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Essentials of Compilation: An Incremental Approach in Racket



From ChocoPy to RISC-V Assembly Language

.globl main

main:

  lui a0, 8192                             # Initialize heap size (in multiples of 4KB)

  add s11, s11, a0                         # Save heap size

  jal heap.init                            # Call heap.init routine

  mv gp, a0                                # Initialize heap pointer

  mv s10, gp                               # Set beginning of heap

  add s11, s10, s11                        # Set end of heap (= start of heap + heap size)

  mv ra, zero                              # No normal return from main program.

  mv fp, zero                              # No preceding frame.

  mv fp, zero                              # Top saved FP is 0.

  mv ra, zero                              # No function return from top level.

  addi sp, sp, -@..main.size               # Reserve space for stack frame.

  sw ra, @..main.size-4(sp)                # return address

  sw fp, @..main.size-8(sp)                # control link

  addi fp, sp, @..main.size                # New fp is at old SP.

  jal initchars                            # Initialize one-character strings.

  lw a0, $x                                # Load global: x

  sw a0, -12(fp)                           # Push on stack slot 3

  lw a0, $y                                # Load global: y

  lw t0, -12(fp)                           # Pop stack slot 3

  add a0, t0, a0                           # Operator +

  .equiv @..main.size, 16

label_0:                                   # End of program

  li a0, 10                                # Code for ecall: exit

  ecall

x : int = 1

y : int = 2

x + y



Operators

- x86 arithmetic instructions typically have two arguments and update the second argument in place. In contrast, 

LVar arithmetic operations take two argumentsand produce a new value. An x86 instruction may have at most 
one memory- accessing argument. Furthermore, some x86 instructions place special restrictions on their 
arguments.


Nested 

- An argument of an LVar operator can be a deeply-nested expression, whereas x86 instructions restrict their 

arguments to be integer constants, registers, and memory locations.


Order of execution

- The order of execution in x86 is explicit in the syntax: a sequence of instructions and jumps to labeled positions, 

whereas in LVar the order of evaluation is a left-to-right depth-first traversal of the abstract syntax tree.


Limited Registers

- A program in LVar can have any number of variables whereas x86 has 16 registers and the procedure call stack.


Shadowing

- Variables in LVar can shadow other variables with the same name. In x86, registers have unique names and 

memory locations have unique addresses.

Motivation for Passes



uniquify 

- deals with the shadowing of variables by renaming every variable to a unique name.


remove_complex_operands 

- ensures that each subexpression of a primitive opera- tion or function call is a variable or integer, that 

is, an atomic expression. We refer to non-atomic expressions as complex. This pass introduces 
temporary variables to hold the results of complex subexpressions.


explicate_control 

- makes the execution order of the program explicit. It converts the abstract syntax tree representation 

into a control-flow graph in which each node contains a sequence of statements and the edges 
between nodes say which nodes contain jumps to other nodes.


select_instructions 

- handles the difference between LVar operations and x86 instructions. This pass converts each LVar 

operation to a short sequence of instructions that accomplishes the same task.


assign_homes 

- replaces variables with registers or stack locations.

Passes



Intermediate Languages



uniquify

Does not seem necessary for ChocoPy yet; no shadowing allowed



Remove Complex Operands

x : int = 2

1 + x * 3

x : int = 2

y : int = 0

y = x * 3

1 + y

Give every intermediate result a name



Explicate Control: Translate to C-like language

Translate to language with explicit instructions

Main:

  var x : int = 2

  var y : int = 0

  y := x * 3

  return 1 + y

x : int = 2

y : int = 0

y = x * 3

1 + y



Select Instructions

Translation to RISC-V instructions

Main:

  var x : int = 2

  var y : int = 0

  y := x * 3

  return 1 + y

.globl main

main:

  lw  x, $x      # Load global: x

  li  a, 3       # Load integer literal 3

  mul y, x, a    # Operator *

  sw  a0, $y, y  # Assign global: y (using tmp register)

  li  b, 1       # Load integer literal 1

  lw  y, $y      # Load global: y

  add c, b, y    # Operator +

  mv  a0 c       # return register



Assign Homes

.globl main

main:

  lw  x, $x      # Load global: x

  li  a, 3       # Load integer literal 3

  mul y, x, a    # Operator *

  sw  a0, $y, y  # Assign global: y (using tmp register)

  li  b, 1       # Load integer literal 1

  lw  y, $y      # Load global: y

  add c, b, y    # Operator +

  mv  a0 c       # return register

Use stack and actual registers of the machine

.globl main

main:

  lw a0, $x          # Load global: x

  sw a0, -12(fp)     # Push on stack slot 3

  li a0, 3           # Load integer literal 3

  lw t0, -12(fp)     # Pop stack slot 3

  mul a0, t0, a0     # Operator *

  sw a0, $y, t0      # Assign global: y (using tmp register)

  li a0, 1           # Load integer literal 1

  sw a0, -12(fp)     # Push on stack slot 3

  lw a0, $y          # Load global: y

  lw t0, -12(fp)     # Pop stack slot 3

  add a0, t0, a0     # Operator +



Composing Transformations 

with Strategy Combinators
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Rewriting = 

Matching & Building
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Parameterized 

