]) 
  (Module : Module (ir x*) -> * () 
    [(F.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,ge* ...) 
     x*] 
    [(F.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid]) ,e* ...) 
     (fold-right Expr x* e*)]) 
  (Expr : Expr (ir x*) -> * () 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (cons id ns) x*)] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (cons (cons id ns) x*)] 
    [else x*])) 
 
;; Anchor Variables to Frame and Slot 
(define (frame-field? x) 
  (eq? x 'frame)) 
(define (slot-field? x) 
  (eq? x 'slot)) 
 



(define-language L9 
  (extends L8) 
  (terminals 
    (+ (frame-field (frame)) 
       (slot-field (slot)) 
       (integer (fid sid)))) 
  (Expr (e) 
    (- (V.0 ([name ns] [uid id] [par pid] [ref rid])) 
       (B.1 ([name ns] [uid id] [par pid] [ref rid])) 
       (V.1 ([name ns] [uid id] [par pid] [ref rid])) 
       (B.0 ([name ns] [uid id] [par pid] [ref rid]))) 
    (+ (V.0 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (B.1 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (V.1 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid])) 
       (B.0 ([name ns] [uid id] [par pid]  
             [ref rid] [frame fid] [slot sid]))))) 
 
(define (get-frames ast) 
  (nanopass-case (L8 Tree+Env) ast 
    [(,root ,slots ,frames ,scopes ,exports) frames])) 
 
(define (get-slots ast) 
   (nanopass-case (L8 Tree+Env) ast 
     [(,root ,slots ,frames ,scopes ,exports) slots])) 
 
(define-pass anchor-variables : L8 (ir) -> L9 () 
  (definitions 
    (define (index-of lst key) 
      (let loop ([lst lst] [i 0]) 
        (cond 
          [(null? lst) #f] 
          [(eqv? key (car lst)) i] 
          [else (loop (cdr lst) (+ 1 i))]))) 
    (define-values (slots frames scopes) 
      (nanopass-case (L8 Tree+Env) ir 
        [(,root ,slots ,frames ,scopes ,exports) 
         (values slots frames scopes)])) 
    (define (walk-refs rid) 
      (hashtable-ref scopes rid #f)) 
    (define (lookup-frame/slot ns rid) 
      (if (memq ns '(⍺ ⍵ ⍵⍵ ⍺⍺)) 
          (values -1 -1) 
          (let ([vars (hashtable-ref slots rid #f)]) 
            (assert vars) 
            (let ([sid (index-of vars ns)] 
                  [fid (hashtable-ref frames rid #f)]) 
              (assert fid) 
              (if sid 



                  (values fid sid) 
                  (let ([nid (walk-refs rid)]) 
                    (assert nid) 
                    (if (eq? nid rid) 
                        (values fid -1) 
                        (lookup-frame/slot ns nid))))))))) 
  (Expr : Expr (ir) -> Expr () 
    [(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid sid) (lookup-frame/slot ns rid)]) 
       `(V.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid] 
              [frame ,fid] [slot ,sid])))] 
    [(B.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid ns^) (lookup-frame/slot ns rid)]) 
       (let-values ([(fid sid)  
                     (lookup-frame/slot ns (walk-refs rid))]) 
         `(B.1 ([,name ,ns^] [,uid ,id] [,par ,pid] [,ref ,rid] 
                [frame ,fid] [slot ,sid]))))] 
    [(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid sid) (lookup-frame/slot ns rid)]) 
       `(V.1 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid] 
              [frame ,fid] [slot ,sid])))] 
    [(B.0 ([,name ,ns] [,uid ,id] [,par ,pid] [,ref ,rid])) 
     (let-values ([(fid ns^) (lookup-frame/slot ns rid)]) 
       (let-values ([(fid sid)  
                     (lookup-frame/slot ns (walk-refs rid))]) 
         `(B.0 ([,name ,ns^] [,uid ,id] [,par ,pid] [,ref ,rid] 
                [frame ,fid] [slot ,sid]))))])) 
 
) 
 



 

