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Interlude 



for

(for/list ([x lst]) (add1 x)) 

(map add1 lst) 

(for/list ([x n]) (add1 x)) 

(build-list n add1) 

(for/list ([x lst] #:when (odd? x)) (add1 x)) 

(filter odd? (map add1 lst)) 

(for/sum ([x lst] #:when (odd? x)) (add1 x)) 

(foldl + 0 (filter odd? (map add1 lst))) 



for*
for 



Previously 

;; A Result is a: 
;; - Number 
;; - FunctionResult 
;; - ErrorResult 

;; An ErrorResult is a: 
;; - undefined-var-err 
;; - not-fn-err 
;; - arity-err 
;; - circular-err 
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n 

1 

Previously 



n 



(* (+ 1 2)  
   (- 4 3) 
   (/ 10 5)) 

n 



(* (+ 1 2)  
   (- 4 3) 
   (/ 10 5)) ;; A Program (Sexpr) is a: 

;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 

(define (prog-fn p) 
  (match p 
    [(? number?) … ] 
    [`(+ ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ] 
    [`(* ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ])) 



(* (+ 1 2)  
   (- 4 3) 
   (/ 10 5)) 

n 



;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 



;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 



;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 

;; parse: Program -> AST 
;; Converts a Program to an AST 

(define (parse p) 
  (match p 
    [(? number?) … ] 
    [`(+ ,x ,y)  
      … (parse x) … (parse y) … ] 
    [`(* ,x ,y)  
      … (parse x) … (parse y) … ])) 

;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 

(define (prog-fn p) 
  (match p 
    [(? number?) … ] 
    [`(∑ ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ] 
    [`(∏ ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ])) 



;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 

• cs450f23/lecture18-inclass 

• parse-< >.rkt 

;; parse: Program -> AST 
;; Converts a Program to an AST 

(define (parse p) 
  (match p 
    [(? number?) (mk-num p)] 
    [`(+ ,x ,y)  
      … (parse x) … (parse y) … ] 
    [`(* ,x ,y)  
      … (parse x) … (parse y) … ])) 

;; An is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 

(define (prog-fn p) 
  (match p 
    [(? number?) … ] 
    [`(∑ ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ] 
    [`(∏ ,x ,y)  
      … (prog-fn x) … (prog-fn y) … ])) 



;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 

• cs450f23/lecture18-inclass 

• parse-< >.rkt 

;; parse: Program -> AST 
;; Converts a Program to an AST 

(define (parse p) 
  (match p 
    [(? number?) (mk-num p)] 
    [`(+ ,x ,y)   
      (mk-add (parse x) (parse y))] 
    [`(* ,x ,y)  
      … (parse x) … (parse y) … ])) 

;; An is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 



;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 

• cs450f23/lecture18-inclass 

• parse-< >.rkt 

;; parse: Program -> AST 
;; Converts a Program to an AST 

(define (parse p) 
  (match p 
    [(? number?) (mk-num p)] 
    [`(+ ,x ,y)   
      (mk-add (parse x) (parse y))] 
    [`(* ,x ,y)   
      (mk-mul (parse x) (parse y))])) 

;; An is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 



• cs450f23/lecture18-inclass 

• parse-< >.rkt 

;; parse: Program -> AST 
;; Converts a Program to an AST 

(define (parse p) 
  (match p 
    [(? number?) (mk-num p)] 
    [`(+ ,x ,y)   
      (mk-add (parse x) (parse y))] 
    [`(* ,x ,y)   
      (mk-mul (parse x) (parse y))])) 

;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 
(struct AST []) 
(struct num AST [val]) 
(struct add AST [lft rgt]) 
(struct mul AST [lft rgt]) 

;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 



n 

;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 

(* (+ 1 2)  
   (- 4 3) 
   (/ 10 5)) 

;; A Program (Sexpr) is a: 
;; - Number 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 



n 

(bind 1) 

(lm) 



n 

((lm (x) x) 1 2 3) 