Rewrite Rules



f(x,y|a,b): lhs -> rhs

- strategy or rule parameters x,y

- term parameters a,b

- no matching


f(|a,b): lhs -> rhs

- optional strategy parameters


f(x,y): lhs -> rhs

- optional term parameters


f: lhs -> rhs

Parameterized Rewrite Rules



Parameterized Rewrite Rules: Map

33

[ 1
, 2
, 3
]

[ 2
, 3
, 4
]

map(inc)

map(s): []     -> []	
map(s): [x|xs] -> [<s> x | <map(s)> xs]



Parameterized Rewrite Rules: Map

33

[ 1
, 2
, 3
]

[ 2
, 3
, 4
]

map(inc)

inc

1

2

3

2

3

4inc

inc

map(s): []     -> []	
map(s): [x|xs] -> [<s> x | <map(s)> xs]



Parameterized Rewrite Rules: Zip

34

[ 1
, 2
, 3
]

[ (1,4)
, (2,5)
, (3,6)
]

[ 4
, 5
, 6
]

zip

zip(s): ([],[])         -> []	
zip(s): ([x|xs],[y|ys]) -> [<s> (x,y) | <zip(s)> (xs,ys)]


zip = zip(id)



Parameterized Rewrite Rules: Zip

34

[ 1
, 2
, 3
]

[ (1,4)
, (2,5)
, (3,6)
]

[ 4
, 5
, 6
]

zip

[ 1
, 2
, 3
]

[ 5
, 7
, 9
]

[ 4
, 5
, 6
]

zip(add)

zip(s): ([],[])         -> []	
zip(s): ([x|xs],[y|ys]) -> [<s> (x,y) | <zip(s)> (xs,ys)]


zip = zip(id)



Parameterized Rewrite Rules: Zip

34

[ 1
, 2
, 3
]

[ (1,4)
, (2,5)
, (3,6)
]

[ 4
, 5
, 6
]

zip

[ 1
, 2
, 3
]

[ 5
, 7
, 9
]

[ 4
, 5
, 6
]

zip(add)

map(add)

zip(s): ([],[])         -> []	
zip(s): ([x|xs],[y|ys]) -> [<s> (x,y) | <zip(s)> (xs,ys)]


zip = zip(id)



Parameterized Rewrite Rules: Fold

35

[1,2,3] foldr(!0,add) 6

foldr(s1,s2): []     -> <s1>	
foldr(s1,s2): [x|xs] -> <s2> (x,<foldr(s1,s2)> xs)



Parameterized Rewrite Rules: Fold

35

[1,2,3] foldr(!0,add) 6

[]

0

[3]

3

[2,3]

56

[1,2,3]

foldr(s1,s2): []     -> <s1>	
foldr(s1,s2): [x|xs] -> <s2> (x,<foldr(s1,s2)> xs)



Parameterized Rewrite Rules: Inverse

36

[1,2,3] inverse(|[]) [3,2,1]

inverse(|is): []     -> is	

inverse(|is): [x|xs] -> <inverse(|[x|is])> xs



Parameterized Rewrite Rules: Inverse

36

[1,2,3] inverse(|[]) [3,2,1]

[2,3]

[1][]

[1,2,3] [3]

[2,1] [3,2,1]

[]

inverse(|is): []     -> is	

inverse(|is): [x|xs] -> <inverse(|[x|is])> xs



Traversal Combinators
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Traversal: Topdown

45

Const

Mul

Const

3 4 5

Const

Add

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(switch)



Traversal: Topdown

45
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Mul

Const

3 4 5

Const

Add1

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(switch)



Traversal: Topdown

46

Mul

Const

3

Const

4 5

Const

Add1

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(switch)



Traversal: Topdown

46

Mul
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3
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4 5

Const
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2

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(switch)



Traversal: Topdown

47
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3
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5 4
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switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(switch)



Traversal: Topdown

47
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Traversal: Topdown/Try

48
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3 4 5
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switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(try(switch))



Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try

50

Mul

Const

3

Const

5 4

Const

Add1

2

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(try(switch))



Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try
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Traversal: Topdown/Try

50

Mul
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switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


topdown(s) = s ; all(topdown(s)) 


topdown(try(switch))



Traversal: Alltd

51
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Mul
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3 4 5
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Add

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


alltd(s) = s <+ all(alltd(s)) 


alltd(switch)



Traversal: Alltd
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alltd(s) = s <+ all(alltd(s)) 


alltd(switch)



Traversal: Alltd
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Traversal: bottomup
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bottomup(switch)



Traversal: bottomup
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Traversal: bottomup
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Traversal: Bottomup
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Traversal: Bottomup
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Traversal: Bottomup

54

Const

Mul

Const

3 4 5

Const

Add1

2

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

54

Const

Mul

Const

3 4 5

Const

Add1

2

3

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add1

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add1

2

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add1

2

3

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add1

2

3

4

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup

55

Const

Mul

Const

3 4 5

Const

Add1

2

3

4

5

switch: Add(e1, e2) -> Add(e2, e1)

switch: Mul(e1, e2) -> Mul(e2, e1)


bottomup(s) = all(bottomup(s)) ; s 


bottomup(try(switch))



Traversal: Bottomup
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Traversal: Innermost
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