
CMSC 430 - 16 June 2026
Array data; function definitions and calls

• Hoax - Vectors and strings

• Review of make-vector

• Dealing with the empty vector

• Strings

• Static memory


• Iniquity - Function definitions and calls




CMSC 430 - 16 June 2026
Announcements

• Exam 1 graded, released after class

• Regrade process will be posted to Piazza today

• Assignment 3 grades released

• Assignment 4 grades released later today

• raco pkg update a86 

• Quiz released after class, due by start of class tomorrow

• Reminder: Friday is a holiday



Hoax



Encoding pointer values (Hoax)
Type tag in least significant bits

61-bits for address

Cons

Box100

01061-bits for address

Vector11061-bits for address

String00161-bits for address



make-vector
Special case for size 0

(assert-integer rax)
          (Cmp r8 rax)
          if-equal)]

['cons
     (seq (Mov (Mem rbx 8) rax)
          (Pop rax)
          (Mov (Mem rbx 0) rax)
          (Mov rax rbx)
          (Xor rax type-cons)
          (Add rbx 16))]
    ['eq?
     (seq (Pop r8)
          (Cmp rax r8)
          if-equal)]
    
    ['make-vector
     (let ((nonzero (gensym 'nz))
           (loop (gensym 'loop))
           (theend (gensym 'theend)))

       (seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-vect))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 1)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8) rax)
            (Sub r8 8)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-vect)  ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            (Label theend)))]

    ['vector-ref
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105
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107
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111
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124
125
126
127
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130
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make-vector
When size > 0

(assert-integer rax)
          (Cmp r8 rax)
          if-equal)]

['cons
     (seq (Mov (Mem rbx 8) rax)
          (Pop rax)
          (Mov (Mem rbx 0) rax)
          (Mov rax rbx)
          (Xor rax type-cons)
          (Add rbx 16))]
    ['eq?
     (seq (Pop r8)
          (Cmp rax r8)
          if-equal)]
    
    ['make-vector
     (let ((nonzero (gensym 'nz))
           (loop (gensym 'loop))
           (theend (gensym 'theend)))

       (seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-vect))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 1)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8) rax)
            (Sub r8 8)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-vect)  ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            (Label theend)))]

    ['vector-ref

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151



make-vector
Constructing return value and account for memory use

(assert-integer rax)
          (Cmp r8 rax)
          if-equal)]

['cons
     (seq (Mov (Mem rbx 8) rax)
          (Pop rax)
          (Mov (Mem rbx 0) rax)
          (Mov rax rbx)
          (Xor rax type-cons)
          (Add rbx 16))]
    ['eq?
     (seq (Pop r8)
          (Cmp rax r8)
          if-equal)]
    
    ['make-vector
     (let ((nonzero (gensym 'nz))
           (loop (gensym 'loop))
           (theend (gensym 'theend)))

       (seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-vect))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 1)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8) rax)
            (Sub r8 8)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-vect)  ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            (Label theend)))]

    ['vector-ref

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151



Static memory
Code lives in memory, so you can make data part of the program

#lang racket
(require hoax hoax/executor/host a86)

(run
 (prog
  (Global 'entry)
  (Label 'entry)
  (Push rbx)
  (Mov rbx rdi)

  ; create '#(#t #f 99)
  (Mov rax (value->bits 3))
  (Mov (Mem rbx 0) rax)
  (Mov rax (value->bits #t))
  (Mov (Mem rbx 8) rax)
  (Mov rax (value->bits #f))
  (Mov (Mem rbx 16) rax)
  (Mov rax (value->bits 99))
  (Mov (Mem rbx 24) rax)
  (Mov rax rbx)
  (Xor rax type-vect)
  (Add rbx 32)

  (Lea rax (Mem 'myvect type-vect))

  (Pop rbx)
  (Ret)

  (Data)
  (Label 'myvect)
  (Dq (value->bits 3))
  (Dq (value->bits #t))
  (Dq (value->bits #f))
  (Dq (value->bits 99)))

 )

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
27
28
29
30
31
32
33
34
35
36
37

If you know the vector you want 
to make at compile-time, you 
don't need to do this…




Static memory
Code lives in memory, so you can make data part of the program

…you can statically allocate 
memory in the data section.