:Namespace s1 
 
r←0.02 ⋄ v←0.03 
 
Run←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 L←|(((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT)-vsqrtT 
 (÷(○2)*0.5)×(*(L×L)÷¯2)×÷1+0.2316419×L} 
 
coeff←0.31938153 ¯0.356563782 1.781477937 ¯1.821255978 1.33027442 
CNDP2←{L←|⍵ ⋄ B←⍵≥0 
 R←(÷(○2)*0.5)×(*(L×L)÷¯2)×{coeff+.×⍵*1+⍳5}¨÷1+0.2316419×L 
 (1 ¯1)[B]×((0 ¯1)[B])+R 
} 
bs←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT 
 CD1←CNDP2 D1 ⋄ CD2←CNDP2 D2 ⋄ e←*(-r)×T 
 ((S×CD1)-X×e×CD2),[0.5](X×e×1-CD2)-S×1-CD1 
} 
 
bs1←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 ((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT} 
 
bs2←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2 D1} 
 
CNDP2∆1←{L←|⍵ ⋄ B←⍵≥0 
 (÷(○2)*0.5)×(*(L×L)÷¯2)×{coeff+.×⍵*1+⍳5}¨÷1+0.2316419×L} 
bs3←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2∆1 D1} 
 
CNDP2∆2←{L←|⍵ ⋄ B←⍵≥0 ⋄ ÷1+0.2316419×L} 
bs4←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2∆2 D1} 
 
CNDP2∆3←{L←|⍵ ⋄ B←⍵≥0 ⋄ {1+⍵}¨÷1+0.2316419×L} 
bs5←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2∆3 D1} 
 
bs6←{coeff+.×⍵} 
 
bs7←{{coeff+.×⍵*1 2 3 4 5}¨⍵} 
 
CNDP2∆4←{L←|⍵ ⋄ B←⍵≥0 ⋄ {coeff+.×⍵*1+⍳5}¨÷1+0.2316419×L} 
bs8←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 
 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2∆4 D1} 
 
CNDP2∆5←{L←|⍵ ⋄ B←⍵≥0 ⋄ 5×{coeff+.×⍵*1+⍳5}¨÷1+0.2316419×L} 
bs9←{S←0⌷⍵ ⋄ X←1⌷⍵ ⋄ T←⍺ ⋄ vsqrtT←v×T*0.5 



 D1←((⍟S÷X)+(r+(v*2)÷2)×T)÷vsqrtT ⋄ D2←D1-vsqrtT ⋄ CNDP2 D1} 
 
X←1 
 
R1←{⍵: 0 ⋄ 1} ⋄ R2←{~⍵: 0 ⋄ 1} ⋄ R3←{~⍵∨⍵: 0 ⋄ 1} 
R4←{X: 0 ⋄ 1} ⋄ R5←{X←~⍵ ⋄ X:0 ⋄ 1}  
 
:EndNamespace 
 



 

⍝ Co-dfns GPU vs. CPU 
0.039 0.041 0.087 0      0.099 0     0     0      0.165  0     0     0     
0.04  0.05  0.072 0      0.09  0     0     0      0      0     0     0.031 
0.062 0.029 0.075 0      0.162 0     0     0.231  0.147  0     0     0.059 
0.087 0.065 0     0      0.453 0     0     0.079  0.299  0     0     0.06  
0.152 0.095 0.117 0      0.74  0.277 0     0.293  0.283  0     0     0.1   
0.265 0.176 0.308 0      1.313 0     0.241 0.814  0.08   0     1.06  0.05  
0.524 0.38  0.472 0.748  2.31  0     0.435 1.408  0.486  0     0     0.158 
0.87  0.629 0.779 0.721  3.798 0.452 0.392 1.997  0.763  0.412 0     0.248 
1.402 1.038 1.015 1.399  6.242 0.41  0.73  2.408  0.799  0.204 1.114 0.428 
2.136 1.568 1.415 2.391  8.205 1.118 0.881 3.108  1.261  0.629 1.294 0.776 
2.885 1.957 1.948 3.873 10.31  1.876 1.279 3.946  1.983  0.855 1.313 1.186 
3.845 2.779 2.524 4.154 11.879 2.552 1.811 4.58   3.276  1.943 2.173 1.737 
4.574 3.634 2.828 5.489 13.12  2.977 2.369 4.879  5.314  2.921 2.671 2.301 
5.477 4.321 3.103 5.492 14.465 3.46  2.788 5.339  9.444 33.864 3.149 3.544 
5.963 4.764 3.318 8.786 17.282 3.737 3.017 5.475 13.568  5.007 3.152 4.045 
 