(bind [I-AM-OBVIOUSLY-NOT-A-FUNCTION! 1] 
 (I-AM-OBVIOUSLY-NOT-A-FUNCTION! 2)) 

(env-lookup I-AM-NOT-AN-ENV! x) 

((lm (one-arg-only) one-arg-only) 
  1 2 3) 

(bind [I-AM-OBVIOUSLY-NOT-A-FUNCTION! 3]  
  (I-AM-OBVIOUSLY-NOT-A-FUNCTION! 1)) 



n 

;; An AST is one of: 
;; - (mk-num Number) 
;; - (mk-add AST AST) 
;; - (mk-mul AST AST) 

;; A Type is one of: 
;; - ??? 



;; run : AST -> Result 
;; Computes result of running given program AST 

(define (run p) 
  (match p 
    [(num n) … ] 
    [(add x y)  … (run x) … 
                … (run y) … ] 
    [(mul x y)  … (run x) … 
                … (run y) … ]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

Previously 

;; A Result is one of: 
;; - ??? 



;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) … ] 
    [(add x y)  … (typeof x) … 
                … (typeof y) … ] 
    [(mul x y)  … (typeof x) … 
                … (typeof y) … ]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
;; - ??? 

;; typeof : AST -> Type 
;; Computes the Type of the given program 



;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) (Int)] 
    [(add x y)  … (typeof x) … 
                … (typeof y) … ] 
    [(mul x y)  … (typeof x) … 
                … (typeof y) … ]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 



;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) (Int)] 
    [(add x y)  … (typeof x) … 
                … (typeof y) …  
               ?   (Int)   ?   ] 
    [(mul x y)  … (typeof x) … 
                … (typeof y) … ]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 



;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) (Int)] 
    [(add x y) (if (and (type=? (typeof x) (Int)) 
                        (type=? (typeof y) (Int))) 
               ?   (Int)   ? 
                   TYPE-ERROR]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 



;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) (Int)] 
    [(add x y) (if (and (type=? (typeof x) (Int)) 
                        (type=? (typeof y) (Int))) 
                   (Int) 
                   TYPE-ERROR]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
;; or, TYPE-ERROR (???) 



;; typeof : AST -> Type 
;; Computes the Type of the given program 

(define (typeof p) 
  (match p 
    [(num n) (Int)] 
    [(add x y) (if .... (type=? (typeof x) (Int)) .... 
                      ;; else  .... 
                      (raise-syntax-error 'typeof 
                       “type mismatch, expected Int, got ~a" (typeof x) 
                       #:exn exn:fail:typecheck:cs450)]) 

;; An is one of: 
(struct num [val]) 
(struct add [lft rgt]) 
(struct mul [lft rgt]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [inty outty]) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
;; or, TYPE-ERROR (?) 



;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
;; - ?? 

;; A Program is one of: 
;; - Atom 
;; - Variable 
;; - ... 

;; An Variable is a: 
;; - Symbol 

;; An AST is one of: 
;; - … 
;; - (mk-var Symbol) 
;; - … 
 
 
;; … 
(struct vari [name]) 
;; … 

parse 

typeof 
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typeof 

typeof 



(define (typeof p) 
  (match p 
   [(num n) ....] 
   [(vari x) ....])) 

(define (typeof p) 
  ;; accumulator acc : ??? 
  ;; invariant: ??? 
  (define (typeof/acc p acc) 
    (match p 
     [(num n) ....] 
     [(vari x) ....])) 
 (typeof/acc p  ???  )) 

;; typeof: AST -> Type 
;; Computes type of a CS450 Lang Program 

TypeEnvironment 

Contains types of variables 

typeof

… currently in-scope 



• Var Type

• maps hashes

•

•
• add 

• lookup 
;; An TypeEnvironment is one of: 
;; - empty 
;; - (cons (list Var Type) TypeEnvironment) 