And create a tagged pointer to it.

#lang racket
(require hoax hoax/executor/host a86)

(run
 (prog
  (Global 'entry)
  (Label 'entry)
  (Push rbx)
  (Mov rbx rdi)

  ; create '#(#t #f 99)
  (Mov rax (value->bits 3))
  (Mov (Mem rbx 0) rax)
  (Mov rax (value->bits #t))
  (Mov (Mem rbx 8) rax)
  (Mov rax (value->bits #f))
  (Mov (Mem rbx 16) rax)
  (Mov rax (value->bits 99))
  (Mov (Mem rbx 24) rax)
  (Mov rax rbx)
  (Xor rax type-vect)
  (Add rbx 32)

  (Lea rax (Mem 'myvect type-vect))

  (Pop rbx)
  (Ret)

  (Data)
  ; create '#(#t #f 99)
  (Label 'myvect)
  (Dq (value->bits 3))
  (Dq (value->bits #t))
  (Dq (value->bits #f))
  (Dq (value->bits 99)))

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
27
28
29
30
31
32
33
34
35
36

#lang racket
(require hoax hoax/executor/host a86)

(run
 (prog
  (Global 'entry)
  (Label 'entry)
  (Push rbx)
  (Mov rbx rdi)

  ; create '#(#t #f 99)
  (Mov rax (value->bits 3))
  (Mov (Mem rbx 0) rax)
  (Mov rax (value->bits #t))
  (Mov (Mem rbx 8) rax)
  (Mov rax (value->bits #f))
  (Mov (Mem rbx 16) rax)
  (Mov rax (value->bits 99))
  (Mov (Mem rbx 24) rax)
  (Mov rax rbx)
  (Xor rax type-vect)
  (Add rbx 32)

  (Lea rax (Mem 'myvect type-vect))

  (Pop rbx)
  (Ret)

  (Data)
  ; create '#(#t #f 99)
  (Label 'myvect)
  (Dq (value->bits 3))
  (Dq (value->bits #t))
  (Dq (value->bits #f))
  (Dq (value->bits 99)))
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Static memory
Code lives in memory, so you can make data part of the program

Very useful for canonically 
representing the empty vector.

#lang racket
(require hoax hoax/executor/host a86)

(run
 (prog
  (Global 'entry)
  (Label 'entry)
  (Push rbx)
  (Mov rbx rdi)

  ; create '#(#t #f 99)
  (Mov rax (value->bits 3))
  (Mov (Mem rbx 0) rax)
  (Mov rax (value->bits #t))
  (Mov (Mem rbx 8) rax)
  (Mov rax (value->bits #f))
  (Mov (Mem rbx 16) rax)
  (Mov rax (value->bits 99))
  (Mov (Mem rbx 24) rax)
  (Mov rax rbx)
  (Xor rax type-vect)
  (Add rbx 32)

  (Lea rax (Mem 'myvect type-vect))

  (Pop rbx)
  (Ret)

  
  (Data)
  ; create '#()
  (Label 'empty)
  (Dq (value->bits 0))

 ))

1
2
3
4
5
6
7
8
9
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make-vector
Special case for size 0

(assert-integer rax)
          (Cmp r8 rax)
          if-equal)]

['cons
     (seq (Mov (Mem rbx 8) rax)
          (Pop rax)
          (Mov (Mem rbx 0) rax)
          (Mov rax rbx)
          (Xor rax type-cons)
          (Add rbx 16))]
    ['eq?
     (seq (Pop r8)
          (Cmp rax r8)
          if-equal)]
    
    ['make-vector
     (let ((nonzero (gensym 'nz))
           (loop (gensym 'loop))
           (theend (gensym 'theend)))