⍝ Co-dfns CPU vs. Racket Nanopass 
10.6    4       4      120      7      140      40     120       7       1       1     120     
10.167  3.333   5      100      5      200     100     100     100       1       1      11     
11.8   10       8      240      6      240     240       5.5    13      40       1       8     
15.267  7.8   380      440      5.2    480     420      21      12      20       1      16     
15.931  9.75   19.5    820      5.889   47     880      14.333  25      20      20      16.25  
17.926 12.875  15.2   1620      6.313 1860      86       7.909  99      20       1.5    67.5   
20.328 11.263  21.889   54.25   8.097 4680     110      11.35   51     100      60      45.857 
23.347 12.229  24.722  119.5    9.049  256     243.5    12.6    71.375   3.5   120      57.917 
27     15.162  30.133  106.667  9.714  534     254.75   13.507 109      16       3.667  69.714 
29.232 23.683  29.016   98.35   9.954  308.143 339.5    13.019 113.714   7.5     4.6    64.13  
27.744 23.178  26.035   81.917  9.786  240.667 319.462  11.344 125.868   9.143   5.875  59.44  
27.013 23.519  22.914   92.965  9.787  218.175 287.103  10.394 139.058  10.467   5      57.721 
34.705 21.273  21.488   78.365 14.73   344.531 421.203  15.674 198.141  16.034   5.974  75.563 
32.924 22.914  21.191   90.626 14.72   327.116 419.603  17.187 156.27    2.252   8.188  53.441 
33.433 21.442  21.258   60.79  14.322  369.242 458.082  17.677 136.372  19.892   8.658  50.921 
 
⍝ Co-dfns GPU vs. Racket Nanopass 
  0.417   0.164  0.347   1.587   0.695    2.499    0.575  0.775    1.157  0.012  0.033   0.222 
  0.404   0.165  0.361   1.215   0.449    3.049    1.225  0.583    0.764  0.011  0.028   0.339 
  0.726   0.29   0.596   2.526   0.972    3.432    2.841  1.273    1.907  0.455  0.028   0.474 
  1.332   0.511  1.347   5.05    2.358    7.679    5.281  1.666    3.587  0.228  0.026   0.959 
  2.423   0.921  2.286   8.788   4.356   13.022    9.738  4.205    7.072  0.204  0.524   1.629 
  4.743   2.264  4.686  17.341   8.288   24.074   20.711  6.441    7.871  0.227  1.59    3.403 
 10.646   4.284 10.342  40.576  18.707   60.581   47.856 15.979   24.785  1.076  1.526   7.259 
 20.323   7.695 19.251  86.111  34.371  115.761   95.385 25.157   54.467  1.44   2.661  14.345 
 37.843  15.746 30.585 149.261  60.638  218.987  186.058 32.522   87.094  3.257  4.086  29.823 
 62.443  37.139 41.06  235.144  81.672  344.525  299.123 40.455  143.404  4.715  5.954  49.762 
 80.048  45.358 50.72  317.268 100.893  451.518  408.587 44.764  249.583  7.818  7.714  70.504 
103.861  65.349 57.831 386.17  116.261  556.867  519.888 47.611  455.51  20.338 10.865 100.243 
158.749  77.315 60.758 430.178 193.246 1025.525  997.986 76.465 1052.9   46.834 15.954 173.844 
180.309  99.018 65.762 497.751 212.93  1131.788 1169.84  91.758 1475.856 76.262 25.786 189.405 
199.36  102.155 70.544 534.113 247.517 1379.818 1381.824 96.78  1850.244 99.602 27.293 205.981 
 

  



⍝ Co-dfns CPU vs. Chez Scheme Nanopass 
0.2   0.5   0.5    1     0.5     1       1     1      0.5   1     1      1     
1.5   0.333 0.5    2     0.5     4       2     1      2     1     1      3     
2     1.5   1      4     0.25    4       4     1.5    4     2     1      1     
1.867 0.6   2      4     0.2     6       8     1      2.5   1     4      3     
2.621 0.875 2.5   12     0.889   9      18     2.333  6     2     1      3     
2.722 0.875 1.8   20     0.875  32      16     1.273 27     1     0.5   13     
3.336 2.658 2.444  6.5   0.935  68      16.5   1.45  11.4   2     6      7.429 
5.352 3.6   4.556 21.5   1.607  53      55.5   2.65  21.125 1     8     13     
6.982 5.043 5.467 23     1.958 127      63.75  3.52  35.545 5     2.667 17.429 
8.122 5.932 7.081 24.45  2.374  82      98     3.969 42.905 2.25  3     18.783 
8.481 7.18  6.383 22.167 2.558  73.111  99.154 3.645 49.368 2.571 4.25  18.42  
9.112 7.709 6.628 27.709 2.907  74.025  98.172 3.694 59.913 4.067 5     19.659 
9.259 7.909 6.431 24.7   3.056  75.84   94.813 3.869 56.51  5.793 5.184 18.374 
9.233 7.463 7.284 31.651 3.295  81.841 105.19  4.288 47.769 0.86  5.1   14.106 
9.417 8.229 7.505 22.03  3.116  84.483 109.298 4.419 40.148 7.408 6.426 12.901 
 