;; a type environment for  
;; cs450-lang variables 

;; if there are duplicates,  
;; vars at front of list shadow those in back 



• Var Type

• maps hashes

•

•
• add 

• lookup 
•

• maps hashes

•

•
• tyenv-add    : TyEnv Var Type -> TyEnv 

• tyenv-lookup : TyEnv Var -> Type 

;; An TypeEnvironment (TyEnv) is one of: 
;; - empty 
;; - (cons (list Var Type) TypeEnvironment) 



(define (run p) 
  (match p 
   [(num n) n] 
   [(add x y) (450+ (run x) (run y))])) 

(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
 
      …   )) 
 (typeof/env p  ???  )) 

typeof

;; typeof : AST -> Type 



(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) … (tyenv-add tyenv x (run/env e tyenv)) …] 
      …   )) 
 (typeof/env p  ???  )) 

typeof

;; typeof : AST -> Type 



(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) … (tyenv-add tyenv x (typeof/env e tyenv)) …] 
      …   )) 
 (typeof/env p  ???  )) 

typeof

??? 

??? 

;; typeof : AST -> Type 



;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - ????? 



;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - ... 



;; typeof: AST -> Type 

(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) … (tyenv-add tyenv x (typeof/env e tyenv)) …] 
      …   )) 
 (typeof/env p  ???  )) 

;; An TypeEnvironment (TyEnv) is one 
of: 
;; - empty 
;; - (cons (list Var Type) Env) 

typeof

Type AST

AST Type

x

;; An AST is one of: 
;; - … 
;; - (mk-bind Symbol AST AST) 

;; typeof: AST -> Type 



;; typeof: AST -> Type 

(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) … (tyenv-add tyenv x (typeof/env e tyenv)) …] 
      …   )) 
 (typeof/env p  ???  )) 

typeof

;; An AST is one of: 
;; - … 
;; - (mk-bind Symbol AST AST) 

Type

;; typeof: AST -> Type 



;; typeof: AST -> Type 

(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) (typeof/env body (tyenv-add tyenv x (typeof/env e tyenv))] 
      …   )) 
 (typeof/env p  ???  )) 

typeof

Typeof body x 



;; typeof: AST -> Type 

(define (typeof p) 
  ;; accumulator tyenv : TypeEnvironment 
  ;; invariant: contains in-scope Vars + their Types 
  (define (typeof/env p tyenv) 
    (match p 
      … 
     [(vari x) (tyenv-lookup tyenv x)] 
     [(bind x e body) (typeof/env body (tyenv-add tyenv x (typeof/env e tyenv))] 
      …   )) 
 (typeof/env p  ???  )) 

empty ???

empty 



;; A Program is one of: 
;; - Atom 
;; - Variable 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 



;; A Type is one of: 
(struct Type []) 
(struct Int Type [])  
;; - (mk-FnTy Type … Type) 
(struct Fn Type [tins tout]) 

;; An TypeEnv is one of: 
;; - empty 
;; - (cons (list Var Type) TypeEnv) 

(define INIT-TYENV  
`((+ (mk-FnTy (Int) (Int) (Int))) 
  (* (mk-FnTy (Int) (Int) (Int)))) 

+

;; A Program is one of: 
;; - Atom 
;; - Variable 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(+ ,Program ,Program) 
;; - `(* ,Program ,Program) 



(define (typeof p) 
 
  ;; accumulator env : TypeEnvironment 
  (define (typeof/e p env) 
    (match p 
  … 
     [(vari x) (tyenv-lookup env x)] 
     [(bind x e body) (typeof/e body (tyenv-add env x (typeof/e e env)))] 
   … )) 
 (typeof/e p  ???        )) 

(define INIT-ENV ((+ 450+) (× 450*))) (define INIT-TYENV `((+ (mk-FnTy (Int) (Int) (Int)))  
                     (* (mk-FnTy (Int) (Int) (Int)))) 

INIT-TYENV 



parse 

;; An AST is one of: 
;; - … 
;; - (mk-var Symbol) 
;; - (mk-bind Symbol AST AST) 
;; - (mk-appl AST List<AST>) 
 
(struct vari [name]) 
(struct bind [var expr body]) 
(struct appl [fn args]) 