       (seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-vect))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 1)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8) rax)
            (Sub r8 8)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-vect)  ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            (Label theend)))]

    ['vector-ref
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103
104
105
106
107
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109
110
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113
114
115
116
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120
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140
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149
150
151

👀



Hoax: Adding strings
Concrete examples#lang racket

(make-string 3 #\t) ;=> "ttt"
(let ((s (make-string 3 #\t)))
  (string-ref s 0))             ;=> #\t
(let ((s (make-string 3 #\t)))
  (string-ref s 3))             ;=> err
(let ((s (make-string 3 #\t)))
  (string-length s))            ;=> 3
"fred"                          ;=> "fred"

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



Hoax: Adding strings
AST additions

#lang racket

(make-string 3 #\t) ;=> "ttt"
(let ((s (make-string 3 #\t)))
  (string-ref s 0))             ;=> #\t
(let ((s (make-string 3 #\t)))
  (string-ref s 3))             ;=> err
(let ((s (make-string 3 #\t)))
  (string-length s))            ;=> 3
"fred"                          ;=> "fred"

;; type Lit = ... | String
;; type Op1 = ...
;; | 'string? | 'string-length
;; type Op2 = ...
;;          | 'make-string | 'string-ref

1
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13
14
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16
17
18
19



Hoax: Adding strings
Semantic additions

#lang racket

(make-string 3 #\t) ;=> "ttt"
(let ((s (make-string 3 #\t)))
  (string-ref s 0))             ;=> #\t
(let ((s (make-string 3 #\t)))
  (string-ref s 3))             ;=> err
(let ((s (make-string 3 #\t)))
  (string-length s))            ;=> 3
"fred"                          ;=> "fred"

;; type Value = ...
;; | (string Char ...)

;; type Lit = ... | String
;; type Op1 = ...
;; | 'string? | 'string-length
;; type Op2 = ...
;;          | 'make-string | 'string-ref

1
2
3
4
5
6
7
8
9
10
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14
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17
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Creating a string
A string is a tagged pointer to a sized array of codepoints in memoryWelcome to DrRacket, version 8.18 [cs].
Language: racket, with debugging; memory limit: 4096 MB.
> (require "parse.rkt" "exec.rkt")
> (exec (parse '(make-string 3 #\a)))
"aaa"
> (exec (parse '(make-string 4 #\a)))
"aaaa"
> 

1 Inductive data

str
rax

4 a a a a

heap

So far all of the data we have considered can fit in a single machine word (64-bits). Well,
integers can’t, but we truncated them and only consider, by fiat, those integers that fit into a
register.

In the Hustle language, we will add two inductively defined data types, boxes and pairs,
which will require us to relax this restriction.

Boxes are like unary pairs, they simply hold a value, which can be projected out. Pairs hold
two values which each can be projected out.

To see how values are now inductively defined notice that if you have a value , you can
make another value with . Similarly, if and are values, then so is

. This suggests the following recursive type definition for values:

3
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1 Inductive data

str
rax

3 a a a 0

heap

So far all of the data we have considered can fit in a single machine word (64-bits). Well,
integers can’t, but we truncated them and only consider, by fiat, those integers that fit into a
register.

In the Hustle language, we will add two inductively defined data types, boxes and pairs,
which will require us to relax this restriction.

Boxes are like unary pairs, they simply hold a value, which can be projected out. Pairs hold
two values which each can be projected out.