⍝ Co-dfns GPU vs. Chez Scheme Nanopass 
 0.008  0.02   0.043   0.132  0.05    0.179   0.144  0.065   0.083  0.122  0.331  0.018 
 0.06   0.017  0.036   0.243  0.045   0.61    0.245  0.058   0.153  0.111  0.282  0.093 
 0.123  0.044  0.075   0.421  0.041   0.572   0.473  0.347   0.587  0.227  0.281  0.059 
 0.163  0.039  0.071   0.459  0.091   0.96    1.006  0.079   0.747  0.114  1.042  0.18  
 0.399  0.083  0.293   1.286  0.658   2.494   1.992  0.685   1.697  0.204  0.262  0.301 
 0.72   0.154  0.555   2.141  1.149   4.142   3.853  1.036   2.147  0.114  0.53   0.655 
 1.747  1.011  1.155   4.862  2.161   8.802   7.178  2.041   5.54   0.215  1.526  1.176 
 4.658  2.265  3.547  15.493  6.102  23.966  21.741  5.291  16.121  0.412  1.774  3.22  
 9.786  5.237  5.549  32.184 12.222  52.081  46.56   8.476  28.402  1.018  2.972  7.456 
17.351  9.302 10.02   58.457 19.479  91.682  86.345 12.334  54.107  1.414  3.883 14.574 
24.469 14.051 12.435  85.853 26.369 137.165 126.816 14.384  97.892  2.199  5.581 21.849 
35.034 21.419 16.727 115.102 34.537 188.941 177.771 16.921 196.256  7.902 10.865 34.141 
42.352 28.745 18.183 135.587 40.091 225.743 224.646 18.873 300.289 16.921 13.846 42.272 
50.566 32.251 22.604 173.842 47.658 283.163 293.268 22.891 451.143 29.123 16.062 49.992 
56.157 39.203 24.904 193.566 53.852 315.706 329.702 24.194 544.707 37.091 20.256 52.185 



 

⍝ Racket Nanopass 
  0.0106  0.0016  0.0008  0.0012  0.0014  0.0014  0.0004  0.0012  0.0014 0      0       0.0012 
  0.0122  0.002   0.001   0.001   0.001   0.002   0.001   0.001   0.001  0      0       0.0022 
  0.0236  0.004   0.0016  0.0024  0.0024  0.0024  0.0024  0.0022  0.0026 0.0004 0       0.0032 
  0.0458  0.0078  0.0038  0.0044  0.0052  0.0048  0.0042  0.0042  0.0048 0.0002 0       0.0064 
  0.0924  0.0156  0.0078  0.0082  0.0106  0.0094  0.0088  0.0086  0.01   0.0002 0.0002  0.013  
  0.1936  0.0412  0.0152  0.0162  0.0202  0.0186  0.0172  0.0174  0.0198 0.0002 0.0006  0.027  
  0.4716  0.0856  0.0394  0.0434  0.0502  0.0468  0.044   0.0454  0.051  0.001  0.0006  0.0642 
  1.0226  0.1712  0.089   0.0956  0.1104  0.1024  0.0974  0.1008  0.1142 0.0014 0.0012  0.139  
  2.1168  0.3548  0.1808  0.192   0.2312  0.2136  0.2038  0.2026  0.2398 0.0032 0.0022  0.2928 
  4.5368  0.971   0.3598  0.3934  0.4738  0.4314  0.4074  0.4218  0.4776 0.006  0.0046  0.59   
  8.9558  1.7754  0.7342  0.7864  0.9512  0.8664  0.8306  0.844   0.9566 0.0128 0.0094  1.1888 
 17.9096  3.4244  1.4894  1.599   1.9026  1.7454  1.6652  1.713   1.919  0.0314 0.019   2.4012 
 47.629   6.6542  2.9438  3.1816  5.7534  5.5814  5.3914  5.1284  5.9046 0.093  0.0454  6.9518 
 98.172  15.499   5.8698  6.3438 11.6406 10.7294 10.574  11.2712 11.9078 0.2252 0.131  13.9802 
208.4924 30.7262 11.8024 12.7658 25.144  24.4438 23.3622 23.4544 25.8834 0.5172 0.2684 30.124 
 
