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Instructions

This exam contains 8 pages, including this one. Make sure you have all the pages. Write your
name on the top of this page before starting the exam.

Write your answers on the exam sheets. If you finish at least 15 minutes early, bring your exam to the
front when you are finished; otherwise, wait until the end of the exam to turn it in. Please be as quiet as
possible.

If you have a question, raise your hand. If you feel an exam question assumes something that is not
written, write it down on your exam sheet. Barring some unforeseen error on the exam, however, you
shouldn’t need to do this at all, so be careful when making assumptions.

Question | Score Max
1 32
2 34

3 34

Total 100




Question 1. Short Answer (32 points).

a. (8 points) In at most 3 sentences, explain the difference between a compiler front-end and a compiler
back-end.

b. (8 points) As part of project 2, you extended Rube to include type annotations for fields and local
variables. However, fields and local variables included no explicit initialization. But then, how can Rube
initialize fields and local variables to ensure their initial values are type safe? Explain your answer briefly.



c. (8 points) Explain briefly what a basic block is.

d. (8 points) In project 1, we allowed dimensional quantities to be converted between units. In project
2, we included subtyping so that subtypes could be used where supertypes were expected. Compare and
contrast these two ideas. In what ways are they similar, and how are they different? Give at least one
similiarity and one difference. Write at most a few sentences.



Question 2. Parsing (34 points). Consider the grammar for the lambda calculus, which we can write
down with the following .mly file (actions omitted):

T

expr:

| ID (* variable; production 1 *)

| LAM ID DOT expr (* function binding; production 2 *)

| expr expr (* function application; production 3 *)

’

a. (4 points) List all the tokens that are referred to in the grammar.

b. (10 points) Suppose we defined the following data type for abstract syntax trees for lambda calculus:

type expr =
| Var of string
| Lam of string * expr
| App of expr * expr

Fill in the actions for the lambda calculus grammar so that the parser will generate abstract syntax trees
of type expr.

T

expr:

| ID { }
| LAM ID DOT expr { }
| expr expr { }

’



c. (15 points) Following is the (slightly simplified) .output file produced when we run ocamlyacc on this
grammar. We’ve numbered the productions above to correspond with how the productions are referred to

in the output file:

expr : expr . expr (3)
Yoentry% : expr . (4)

expr : LAM ID . DOT expr (2)

state 1 state 3 state 4

Y%entry% : . expr (4) expr: ID . (1) expr : LAM . ID DOT expr (2)
ID shift 3 . reduce 1 ID shift 6

LAM shift 4 . error

. error

expr goto 5

state 5 state 6 state 7

shift/reduce conflict
(shift 3, reduce 3) on ID

ID shift 3
LAM shift 4

. error

expr goto 9

expr : LAM ID DOT . expr (2)

shift/reduce conflict

(shift 3, reduce 2) on ID

(shift 4, reduce 2) on LAM
expr : LAM ID DOT expr . (2)
expr : expr . expr (3)

ID shift 3
LAM shift 4
$end reduce 2

expr goto 7

DOT shift 8 (shift 4, reduce 3) on LAM
1D shift 3 . error expr : expr . expr (3)
LAM shift 4 expr : expr expr . (3)
$end reduce 4
ID shift 3
expr goto 7 LAM shift 4
$end reduce 3
expr goto 7
state 8 state 9




Fill in the following table to show the steps taken to parse the input string LAM ID DOT ID $end. That
is, on each row list (a) the state stack, with the top of the stack on the left; (b) the input with a “.” indicating
what input characters have been scanned and which remain to be scanned; and (c¢) the action that leads to
the next state stack; an action should either be “shift” or “reduce n”, where n is a production number. Stop
filling out the table when you reach the action “reduce 4”. We’ve filled out some of the table to get you
started. (Note that there may or may not be some extra rows in the table.)

State stack Input Action
1 . LAM ID DOT ID $end shift
4,1 LAM . ID DOT ID $end

d. (5 points) The parser generated from this grammar has shift/reduce conflicts in state 7. What specific
problem with the grammar is exhibited by these conflicts? The parser generator has resolved the conflict by
shifting on ID or LAM; will this resolution lead to correct parsing, according to the conventions of lambda
calculus? Explain.



Question 3. Operational semantics and type checking (34 points). Consider extending the simply
typed lambda calculus to include lists and a corresponding type:

e u= nla|ize|ee|]|eelhdeltle
t = ant|tlst|t—t
A == |z:tA

Here [] is the empty list; e :: eg creates a list with head e; and tail es; the expression hd e returns the head
of list e; and the expression ¢l e returns the tail of list e. The type t list is the type of a list whose elements
have type t.

Here are the type rules for this language:

VAR Lam App
INT x € dom(A) rit,Ake:t Aber:t—t  Abey:t
Abn:int Atz : Az) AbFdze:t—t Abejen:t
List Hp TL
NIL Alel:t Al eq:tlist Al e:tlist Al e:tlist
At list Abepeg:tlist AbF hde:t Al tle:tlist

a. (10 points) Write down a derivation that shows - b (Az.Ay.x :: tly) : int — int list — int list.

b. (4 points) Consider the following operational semantics rule:

hd (e1 :: e2) — e

Show that this rule is incorrect by showing that using it will cause Preservation to be violated, i.e., give
an expression e such that Ak e:t and e — € but A I/ e : t. Explain your answer briefly, and explain how
to fix the above rule.



c. (10 points) Suppose we were to add floating point numbers to our language, with appropriate subtyping

rules:
e == fln|z|xe|eel|[]le:e|hde]|tle
t == float|int|tlist|t—1t
SUB-FUN SUB-LIST
REFL SUB-BASE to <ty t) <t t; <tg
t<t int < float t1 =t <ty =t ty list < to list

For each of the following subtyping relationships, write “yes” or “no” to indicate whether or not the

relationship holds according to the rules above.

nt < int

float < int

int list list < float list list

int — float < float — float

int — int — int < float — int — float

d. (10 points) Write down an OCaml data type typ and a function is_subtype t1 t2 :
typ —> bool that returns true iff and only t1 is a subtype of t2 according to the rules above.

typ —>