To see how values are now inductively defined notice that if you have a value , you can
make another value with . Similarly, if and are values, then so is

. This suggests the following recursive type definition for values:

3

Welcome to DrRacket, version 8.18 [cs].
Language: racket, with debugging; memory limit: 4096 MB.
> (require "parse.rkt" "exec.rkt")
> (exec (parse '(make-string 3 #\a)))
"aaa"
> (exec (parse '(make-string 4 #\a)))
"aaaa"
> 



string-length
Just like vector-length

(Mov rax (Mem rax (- 8 type-cons))))]

['empty? (seq (Cmp rax (value->bits '())) if-equal)]
    ['cons? (type-pred ptr-mask type-cons)]
    ['box?  (type-pred ptr-mask type-box)]
    ['vector? (type-pred ptr-mask type-vect)]
    ['string? (type-pred ptr-mask type-str)]
    ['vector-length
     (seq (assert-vector rax)
          (Mov rax (Mem rax (- type-vect))))]
    ['string-length
     (seq (assert-string rax)
          (Mov rax (Mem rax (- type-str))))]))

;; Op2 -> Asm
(define (compile-op2 p)
  (match p
    ['+
     (seq (Pop r8)
          (assert-integer r8)
          (assert-integer rax)
          (Add rax r8))]
    ['-
     (seq (Pop r8)
          (assert-integer r8)
          (assert-integer rax)
          (Sub r8 rax)
          (Mov rax r8))]
    ['<
     (seq (Pop r8)
          (assert-integer r8)
          (assert-integer rax)
          (Cmp r8 rax)
          if-lt)]
    ['=
     (seq (Pop r8)
          (assert-integer r8)
          (assert-integer rax)
          (Cmp r8 rax)
          if-equal)]
    ['cons
     (seq (Mov (Mem rbx 8) rax)
          (Pop rax)
          (Mov (Mem rbx 0) rax)
          (Mov rax rbx)
          (Xor rax type-cons)
          (Add rbx 16))]
    ['eq?
     (seq (Pop r8)
          (Cmp rax r8)
          if-equal)]
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64
65
66
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string-ref
Similar to vector-ref, but different

(Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
(define (compile-op3 p)
  (match p
    ['vector-set!
     (seq (Pop r10)
          (Pop r8)
          (assert-vector r8)
          (assert-integer r10)
          (Cmp r10 0)
          (Jl 'err)
          (Xor r8 type-vect)       ; r8 = ptr
          (Mov r9 (Mem r8))        ; r9 = len
          (Sar r10 int-shift)      ; r10 = index
          (Sub r9 1)
          (Cmp r9 r10)
          (Jl 'err)
          (Sal r10 3)
          (Add r8 r10)
          (Mov (Mem r8 8) rax)
          (Mov rax (value->bits (void))))]))

187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

     (seq (Pop r8)
          (assert-natural rax)
          (assert-vector r8)          
          (Mov r9 (Mem r8 (- type-vect)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 1)
          (Mov rax (Mem r8 rax (- 8 type-vect))))]

vector-refstring-ref



string-set!
We don't include, thus strings are immutable

[This space intentionally blank.]



make-string
Similar to make-vector, but different

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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Let's take it in pieces



make-string (1/8)
Similar to make-vector, but different

Just like make-vector

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (2/8)
Similar to make-vector, but different

Unlike make-vector

(Mov rax rbx)
            (Xor rax type-vect)  ; create
tagged pointer
            (Add rbx r9)         ; acct 
for elements and stored length
            (Add rbx 8)
            (Label theend)))]

['vector-ref
     (seq (Pop r8)
          (assert-vector r8)
          (assert-natural rax)
          (Mov r9 (Mem r8 (- type-vect)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 1)
          (Mov rax (Mem r8 rax (- 8
type-vect))))]
    ['make-string
     (let ((nonzero (gensym 'nz))
           (loop (gensym 'loop))
           (theend (gensym 'theend)))
       (seq (Pop r8)
            (assert-natural r8)
            (assert-char rax)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical 
representation
            (Lea rax (Mem 'empty

144
145
146
146
147
147
148
149
150
151
152
153
154
155
156
157
158
159
159
160
161
162
163
164
165
166
167
168
169
170
171
171
172



make-string (3/8)
Similar to make-vector, but different

Just like make-vector, but 
makes an empty string

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (4/8)
Similar to make-vector, but different

Just like make-vector, but half 
as many bytes

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (5/8)
Similar to make-vector, but different