⍝ Chez Scheme Nanopass 
 0.0002  0.0002 0      0      0      0      0      0      0      0      0      0      
 0.0018  0.0002 0      0.0002 0      0.0004 0.0002 0      0.0002 0      0      0.0006 
 0.004   0.0006 0.0002 0.0004 0      0.0004 0.0004 0.0006 0.0008 0.0002 0      0.0004 
 0.0056  0.0006 0.0002 0.0004 0.0002 0.0006 0.0008 0.0002 0.001  0      0.0004 0.0012 
 0.0152  0.0014 0.001  0.0012 0.0016 0.0018 0.0018 0.0014 0.0024 0.0002 0      0.0024 
 0.0294  0.0028 0.0018 0.002  0.0028 0.0032 0.0032 0.0028 0.0054 0      0.0002 0.0052 
 0.0774  0.0202 0.0044 0.0052 0.0058 0.0068 0.0066 0.0058 0.0114 0.0002 0.0006 0.0104 
 0.2344  0.0504 0.0164 0.0172 0.0196 0.0212 0.0222 0.0212 0.0338 0.0004 0.0008 0.0312 
 0.5474  0.118  0.0328 0.0414 0.0466 0.0508 0.051  0.0528 0.0782 0.001  0.0016 0.0732 
 1.2606  0.2432 0.0878 0.0978 0.113  0.1148 0.1176 0.1286 0.1802 0.0018 0.003  0.1728 
 2.7376  0.55   0.18   0.2128 0.2486 0.2632 0.2578 0.2712 0.3752 0.0036 0.0068 0.3684 
 6.0412  1.1224 0.4308 0.4766 0.5652 0.5922 0.5694 0.6088 0.8268 0.0122 0.019  0.8178 
12.7068  2.474  0.881  1.0028 1.1936 1.2286 1.2136 1.2658 1.684  0.0336 0.0394 1.6904 
27.5314  5.0482 2.0176 2.2156 2.6054 2.6844 2.6508 2.8118 3.64   0.086  0.0816 3.69   
58.7294 11.7916 4.1666 4.6264 5.4706 5.5928 5.5742 5.8634 7.62   0.1926 0.1992 7.632 
 
⍝ Co-dfns CPU 
0.001  0.0004 0.0002 0      0.0002 0      0      0      0.0002 0      0      0      
0.0012 0.0006 0.0002 0      0.0002 0      0      0      0      0      0      0.0002 
0.002  0.0004 0.0002 0      0.0004 0      0      0.0004 0.0002 0      0      0.0004 
0.003  0.001  0      0      0.001  0      0      0.0002 0.0004 0      0      0.0004 
0.0058 0.0016 0.0004 0      0.0018 0.0002 0      0.0006 0.0004 0      0      0.0008 
0.0108 0.0032 0.001  0      0.0032 0      0.0002 0.0022 0.0002 0      0.0004 0.0004 
0.0232 0.0076 0.0018 0.0008 0.0062 0      0.0004 0.004  0.001  0      0      0.0014 
0.0438 0.014  0.0036 0.0008 0.0122 0.0004 0.0004 0.008  0.0016 0.0004 0      0.0024 
0.0784 0.0234 0.006  0.0018 0.0238 0.0004 0.0008 0.015  0.0022 0.0002 0.0006 0.0042 
0.1552 0.041  0.0124 0.004  0.0476 0.0014 0.0012 0.0324 0.0042 0.0008 0.001  0.0092 
0.3228 0.0766 0.0282 0.0096 0.0972 0.0036 0.0026 0.0744 0.0076 0.0014 0.0016 0.02   
0.663  0.1456 0.065  0.0172 0.1944 0.008  0.0058 0.1648 0.0138 0.003  0.0038 0.0416 
1.3724 0.3128 0.137  0.0406 0.3906 0.0162 0.0128 0.3272 0.0298 0.0058 0.0076 0.092  
2.9818 0.6764 0.277  0.07   0.7908 0.0328 0.0252 0.6558 0.0762 0.1    0.016  0.2616 
6.2362 1.433  0.5552 0.21   1.7556 0.0662 0.051  1.3268 0.1898 0.026  0.031  0.5916 
 

  



