CMSC 430 - 23 June 2026

Lambdas and first-class functions

* oot - Lambda
* interpreter lambda expressions w/ and w/o functions
 compiling lambda expressions



CMSC 430 - 23 June 2026

Announcements

* Assignment 7 due Thursday

* Assignment 5 grades released

* Assignment 6 will be released today

 Exam 2 Friday

* Practice exam 2 out later today

* No quiz today - instead last quiz will be extended until tomorrow






Syntactic matters

* Apps now have an arbitrary expression in function position
 Lambdas have an id (inserted by the parser) to “name” it



Syntactic matters

> (parse-e '(A (x) x))

'#s(Lam lambda6795915 (x) #s(Var x))

> (parse-e '(A (x) x))

'#s(Lam lambda6795947 (x) #s(Var x))

> (parse-e '(A (x y z) x))

'#s(Lam 1lambda6795991 (x y z) #s(Var x))
>



Syntactic matters

> (parse-e '(f x))
'#s (App #s(Var f) (#s(Var x)))
> (parse-e '((if y f g) x))



Semantic matters

New kind of value: function




Semantic matters

New kind of value: function

|dea: use Racket functions to
represent Loot functions



Lambda expressions

Remember the environment they were created In

(let ((f (let ((x 5))

(A (y) (+ xy)))))
(f 1))



Lambda expressions

Remember the environment they were created In

(let ((f (let ((x 5))

(A (y) (+ xvy)))))
(let ((x 6))

(f 1)))



Semantic matters

New kind of value: function

3 Expr Env Defns —> Value { raises 'err }
(define (interp-e e r ds) ;; where r closes e
(match e
[(Lam _ xs e)
(A (vs)
; check arity matches
(if (= (length xs) (length vs))
(interp—-e e (append (zip xs vs) r) ds)
(raise 'err)))]
[(App e es)
(let ((f (interp-e e r ds))
(vs (interp-ex es r ds)))
(if (procedure? f)
(f vs)
(raise 'err)))1))



Lambda without Lambda

The essence of a closure

'Save the environment! Create a closure today!" — Cormac Flanagan

A closure palirs together
- a computation that can be run later
- the environment in which it was created



Semantic matters

New kind of value: function (represented as a closure)

(struct Closure (xs e r) #:prefab)



Semantic matters

New kind of value: function (represented as a closure)

(define (interp-e e r ds)
(match e

[(Lam _ xs e)
(Closure xs e r)]
(App e es)
(let ((f (interp-e e r ds))
(vs (interp-ex es r ds)))
(match f

[(Closure xs e r)

[

(if (= (length xs) (length vs))
(interp-e e (append (zip xs vs) r) ds)
(raise 'err))]

[ (raise 'err)]))1))



The three facets of first-class functions

Calling of a function: Unpack the data structure and
install the values on the stack

70

An Expression: Allocation of
data structure packaging up environment

u

A Function Definition: Code for executing
the body of the function




Encoding pointer values (Loot)

Type tag In least significant bits

61-bits for address
61-bits for address nn
61-bits for address

61-bits for address nn
61-bits for address

Box

Cons

Vector

String

Proc




Representing (closed) function values

Tagged pointer to memory that holds a code pointer

Function = Code pointer

(A (x y)
(+ X y)) 7 e e ey

Function value = Tagged pointer to function




Lambda expressions define functions

First take: compile a function definition for each lambda

(define (compile-lambda-define 1) Assumes closed!!
(match 1

[(Lam f xs e)

(let ((env (reverse (cons #f xs))))
(seq (Label (symbol->1label f))

(Cmp r8 (length xs))

(Jne 'err)

(compile-e e env #t)

(

(

Add rsp (x 8 (length env)))
Ret)))]))



Lambda expressions evaluate to function values

First take: lambda expressions evaluate to tagged pointers to code label

Assumes closed!!

