Harvard School of Engineering and Applied Sciences — CS 152: Programming Languages

Simply-typed lambda calculus; More types (Lectures 11-12)
Section and Practice Problems

Week 7: Tue Mar 23-Fri Mar 27, 2021

1 Simply-typed lambda calculus

(a) Add appropriate type annotations to the following expressions, and state the type of the expression.

(i) Ma.a+4

Answer: With minimal annotations:
Xa:int.a + 4

and the expression has type int — int.

(i) A3+ f0)

Answer: With minimal annotations:
Af:unit— int.3 + f ()

and the expression has type (unit — int) — int.

(iii) (Az.z) (Af. f (f 42))

Answer: With minimal annotations:
(Az:(int — int) — int.x) (\f:int — int. f (f 42)).
Note that Az : (int — int) — int. x has type ((int — int) — int) — ((int — int) — inf).

The expression \f :int — int. f (f 42) has type (int — int) — int.
The whole expression has type (int — int) — int.

(b) For each of the following expressions, give a derivation showing that the expression is well typed.

(i) (Af:int — int. £ 38) (Aa:int.a + 4)
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Answer:

(ii) Ag:(int — int) — (int — int).g (Ac:int.c+1)7
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Answer: We have I’ = g: (int — int) — (int — inf) for succinctness.

(iii) Af:int — int. \g:int — int. \z:int. g (f 2)
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Answer:

2 Type soundness

(@) Recall the substitution lemma that we used in the proof of type soundness.

Lemma (Substitution). If z:7' Fe:mand - v:7' then - e{v/x}:T.

Using the definition of substitution given in Assignment 2, prove this lemma. You may assume that v
does not have any free variables (i.e., FV (v) = 0)).

Remember to state what set you are performing induction on and what the property is that you are
proving for every element in that set. If you are not sure what cases you need to consider, or what
you are able to assume in each case of the inductive proof, we strongly suggest that you write down
the inductive reasoning principle for the inductively defined set.
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Answer: We recall the definition of substitution, since we will use it in this proof.

yle/} = { o=y

y ifa#ty
(e1 e2){e/z} = er{e/z} ex{e/x}
Ay. e ifr=y
Ay. (e'{e/x}) ifv#yandy ¢ FV(e)

(Ay. € ) e/} = Az (€ {z/yDie/a}) ifz #yandy € FV(e), where

z € FV(e)UFV(e)U{x}
We extend substitution for the new syntactic forms in our language.

n{e/z} =n
Ofe/z} =0
e1 + ex{e/z} = (erfe/x}) + (e2{e/x})

We proceed by structural induction on expressions. That is, we will perform induction on the set of expressions.
As an aside, the inductive reasoning principle for the set of expressions for this language is the following:

For any property P,
If

e P(n) holds

* P(()) holds

e P(x) holds

For all expressions e, if P(e) holds then P(Ax:7.e) holds
For all expressions ey and eq, if P(e1) and P(eq) holds then P(e;y eq) holds
* For all expressions ey and ey, if P(eq) and P(ez) holds then P(e1 + e2) holds

then
for all expressions e, P(e) holds.

The property we will prove is actually stronger than the lemma. We will need this stronger property in order to
deal with the case for functions. The property is:

P(e) =V, z, 7,0, 7. if Tz — 7| Fe:Tand Fv:7' thenT + e{v/z}:7
We consider the possible cases (which correspond to the 6 bullet points in the inductive reasoning principle above).
e e=n
Assume that Ulx — 7’| Fe:Tand - v: 7'

Since e = n, we have e{v/x} = e. Thus, T' - e{v/x} : 7 holds trivially.
«e=0)

Assume that Uz — 7'| b e:Tand - v:7'.

Since e = (), we have e{v/x} = e. Thus, I' - e{v/x}: 7 holds trivially.
L I a— ’y

Assume that Ulx — 7’| b e:Tand - v:7'.

We consider two subcases, where x and y are the same variable, and where they are different variables.

Page 5 of 11




Simply-typed lambda calculus; More types (Lectures 11-12)
Section and Practice Problems

— x and y are the same variable.

In this case, we have T = 7' (since e = x and 'z — 7’| & e : 7 means that, by inversion using rule
T-VAR, 7 = 7). Also, we have e{v/x} = v. Fromt v:7" we can derive T - v:7/, andsoT + e{v/x}:7
holds.

— x and y are different variables.
In this case, we have e{v/x} = e. Thus, I' - e{v/xz} : 7 holds trivially.

* e=\y:Ty.€
Assume that T{x — 7'| b e:7and & v:7'. Also assume that the property holds for ¢’ (i.e., the inductive
hypothesis).

We consider three subcases, corresponding to the three possible cases for substitution of A\y:7,. €.