⍝ Co-dfns GPU 
0.0254 0.0098 0.0023 0.0008 0.002  0.0006 0.0007 0.0015 0.0012 0.0008 0.0003 0.0054 
0.0302 0.0121 0.0028 0.0008 0.0022 0.0007 0.0008 0.0017 0.0013 0.0009 0.0004 0.0065 
0.0325 0.0138 0.0027 0.0009 0.0025 0.0007 0.0008 0.0017 0.0014 0.0009 0.0004 0.0068 
0.0344 0.0153 0.0028 0.0009 0.0022 0.0006 0.0008 0.0025 0.0013 0.0009 0.0004 0.0067 
0.0381 0.0169 0.0034 0.0009 0.0024 0.0007 0.0009 0.002  0.0014 0.001  0.0004 0.008  
0.0408 0.0182 0.0032 0.0009 0.0024 0.0008 0.0008 0.0027 0.0025 0.0009 0.0004 0.0079 
0.0443 0.02   0.0038 0.0011 0.0027 0.0008 0.0009 0.0028 0.0021 0.0009 0.0004 0.0088 
0.0503 0.0222 0.0046 0.0011 0.0032 0.0009 0.001  0.004  0.0021 0.001  0.0005 0.0097 
0.0559 0.0225 0.0059 0.0013 0.0038 0.001  0.0011 0.0062 0.0028 0.001  0.0005 0.0098 
0.0727 0.0261 0.0088 0.0017 0.0058 0.0013 0.0014 0.0104 0.0033 0.0013 0.0008 0.0119 
0.1119 0.0391 0.0145 0.0025 0.0094 0.0019 0.002  0.0189 0.0038 0.0016 0.0012 0.0169 
0.1724 0.0524 0.0258 0.0041 0.0164 0.0031 0.0032 0.036  0.0042 0.0015 0.0017 0.024  
0.3    0.0861 0.0485 0.0074 0.0298 0.0054 0.0054 0.0671 0.0056 0.002  0.0028 0.04   
0.5445 0.1565 0.0893 0.0127 0.0547 0.0095 0.009  0.1228 0.0081 0.003  0.0051 0.0738 
1.0458 0.3008 0.1673 0.0239 0.1016 0.0177 0.0169 0.2423 0.014  0.0052 0.0098 0.1462 



 

⍝ dct :: Connectors (Get dlk Join) Formatted_Children  
⍝        -> Connected_Children 
⍝ Joins connectors on a rendered child tree along edge given by Get 
dct←{⍺[(2×2≠/n,0)+(1↑⍨≢m)+m+n←⌽∨\⌽m←' '≠⍺⍺ ⍵]⍵⍵ ⍵} 
 
⍝ dlk :: Parent (Connector dlk Axis) Connected_Children -> Subtree 
⍝ Links a parent with its prepared children using Connector along Axis 
dlk←{((x⌷⍴⍵)↑[x←2|1+⍵⍵]⍺),[⍵⍵]⍺⍺@(⊂0 0)⍣('┌'=⊃⍵)⊢⍵} 
 
⍝ dwh :: Children Parent -> Subtree 
⍝ Horizontally render a parent and its children 
dwh←{⍵('┬'dlk 1)' │├┌└─'(0⌷⍉)dct,⊃⍪/((≢¨⍺),¨⊂⌈/≢∘⍉¨⍺)↑¨⍺} 
 
⍝ dwv :: Children Parent -> Subtree 
⍝ Vertically render a parent and its children 
dwv←{k←⊃{⍺,' ',⍵}/(1+⌈/≢¨⍺){⍺↑⍵⍪⍨'│'↑⍨≢⍉⍵}¨⍺ 
 ⍵('├'dlk 0)' ─┬┌┐│'(0⌷⊢)dct(⊣⍪1↓⊢)k} 
 
⍝ pp3 :: [Labels] (draw pp3) Parent -> Tree_Diagram 
⍝ Pretty print a tree given node labels and a parent vector using draw 
pp3←{⍺←'○' ⋄ d←(⍳≢p)≠p←⍵ ⋄ _←⍵{z⊣d+←⍵≠z←⍺[⍵]}⍣≡⍵ 
 lyr←{i←⍸⍺=d ⋄ k v←↓⍉p[i],∘⊂⌸i ⋄ (⍵∘{⍺[⍵]}¨v)⍺⍺¨@k⊢⍵} 
 (p=⍳≢p)⌿⊃⍺⍺ lyr⌿(1+⍳⌈/d),⊂⍉∘⍪∘⍕¨(≢⍵)⍴⍺}
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