Unlike make-vector, don't 
write value, write codepoint

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (6/8)
Similar to make-vector, but different

Just like make-vector, but 
writing 4 bytes at a time

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (7/8)
Similar to make-vector, but different

Just like make-vector

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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make-string (8/8)
Similar to make-vector, but different

Unlike make-vector, need to 
pad to preserve heap invariant 
when string-length is odd

(seq (Pop r8)
            (assert-natural r8)

            ; special case for length = 0
            (Cmp r8 0)
            (Jne nonzero)
            ; return canonical representation
            (Lea rax (Mem 'empty type-str))
            (Jmp theend)

            ; Code for nonzero case
            (Label nonzero)
            (Mov (Mem rbx 0) r8) ; write length
            (Sar r8 2)           ; convert to bytes
            (Mov r9 r8)          ; save for heap adjustment

            (Sar rax char-shift) ; convert to codepoint

            ; start initialization
            (Label loop)
            (Mov (Mem rbx r8 4) eax)
            (Sub r8 4)
            (Cmp r8 0)
            (Jne loop)
            ; end initialization

            (Mov rax rbx)
            (Xor rax type-str)   ; create tagged pointer
            (Add rbx r9)         ; acct for elements and stored length
            (Add rbx 8)
            ; Pad to 8-byte alignment
            (Add rbx 4)
            (Sar rbx 3)
            (Sal rbx 3)
            (Label theend)))

]

['string-ref
     
     (seq (Pop r8)
          (assert-natural rax)
          (assert-string r8)
          (Mov r9 (Mem r8 (- type-str)))
          (Cmp rax r9)
          (Jge 'err)
          (Sar rax 2)
          (Mov eax (Mem r8 rax (- 8 type-str)))
          (Sal rax char-shift)
          (Xor rax type-char))

     ]))

;; Op3 -> Asm
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String literals
String literals are compiled to static memory

Welcome to DrRacket, version 9.2 [cs].
Language: Determine language from source; memory limit: 4096 MB.
> (require hoax)
> (compile-datum "wilma")

compile-datum: undefined;
cannot reference an identifier before its definition
> (require hoax/compiler/compile)
> (compile-datum "wilma")

 compile-datum: undefined;
 cannot reference an identifier before its definition
> (compile-e (Lit "wilma") '())
(list
(Data)
(Label 'string435421)
(Dq 80)
(Dd 119)
 (Dd 105)
 (Dd 108)
 (Dd 109)
(Dd 97)
 (Dd 0)
(Text)
(Lea 'rax (Mem 'string435421 4)))
> 



Iniquity



Example Iniquity program
Concrete example

#lang racket
(define (add1-list lon)
  (if (empty? lon)
      '()
      (cons (add1 (car lon))
            (add1-list (cdr lon)))))

(add1-list (cons 1 (cons 2 (cons 3 '()))))
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Example Iniquity program
Concrete example

#lang racket
(define (read-bytes)
  (let ((b (read-byte)))
    (if (eof-object? b)
        '()
        (cons b (read-bytes)))))

(read-bytes)
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Example Iniquity program
Concrete example

#lang racket
;; copy first n bytes from input to output
(define (copy-bytes n)
  (if (zero? n)
      (void)
      (let ((b (read-byte)))
        (if (eof-object? b)
            (void)
            (begin (write-byte b)
                   (copy-bytes (sub1 n)))))))

(copy-bytes 10)
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Example Iniquity program
Concrete example

#lang racket
(define (even? n)
  (if (zero? n)
      #t
      (odd? (sub1 n))))

(define (odd? n)
  (if (zero? n)
      #f
      (even? (sub1 n))))

(odd? 4097)
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Syntactic changes
Programs are now sequences of definitions and an expression

Concrete syntax: Abstract syntax:

#lang racket
(provide Lit Prim0 Prim1 Prim2 Prim3 If Eof
Begin

Let Var Prog Defn App)