— x and y are the same variable.
In this case, we have e{v/x} = e. Thus, I - e{v/x} : 7 holds trivially.

— x and y are different variables and y ¢ FV (v).
In this case, we have e{v/z} = Ay:7,. (¢'{v/z}).
By inversion on Iz — 7'| - e:7, we have Uz — 7'y — 7] F &' :7" for some 7" where T = 17, — 7"
Since x and y are different variables, note that T'[x — 7'|[y — 7,] is equal to I'[x — 7'] where T =
Iy + 7,]. Because the inductive hypothesis holds for expression e/, and I'[x — 7’| = €’ : 7", we have
'k (e'{v/x}):7".
Using typing rule T- ABS, we have that T = Ay :7,. (e/{v/x}): 7, — 7". That is, we have T' - e{v/x}: T,
as required.

— x and y are different variables and y € FV (v).
This case is actually impossible. Since v is a value, v can not have any free variables.

® c=¢e1 €y

Assume that Tz — 7’| & e:7and - v:7'. Also assume that the property holds for ey and for ey (i.e., the
inductive hypothesis).

FromT'[x — 7| b e: T, by inversion, we have that T[x — 7| F e1:7" — 7and T'[x — 7] F eq: 7" for some
type 7. (That is, rule T- APP is the only typing rule that has a conclusion that matches I'|x — 7' & e: 7, and
so it must be the case that the premises of T-APP are true.)

From the inductive hypothesis, we have that T'[x — 7'| b er{v/x}:7" = 7 and Uz — 71 F ea{v/z}:7".
From the definition of substitution, we have that e{v/x} = (e1{v/x}) (e2{v/x}).
Thus, using the typing rule T-APP, we have that T+ e{v/x}:7, as required.

® c=¢1 +e9

Assume that Uz — 7’| b e:7and &= v:7'. Also assume that the property holds for ey and for ey (i.e., the
inductive hypothesis).

From T[x — 7’| F e:7, by inversion, we have that T'[x — 7’| & ey :intand Tz — 7'] - ey :int, and T = int.
(That is, rule T-ADD is the only typing rule that has a conclusion that matches 'z — 7'] b e: 7, and so it
must be the case that the premises of T-ADD are true.)

From the inductive hypothesis, we have that T'[x — 7' F e1{v/x}:intand Tz — 7’| F ea{v/z} :int.
From the definition of substitution, we have that e{v/z} = (e1{v/x}) + (e2{v/z}).
Thus, using the typing rule T-ADD, we have that T' & e{v/x} : 7, as required.

(b) Recall the context lemma that we used in the proof of type soundness.
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Lemma (Context). IfF Eleo]:7and - eg:7 and b ey:7' thent Eleq]: 7.

Prove this lemma.

Remember to state what set you are performing induction on and what the property is that you are
proving for every element in that set. If you are not sure what cases you need to consider, or what
you are able to assume in each case of the inductive proof, we strongly suggest that you write down
the inductive reasoning principle for the inductively defined set.

Answer: We proceed by structural induction on contexts E. That is, we are doing induction on the set of contexts,
which is inductively defined by the grammar:

E:=[]|Fe|vE|E+e|v+E

As an aside, the inductive reasoning principle for the set of contexts is the following:

For any property P,
If
e P([]) holds
e For all contexts E, if P(E) holds then P(E e) holds
e For all contexts E, if P(E) holds then P(v E) holds
e For all contexts E, if P(E) holds then P(E + e) holds
e For all contexts E, if P(E) holds then P(v + E) holds

then
for all contexts E, P(E) holds.
So, the property we are proving is:
P(E) =Veg,e1,7,7".if = Eleo|:7and + ey:7" and & ey :7' then + Eley]|:7
We consider the possible cases (which correspond to the 5 bullet points in the inductive reasoning principle above).
o« E=1]
Assume = Eleg|:Tand b eq: 7" and - ey : 7.

Since Eleg] = eg, we have 7 = 7'.

Moreover, since Ele1] = ey, from & e : 7' we have = Ele1]: T as required.

e E=Fe
Assume = Eleg|: T and & eq:7' and &= ey : 7/, and that the property holds for E'.

Since = E'[eg] e: T, by inversion (i.e., rule T-APP is the only rule whose conclusion is an application expres-
sion), we must have that = E'[eg]: 7" — 7 for some type 7" and - e:7".

By the inductive hypothesis (i.e., the property holds of E'), we have that E'[e1] has type 7" — 7. Using the
typing rule T-APP, we can conclude that = E'[e1] e:7. That is, = Eleq]: T as required.

e E=vFE.
Assume = Elegl: T and - eq: 7" and &= eq : 7/, and that the property holds for E'.