(define (compile-lam f xs e c)
(seq (Lea rax (symbol->label f))
(Mov (Mem rbx) rax)
(Mov rax rbx)

(Xor rax type-proc)
(Add rbx 8)))



Function calls made indirectly

First take: eval function, untag, dereference, and jump

>3 Id [Listof Expr] CEnv —> Asm »3 Expr [Listof Expr] CEnv —> Asm
(define (compile-app-nontail f es c) (define (compile-app—-nontail e es c)
(let ((r (gensym 'ret))) (let ((r (gensym 'ret)))
(seq (Lea rax r) (seq (Lea rax r)

(Push rax) (Push rax)
(compile-es es (cons #f c)) (compile-es (cons e es) (cons #f c))
(Mov r8 (length es)) (Mov r8 (length es))
(Jmp )
(Label r)))) +*

/

Compiler for Jig

Whoops — broke function call protocol with an extra argument



Aside: What if we did the function last?

Could solve our problem and be more efficient!

Pros:
-saves one word word on the stack
-No need to fetch the function from the stack — it’s in rax already!

(define (compile-—-app-nontail e es c) -No longer sends one too many arguments to the function
(let ((r (gensym ret))) E:Ig?jl;en (w.r.t. our spec)
(seq (Lea rax r)
(Push rax)
(compile-es es (cons #f c))
(compile-e e (append (make-list (addl (length es)) #f) c))
(Mov r8 (length es))

(assert—proc rax) #lang racket
(Jmp (Mem rax (- type-proc)))) ((begin (write-byte 97) (A (x y) x))
(Label r))) (begin (write-byte 98) #t)

(begin (write-byte 99) #f))




Aside: What if we did function last?

Could solve our problem and be more efficient!

We could change the spec to go right to left....

OCaml version 4.14.0
Enter #help;; for help.

# ((Printf.printf "a"; (fun x y -> x))
(Printf.printf "b": true) OCaml’s philosophy: don’t rely on order of

(Printf. printf nen : false)) x evalyatlon In function applllcatlo.n; for a
cba— : bool = true particular order, be explicit, e.g.:

Folepc il = Prantl prantE Ta' = (BEp o e o ) g
let vl = Printf.printf "b"; true 1n

_ _ _ let v2 = Printf.printf "c"; false in

OCaml: designed by compiler hackers, for compiler hackers! f1 vl v2;;

abc— : bool = true




Lambda expressions define functions

Second take: every function takes implicit extra argument

Assumes closed!!

(define (compile-lambda-define 1)
(match 1
[(Lam f xs e)
(let ((env (reverse (cons #f xs))))
(seq (Label (symbol->1label f))
(Cmp r8 (length xs))
(Jne 'err)
(compile-e e env #t)
(
(

Add rsp (x 8 (length env)))
Ret)))]))



;3 type Value =

Representing functions ..

. . ;3 | (Closure [Listc d] Expr Env)
Functions are a new kind of value (i ,ct closure #:prefab)
/ T

Can be used to define a function in assembly

Can be represented as an array of values

Closure = Code pointer + run-time environment

(let ((y 2))
+
- lambda_1:
...code for (+ x y)...

Function value = Tagged pointer to closure




For next time

e Read Knock notes

 No quiz today!



Compiling a single pattern

The heart of pattern matching compilation

(define (compile-pattern p cm next)

Two things:

* Instructions that bind variables in p if it matches,
or pops environment and jumps to next if it doesn't

 compile time environment that describes what p binds



Compiling a match expression

3 Expr [Listof Pat] [Listof Expr] CEnv Bool —> Asm
(define (compile-match e ps es c t?)
(let ((done (gensym)))
(seq (compile—e e c #f)

;3 Save away to _bhe—resfored by each clause
atch-clauses ps es done t?)
(Jmp 'err)
abet—dage) ;3 where to jump if you've finished a RHS
))) 3 pop the saved value being matched




Compiling a list of match clauses

3 [Listof Pat] [Listof Expr] CEnv Symbol Bool —> Asm
(define (compile-match-clauses ps es c done t?)
(matchx (ps es)
LC"C) "()) (seq)l
[((cons p ps) (cons e es))
(seq (compile-match-clause p e c done t?)
(compile-match-clauses ps es c done t?))]))