;; A Program is one of: 
;; - Atom 
;; - Variable 
;; - `(bind [,Var ,Program] ,Program) 
;; - (cons Program List<Program>) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(appl fn args) (typecheck-apply  
                       (typ/e fn env)  
                       (map (curryr typ/e env) args))]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; An AST is one of: 
;; - … 
;; - (mk-var Symbol) 
;; - (mk-bind Symbol AST AST) 
;; - (mk-appl AST List<AST>) 
 
(struct vari [name]) 
(struct bind [var expr body]) 
(struct appl [fn args]) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(appl fn args) (typecheck-apply 
                       (typ/e fn env)  
                       (map (curryr typ/e env) args))]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; An AST is one of: 
;; - … 
;; - (mk-var Symbol) 
;; - (mk-bind Symbol AST AST) 
;; - (mk-appl AST List<AST>) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(appl fn args) (typeof-apply  
                       (typ/e fn env)  
                       (map (curryr typ/e env) args))]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(appl fn args) (typeof-apply 
                       (typ/e fn env)  
                       (map (curryr typ/e env) args))]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

(typeof '(10 10)) ; apply non-fn 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(appl fn args) (apply  
                       (typ/e fn env)  
                       (map (curryr typ/e env) args))]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

typeof-apply 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



(define (typeof-apply fntype argtypes) 
  (match fntype 
   [(Int)             ... ] 
   [(Fn expected-argtypes outtype)             ... ] 
 
)) 

;; typeof-apply: Type Listof<Type> -> Type 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



(define (typeof-apply fntype argtypes) 
  (match fntype 
   [(Fn expected-argtypes outtype) 
    (if (and (= (length expected-argtypes) (length argtypes)) 
             (andmap type=? expected-argtypes argtypes)) 
        outtype 
        (raise-type-exn ....) )])) 
 

;; typeof-apply: Type Listof<Type> -> Type 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



(define (typeof-apply fntype argtypes) 
  (match fntype 
   [(Fn expected-argtypes outtype) 
    (if (and (= (length expected-argtypes) (length argtypes)) 
             (andmap type=? expected-argtypes argtypes)) 
        outtype 
        (raise-type-exn ....) )])) 
 

;; typeof-apply: Type Listof<Type> -> Type 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 



;; A Program is one of: 
;; - Atom 
;; - Variable 
;; - `(bind [,Var ,Program] ,Program) 
;; - (cons Program List<Program>) 



;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm ,List<Var> ,Program) 
;; - (cons Program List<Program>) 



;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm ,List<Var> ,Program) 
;; - (cons Program List<Program>) 

(lm (x) (+ x 1)) 

(lm (x) x) ??? 



;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm [,Var : ,Type] ,Program) 
;; - (cons Program List<Program>) 

(lm [x : Int] (+ x 1)) 

(lm [x : Int] x) ??? 



;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
 
 
 
(struct tylm-ast [x ty body]) 
;; … 
 

;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm [,Var : ,Type] ,Program) 
;; - (cons Program List<Program>) 

parse 



(define/contract (parse p) 
  (-> Program? AST?) 
  (match p 
       ... 
   [`(lm [,(? symbol? x) : ,ty] ,bod) ... ] 
   [`(lm . ,_)  
     (raise-syntax-error 'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)])) 

(lm [x : Int] (+ x 1)) 



(define/contract (parse p) 
  (-> Program? AST?) 
  (match p 
       ... 
   [`(lm [,(? symbol? x) : ,ty] ,bod)  
    (mk-tylm-AST x (parse-type ty) (parse bod))   ] 
     (raise-syntax-error 'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)])) 

(lm [x : Int] (+ x 1)) 

;; An AST is one of: 
;; … 
;; - (mk-lm-ast Var Type AST) 
;; … 



(define/contract (parse-type ty) 
  (-> TypeSyntax? Type?) 
  (match ty 
       ... 
   ['Int ... ] 
   [`(lm . ,_)  
     (raise-syntax-error 'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)]                   )) 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 