Since = v E'leg] : T, by inversion (i.e., rule T-APP is the only rule whose conclusion is an application expres-
sion), we must have that = E'[eg]: 7" for some type 7"/, and - v:7" — 7.

By the inductive hypothesis (i.e., the property holds of E’), we have that E'[e1] has type 7". Using the typing
rule T-APP, we can conclude that = v E'[e1]: 7. That is, - Ele1]: 7 as required.
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e E=F+e.
Assume = Elegl: 7 and & eq: 7" and &= ey : 7/, and that the property holds for E'.

Since - E'[eg)+e: T, by inversion (i.e., rule T-ADD is the only rule whose conclusion is an addition expression),
we must have that = E'[eo]: intand \- e: int, and that T = int.

By the inductive hypothesis (i.e., the property holds of E'), we have that E'[e,] has type int. Using the typing
rule T-ADD, we can conclude that - E'[e1] + e: 7. That is, = Eleq]: T as required.

e E=v+FE.
Assume = Elegl: T and & eq: 7" and &= eq : 7/, and that the property holds for E'.

Since - v+E'[eg]: T, by inversion (i.e., rule T-ADD is the only rule whose conclusion is an addition expression),
we must have that = E'[eo] : intand - v:int, and that T = int.

By the inductive hypothesis (i.e., the property holds of E'), we have that E'[e1] has type int. Using the typing
rule T-ADD, we can conclude that - v + E’[e1]:7. That is, = Ele1]: 7 as required.

Since all these cases go though, using the inductive reasoning principle, we can conclude that the property holds
for all contexts. That is exactly the lemma we were trying to prove.

3 Products and Sums

For these questions, use the lambda calculus with products and sums (Lecture 12§1.1).

(a) Write a program that constructs two values of type int + (int — int), one using left injection, and one
using right injection.

Answer:

leta:int+ (int — int) = inlinty (int—int) 3 IN
iNFintt-(int—int) A : iNt.3

(b) Write a function that takes a value of type int + (int — int) and if the value is an integer, it adds 7 to
it, and if the value is a function it applies the function to 42.

Answer:

Aa:int+ (int — int). casea of \y:int.y + 7 | A\f:int — int. f 42

(c) Give a typing derivation for the following program.

Ap: (unit — int) x (int — int). \z:unit + int.casez of #1 p | #2p

Answer: For brevity, let e; = Az : unit+ int.case x of #1 p | #2 pand let T' = {p: (unit — int) x (int —
int), z: unit + int}

T-VAR _ _ . _ T-VAR _ _ _ _
T+ p:(unit — int X int — int) T+ p:(unit — int X int — int)
T-VAR S— T-LPROJ - - T-RPROJ _ .
T+ :unit + int T+ #1 p:unit — int T+ #2p:int — int
I+ casex of #1p | #2p:int
p: (unit — int) x (int — int) &= Xz : unit + int. case x of #1 p | #2 p: (unit + int) — int

= Xp: (unit — int) x (int — int). ey : ((unit — int) x (int — int)) — (unit + int) — int

T-CASE

T-ABS

T-ABs
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(d) Write a program that uses the term in part (c) above to produce the value 42.

Answer: We refer to the term in part (c) above as f.

f (Az:unit — int. 42, \x:int. 41) inlypisyint ()

4 Recursion

(a) Use the ux. e expression to write a function that takes a natural number n and returns the sum of
all even natural numbers less than or equal to n. (You can assume you have appropriate integer
comparison operators, and also a modulus operator.)

Answer:
wf. An.if n < 0then 0 else if (n mod2) =0thenn+ f (n—2)else f (n—1)

(b) Try executing your program by applying it to the number 5.

Answer: The program executes correctly and returns 6. For brevity, we will refer to the expression from the answer
above as F.

F5
—(An.if n < 0then 0 else if (n mod2) =0thenn+ F (n—2)else F (n—1))5
—if5 <0thenOelseif (5 mod2) =0then5+ F (5—2)else F (5 —1)
—if falsethen O else if (5 mod2) =0then5+ F (5—2)else F (5—1)
—if (5 mod2) =0then5+ F (5—2) else F (5—1)
—ifl=0then5+ F (5—2)else F (5—1)
—if falsethen 5+ F (5 —2) else F' (5 — 1)
—F(5-1)
—(Mn.ifn <0thenOelseif (n mod2) =0thenn+ F (n—2)else F (n—1)) (5—-1)
—(An.if n < 0then 0 else if (n mod2) =0thenn+ F (n—2)else F (n—1)) 4
—if4 <0thenOelseif (4 mod2) =0then4+ F (4 —2)else F (4 —1)
—if false then 0 else if (4 mod2) =0then4+ F (4 —2)else F (4 —1)
—if (4 mod2) =0then4+ F (4 —2)else F (4 —1)
—if0=0then4+ F (4 —2)else F (4 —1)
—if truethen 4+ F (4 —2) else F (4 — 1)
—4+F (4-2)
—4 + (An.if n < 0then O elseif (n mod2) =0thenn+ F (n —2) else F (n—1)) (4 — 2)
—4 + (An.if n < 0thenOelseif (n mod2) =0thenn+ F (n—2)else F' (n —1)) 2
—4 4 (if2<0thenOelseif (2mod2) =0then2+ F (2—2)else F (2—-1))
—4 + (if false then 0 else if (2 mod2) =0then2+ F (2 —-2)else F (2—1))
—4 + (if (2mod2) =0then2+ F (2 —2) else F (2—-1))
— 4+ (if0=0then2+ F (2—2)else F (2—1))
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—4 + (if truethen 2+ F (2 —2) else F (2—1))