Just the sequence of compiling each clause



Compiling a match clause

;3 Pat Expr CEnv Symbol Bool —> Asm
(define (compile-match-clause p e c done t?)
(let ((next (gensym)))
;; Compiling a pattern needs to know two things:
;3 — a compile—-time environment that describes bindings made so far
;3 — where to jump 1n case the pattern doesn't match
(match (compile-pattern p '() next)
;3 Compiling a pattern produces two things:
;3 — 1nstructions that will either:
i * match value currently 1n rax,
HE binding things by pushing on the stack
- * not match, clear out the bindings, and jump to next
;3 — a compile-time environment that describe the bindings
i of the pattern, should it succeed
[(list 1 cm)
(seq (Mov rax (Offset rsp 0)) ;; restore value being matched into rax
1 ;3 do matching, binding, maybe jumping to next
;3 If you made it here, the pattern matched and the bindings described
;3 by cm have been pushed onto the stack
(compile-e e (append cm c) t?) ;; Do the RHS
(Add rsp (x 8 (length cm))) :; Clear out the bindings
(Jmp done) ;3 Jump to bottom of clauses code
(Label next))1))) ;3 Where to jump if p doesn't match



Compiling a wildcard or variable pattern

(define (compile-pattern p cm next)
(match p

[(Var ' )
(list (seq) cm)]

[(Var x)
(list (seq (Push rax)) (cons x cm))]

))



Compiling a literal pattern

:: Pat CEnv Symbol —> (list Asm CEnv)
(define (compile-pattern p cm next)
(match p
;3 — Matches if | 1s equal to value 1n rax
;3 — No new bindings
[(Lit 1)
(let ((ok (gensym)))
(list (seq (Mov r8 rax)
(compile-value 1) ;; puts 1 in rax
(Cmp rax r8)
(Je ok)
(Add rsp (x 8 (length cm)))
(Jmp next)
(Label ok))



Compiling a box pattern

(define (compile-pattern p cm next)
(match p

[(Box p)
(match (compile-pattern p cm next)
[(list 11 cml)
(let ((ok (gensym)))
(list
(seq (Mov r8 rax)
(And r8 ptr—-mask)
(Cmp r8 type-box)
(Je ok)

(Add rsp (x 8 (length cm)))
(Jmp next)
(Label ok)
(Xor rax type-box)
(Mov rax (Offset rax 0))
i1)

cml))])]
))



Compiling an and pattern

»» Pat CEnv Symbol —> (list Asm CEnv)
(define (compile-pattern p cm next)
(match p

[(Conj pl p2)

(match (compile-pattern pl next)
[(list i1 cml)
(match (compile-pattern pz:::::hext)

[(list 12 cm2)

(list
(seq;; save away value so 1t can be restored for 12

11
;; Reach up i1into the stack to grab the stowed away value
(Mov rax (Offset rsp (x 8 (- (subl (length cml)) (length cm)))))
i2)
cm2)]1)1]) ]



Compiling a cons pattern

>3 Pat CEnv Symbol —> (list Asm CEnv)
(define (compile-pattern p cm next)
(match p
[(Cons pl p2)
(match (compile-pattern pl
[(list 11 cml)
(match (compile-pattern p
[(list 12 cm2)
(let ((ok (gensym)))
(list
(seq

(Mov r8 rax)

(And r8 ptr-mask)

(Cmp r8 type-cons)

(Je ok)

(Add rsp (x 8 (length cm))) ; haven't pushed anything yet
(Jmp next)

(Label ok)

(Xor rax type-cons)

Merr—r8~(0ffset rax 0))
m ; push cdr

(MOV—Tax (0ffset rax 8)) ; mov rax car
11
(Mov rax (Offset rsp (x 8 (- (subl (length cml)) (length cm)))))
i2)
cm2))]1)1)1