;; type Prog = (Prog (Listof Defn) Expr)
(struct Prog (ds e) #:prefab)

;; type Defn = (Defn Id (Listof Id) Expr)
(struct Defn (f xs e) #:prefab)

;; type Expr = ...
;; | (App Id (Listof Expr))

;; type Id = Symbol
;; type Datum = Integer
;; | Boolean
;; | Character
;; | String
;; type Op0 = 'read-byte | 'peek-byte |
'void
;; type Op1 = 'add1 | 'sub1
;; | 'zero?
;; | 'char? | 'integer->char |
'char->integer
;; | 'write-byte | 'eof-object?
;; | 'box | 'car | 'cdr | 'unbox
;; | 'empty? | 'cons? | 'box?
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#lang racket

(define (sum ls)
  (if (empty? ls)
      0
      (+ (car ls) (sum (cdr ls)))))

(define ... 1) (define-values (e1 e2 e) 1)

(define (f1 x11 ...) e1)
(define (f2 x12 ...) e2)
...
e

;; S-Expr -> Expr
;(define (parse s) ...)

;; S-Expr ... -> Prog
(define (parse . s) ...)

;; S-Expr -> Expr
(define (parse-e s) ...)

;; S-Expr -> Defn
(define (parse-define s) ...)
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Programs:

Expressions:

#lang racket

(define (sum ls)
  (if (empty? ls)
      0
      (+ (car ls) (sum (cdr ls)))))

(define ... 1) (define-values (e1 e2 e f) 1)

(define (f1 x11 ...) e1)
(define (f2 x12 ...) e2)
...
e

(f e1 ...)

;; S-Expr -> Expr
;(define (parse s) ...)

;; S-Expr ... -> Prog
(define (parse . s) ...)

;; S-Expr -> Expr
(define (parse-e s) ...)

;; S-Expr -> Defn
(define (parse-define s) ...)
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Parsing changes
Programs are now sequences of definitions and an expression

#lang racket

(define (sum ls)
  (if (empty? ls)
      0
      (+ (car ls) (sum (cdr ls)))))

(define ... 1) (define-values (e1 e2 e f) 1)

(define (f1 x11 ...) e1)
(define (f2 x12 ...) e2)
...
e

(f e1 ...)

;; S-Expr -> Expr
;(define (parse s) ...)

;; S-Expr ... -> Prog
(define (parse . s) ...)

;; S-Expr -> Expr
(define (parse-e s) ...)

;; S-Expr -> Defn
(define (parse-define s) ...)
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Semantic changes
Expressions are interpreted with respect to set of definitions

#lang racket

(define (sum ls)
  (if (empty? ls)
      0
      (+ (car ls) (sum (cdr ls)))))

(define ... 1) (define-values (e1 e2 e f) 1)

(define (f1 x11 ...) e1)
(define (f2 x12 ...) e2)
...
e

(f e1 ...)

;; S-Expr -> Expr
;(define (parse s) ...)

;; S-Expr ... -> Prog
(define (parse . s) ...)

;; S-Expr -> Expr
(define (parse-e s) ...)

;; S-Expr -> Defn
(define (parse-define s) ...)

;; Prog -> Answer
(define (interp p) ...)

;; Expr Env Defns -> Value { raises 'err }
(define (interp-e e r ds) ...)
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Function call example
What should this evaluate to?

#lang racket
(provide interp)
(provide interp-env)
(require "ast.rkt")
(require "interp-prim.rkt")

;; type Value =
;; | Integer
;; | Boolean
;; | Character
;; | Eof
;; | Void
;; | '()
;; | (cons Value Value)
;; | (box Value)
;; | (string Character ...)
;; | (vector Value ...)

;; type Env = (Listof (List Id Value))

(define ... '...)