—4+(2+F(2-2)

—4 4+ (2+ (An.if n <0thenOelseif (n mod2) =0thenn+ F (n—2) else F (n—1)) (2—2))
— 4+ (2+ (An.ifn <0thenOelseif (n mod2) =0thenn+ F (n —2) else F (n—1)) 0)
—4+ (2+ (An.ifn <0then 0 elseif (n mod2) =0thenn+ F (n —2) else F (n — 1)) 0)
—4 4+ (2+ (if0 <0thenOelseif (0 mod2) =0then0+ F (0 —2) else F (0 —1)))

—4 + (2 + (if true then 0 else if (0 mod2) =0then0+ F (0 —2) else F (0 —1)))

—4 4+ (2+(0))

—%6

(c) Give a typing derivation for the following program. What happens if you execute the program?

pp: (int — int) x (int — int). (An:int.n + 1, #1 p)

Answer: For brevity, we write T, for the type (int — int) x (int — inf).

T-VAR nf e it T-INT it 1-int
(Tp,niintt= n:in (Tp,n:in in
T-SuMm PiTe e P - TVAR——————
P:Tp, N IN n ) I I,
T-ABS P:Tp: e T-PRrOJ P:Tp " DiTp
p:Tp = An:int.n + 1:int — int p:Tp = #1p:int — int

T-PAIR

p:1p E (An:int.n + 1, #1p):7p
Fpp:itp. (Ancint. n+ 1, #1p):7p

T-REC

Now, if you actually tried to execute this expression under a Call-By-Name semantics, it would unfold the recur-
sive expression to (An:int.n + 1,#1 P), where P is the recursive expression up: (int — inft) x (int — int). (An:
int.n + 1,41 p). While the first element of the pair is a value, the second #2 P is not, and so we would attempt to
evaluate that expression. However, that requires evaluating the expression P = up: (int — int) x (int — int). (An:
int.n + 1,41 p).

So, under Call-by-Name semantics, the program will not terminate.

5 References

(a) Give a typing derivation for the following program.

let a:int ref =ref4in
let b: (int — int) ref = ref Az:int. 2 + 38 in
bla

Answer: For brevity, we will write e for the expression above, and ey, for the subexpression let b : (int —
int) ref = ref Ax:int.z 4+ 38 inbla

1
a:intref, x :int - x + 38:int

T-ABS

ac:intref = Xz :int. x + 38:int — int 2
T-INT ———— T-ALLOC
- 4:int a:intref - ref \x :int. x 4+ 38: (int — int) ref a:intref, b: (int — int) ref = !'b!a:int
T-ALLOC - T-LET - -
- ref4: int ref a:intref - ey :int
T-LET _
= e:int
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The subderivation marked :; is:

T-VAR . - - T-INT - - -
a:intref x:int+ x:int a:intref x:int+ 38:int

a:intref x:int+ x + 38:int

T-ADD

The subderivation marked ‘5 is:

T-VAR T-VAR

Tu b b:(int — int) ref Ly F a:int ref
T-DEREF : . T-DEREF .
Tup F1b:int — int Ty la:int
T-Arp -
Tup 10 la:int

where Ty, = a:int ref,b: (int — int) ref.

(b) Execute the program above for 4 small steps, to get configuration (e, o). What is an appropriate ¥
suchthat(),X Fe:7and X - o?

Answer:

(leta:int ref = ref4 in letb: (int — int) ref = ref \z:int.z + 38 in'b a, 1)
—(leta:intref={, inletb: (int — int) ref = ref \x:int.x + 38 in!b la, [¢, — 4])
—(letb: (int — int) ref = ref \x:int.x + 38 in!b Y, [{, — 4])

—(letb: (int — int) ref = ¢, inb ., [0, — 4,0, — Az:int. x + 38])
(

— Wy Wy, [l — 4,0, — Ax:int. x + 38])

An appropriate store typing context is ¥ = £, — int, ¢, — int — int.
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