;; TypeSyntax is: 
;; - 'Int 



(define/contract (parse-type ty) 
  (-> TypeSyntax? Type?) 
  (match ty 
       ... 
   ['Int (mk-Int)] 
   [`(lm . ,_)  
     (raise-syntax-error 'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)]                   )) 

;; TypeSyntax is: 
;; - 'Int 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



(define/contract (parse-type ty) 
  (-> TypeSyntax? Type?) 
  (match ty 
       ... 
   ['Int (mk-Int)] 
   [`(lm . ,_)  
     (raise-syntax-error 'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)]                   )) 

;; TypeSyntax is: 
;; - 'Int 
;; - '(-> TypeSyntax …) 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



(define/contract (parse-type ty) 
  (-> TypeSyntax? Type?) 
  (match ty 
       ... 
   ['Int (mk-Int)] 
   [`(-> ,tyins … ,tyout) ... ]     (raise-syntax-error 'parse 
“invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)]                   )) 

;; TypeSyntax is: 
;; - 'Int 
;; - '(-> TypeSyntax …) 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



(define/contract (parse-type ty) 
  (-> TypeSyntax? Type?) 
  (match ty 
       ... 
   ['Int (mk-Int)] 
   [`(-> ,tyins … ,tyout) (mk-FnTy tyins tyout)] 
'parse “invalid lm syntax" p 
        #:exn exn:fail:syntax:cs450)   ] 
   [`(,fn . ,args) ... ] 
   [_ (raise-syntax-error 
        'parse "not a valid CS450 Lang program" p 
        #:exn exn:fail:syntax:cs450)]                   )) 

;; TypeSyntax is: 
;; - 'Int 
;; - '(-> TypeSyntax …) 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
 
 
 
(struct tylm-ast [x ty body]) 
;; … 
 

;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm [,Var : ,Type] ,Program) 
;; - (cons Program List<Program>) 

parse 

typeof 

;; - ??? 
 



;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
 
 
 
(struct tylm-ast [x ty body]) 
;; … 
 

;; A Program is one of: 
;; - Atom 
;; - Variable (Var) 
;; - `(bind [,Var ,Program] ,Program) 
;; - `(lm [,Var : ,Type] ,Program) 
;; - (cons Program List<Program>) 

parse 

typeof 
;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(tylm-ast x ty body) ?? params ?? (run/e body env) ??]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
(struct tylm-ast [x ty body]) 

;; typeof: AST -> Type 



(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(tylm-ast x ty body) ??  x ty  ?? (typ/e body env) ??]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
(struct tylm-ast [x ty body]) 

;; typeof: AST -> Type 



;; typeof: AST -> Type 

(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(tylm-ast x ty body) ??  x ty  ?? (typ/e body env) ??]         
         … 
     )) 
 (typ/e p INIT-TYENV)) 

;; An AST is one of: 
;; … 
;; - (mk-tylm-ast Var Type AST) 
;; … 
(struct tylm-ast [x ty body]) 

;; A Type is one of: 
;; (mk-Int) 
;; (mk-FnTy Type … Type) 



;; typeof: AST -> Type 

(define (typeof p) 
 
 
  (define (typ/e p env) 
    (match p 
         … 
     [(tylm-ast x ty body) (mk-FnTy ty (typ/e body (env-add env x ty)))] 
         … 
     )) 
 (typ/e p INIT-TYENV)) ;; A Type is one of: 

;; (mk-Int) 
;; (mk-FnTy Type … Type) 



(define (typeof-apply fntype argtypes) 
  (match fntype 
   [(Fn expected-argtypes outtype) 
    (if (and (= (length expected-argtypes) (length argtypes)) 
             (andmap type=? expected-argtypes argtypes)) 
        outtype 
        (raise-type-exn ....) )])) 
 

;; typeof-apply: Type Listof<Type> -> Type 

;; A Type is one of: 
(struct Type []) 
(struct Int Type []) 
(struct Fn Type [tins tout]) 