;; Prog -> Answer
(define (interp p)
(match p
[(Prog ds e)
(interp-env e '() ds)]))

;(Defn 'f '(x y) (Prim2 '+ (Var 'x) (Var 'y)))
(require "parse.rkt")

(define (f x y) (+ x y))
(f 1 2)

(interp-env (App 'f (Lit 1) (Lit 2))
'()
(list (Defn 'f '(x y)
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Concretely:

#lang racket
(provide interp)
(provide interp-env)
(require "ast.rkt")
(require "interp-prim.rkt")

;; type Value =
;; | Integer
;; | Boolean
;; | Character
;; | Eof
;; | Void
;; | '()
;; | (cons Value Value)
;; | (box Value)
;; | (string Character ...)
;; | (vector Value ...)

;; type Env = (Listof (List Id Value))

(define ... '...)

;; Prog -> Answer
(define (interp p)
(match p
[(Prog ds e)
(interp-env e '() ds)]))

(interp-env (App 'f (list (Lit 1) (Lit 2)))
'()
(list (Defn 'f '(x y)

(Prim2 '+ (Var 'x) (Var 'y)))))

(interp-env (Prim2 '+ (Var 'x) (Var 'y))
'((x 1) (y 2))
(list (Defn 'f '(x y)

(Prim2 '+ (Var 'x) (Var 'y)))))
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#lang racket
(provide interp)
(provide interp-env)
(require "ast.rkt")
(require "interp-prim.rkt")

;; type Value =
;; | Integer
;; | Boolean
;; | Character
;; | Eof
;; | Void
;; | '()
;; | (cons Value Value)
;; | (box Value)
;; | (string Character ...)
;; | (vector Value ...)

;; type Env = (Listof (List Id Value))

(define ... '...)

;; Prog -> Answer
(define (interp p)
(match p
[(Prog ds e)
(interp-env e '() ds)]))

(interp-env (App 'f (Lit 1) (Lit 2))
'()
(list (Defn 'f '(x y)

(Prim2 '+ (Var 'x) (Var 'y)))))

(interp-env (Prim2 '+ (Var 'x) (Var 'y))
'((x 1) (y 2))
(list (Defn 'f '(x y)

(Prim2 '+ (Var 'x) (Var 'y)))))
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Same thing as:



Function calls in general
What should this evaluate to?

Same thing as:

The meaning of a function 
application is the meaning of the 
function definition’s body 
expression, where each parameter 
is bound the value of the argument

#lang racket
(provide interp)
(provide interp-env)
(require "ast.rkt")
(require "interp-prim.rkt")

;; type Value =
;; | Integer
;; | Boolean
;; | Character
;; | Eof
;; | Void
;; | '()
;; | (cons Value Value)
;; | (box Value)
;; | (string Character ...)
;; | (vector Value ...)

;; type Env = (Listof (List Id Value))

(define ... '...)

;; Prog -> Answer
(define (interp p)
(match p
[(Prog ds e)
(interp-env e '() ds)]))

(interp-env (App 'f (list e1 e2 ...)) r ds)
;; where (Defn 'f (list x1 x2 ...) e) in ds

(interp-env e (list (list x1 (interp-env e1 r ds))
(list x2 (interp-env e2 r ds))
...)

ds)

;; assuming e1 e2 ... don't cause errors

(define r 'r)
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Designing our own calling convention
Function calls are like “let at a distance”

#lang racket

(define (f x y)
(+ x y))

(f 3 4)
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#lang racket

(define (f x y)
(+ x y))

(f 3 4)
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#lang racket
(require a86)

(let ((x 3) (y 4))
(+ x y))

(define p
(seq (Global 'entry)

(Label 'entry)
(Mov 'rax 42)
(Push 'rax)
(Call 'g)
(Add 'rsp 8)
(Ret)

(Label 'f) ; (define (f) 42)
(Mov 'rax 42)
(Ret)

(Label 'g) ; (define (g x) (+ x x))
(Mov 'rax (Offset 'rsp 0)) ;; ??
(Add 'rax 'rax)
(Ret)))
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Except the code for f is not

part of the application expression

is like



For next time

• Read Iniquity notes


• Take ELMS quiz


