
— Homework —

Compilation and Program Analysis
Hugo SALOU

1 AssembLISP: an imperative lambda calculus with
asynchronous computations.

1.1 Local semantics.
Question 1. Explain the difference between the store we used in the while language dur-
ing the course and this one.

Stores 𝜎 ∶ Vars⇀ℤ = Values for the while language were used to store the
values associatedwith variables. Here,we do not use these as we rely on sub-
stitution in the expression, as variables are immutable. Instead, stores 𝜎 ∶
𝕃⇀𝕍 are used for references as they are needed to handle the mutability of
the heap.

Question 2. Add a while construct to the language: Extend the syntax and define its
small step semantics with a dedicated rule. You may need to extend other intermediate
constructs, explain.

We update the AssembLISP syntax by adding:

𝑒 ∈ Expr ∶∶=⋯ ∣ whileJ𝑏,𝑒,𝑒′K 𝑒′′,

with 𝑏 ∈ {0,1}, and we define the “regular” while loop like the let as:

while 𝑒 { 𝑒′ } ≜ whileJ0,𝑒,𝑒′K 𝑒,

and we enforce that we only write the “regular” while construct when writ-
ing programs. The idea is that the whileJ…K construct is used in the small-
steps as, if we do not save the original condition and loop body, they may
get reduced during evaluation. The 𝑏 parameter tells us if we are currently
evaluating the condition or the body of the loop, and the right part (𝑒′′ in the
grammar) is the current expression being evaluated (either the condition or
the body depending on 𝑏).
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Thenwe update the contexts to add

𝐶 ∶∶=⋯ ∣ whileJ𝑏,𝑒,𝑒′K 𝐶,

as the only part we can update during the reduction is the rightmost part,
except for 𝑏which is handled by the following inference rules

WhileTrue

(whileJ0,𝑒,𝑒′K tt ,𝜎)→ (whileJ1,𝑒,𝑒′K 𝑒′,𝜎)

WhileFalse

(whileJ0,𝑒,𝑒′K ff ,𝜎)→ (( ),𝜎)

WhileLoop

(whileJ1,𝑒,𝑒′K 𝑣,𝜎)→ (whileJ0,𝑒,𝑒′K 𝑒,𝜎)

Instead of relying on a “shortcut” for the regular while loop, we could have
added it directly to the syntax and use one step of reduction to transform
from the “regular” to the other one. We can also add that this “immediate
transformation” does one step of reduction too, but this requires complex
rules (as we have to consider the case while ff {⋯} for example). And, in the
end, we get an equivalent semantics to the one given above.

Question 3. Add the sequence ; to the language: extend the syntax. Give a translation
rule that exploit the call-by-value semantics to transform the sequence into a term of the
original language

We can easily define a predicate “x does not freely occur in 𝑒”, written x ∉ 𝑒
by induction on expression 𝑒:

x ∉ 𝑒1 x ∉ 𝑒2
x ∉ 𝑒1 𝑒2

x ∉ 𝑒1 x ∉ 𝑒2 x ∉ 𝑒3
x ∉ if 𝑒1 { 𝑒2 } else { 𝑒3 }
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x ∉ 𝜆x.𝑒
x ∉ 𝑒 x≠ y

x ∉ 𝜆y.𝑒 x ∉ ( ) x ∉ ℓ

and the rest of the induction rules follow this pattern.

Then, we can define the translation rule of the “;” operation:

SeqTranslation
x ∉ 𝑒2

𝒯(𝑒1 ; 𝑒2) = let x = 𝑒1 in 𝑒2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
(𝜆x.𝑒2) 𝑒1

.

The rest of the translation function is done in the expected way, where we
translate every sub expression, e.g.

𝒯(if 𝑒 { 𝑒1 } else { 𝑒2 }) = if𝒯(𝑒) {𝒯(𝑒1) } else {𝒯(𝑒2) }
.

Question 4. Write a lambda expression SUM that takes an integer 𝑛 as parameter and
sums the𝑛first integers with a while loop. You will need to use an accumulator inside the
loop. What construct do you use for it?

We can define:

SUM(𝑛) ≜

let s = new 0 in
let i = new 1 in
while !i≤𝑛 {

s≔ !s+ !i ;
i≔ !i+1

} ;

!s

Here, I assumed that we wanted the first 𝑛 non-zero integers (if we want
the first 𝑛 integers including the zero, we can change the while condition
to a strict inequality). Here, I use the reference-related constructs (creation,
dereference and affectation), as well as the while loop, sequence and binary
operations.

Question 5. We wish to add tuples to our language. We add the syntax (𝑒0,…,𝑒𝑛−1) to
create a tuple of size𝑛 and𝑒.𝑘 to access the𝑘th field. Give a definition by translation for
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tuples of three elements (construction and access).

When considering the “introduction rule of the triple”, we start by evaluating
theelements, and thenwecreatea function that’ll allowus toaccess thevalues
of each element:

TripleIntroTranslation
x ∉ 𝑏 x ∉ 𝑎 y ∉ 𝑎

𝒯((𝑎,𝑏,𝑐)) =

let x =𝒯(𝑐) in
let y =𝒯(𝑏) in
let z =𝒯(𝑎) in
(𝜆k.

if k= 1 then { z } else {
if k= 2 then { y } else {

if k= 3 then { x } else { ( ) }
}

}

)

.

We have to use lets as we only need to compute once the value of 𝑎, 𝑏 and
𝑐, and then we simply get it directly (with no recomputation needed). (The
order used to evaluate is OCaml’s, but we may want to reorder them if we
want a different semantics for AssembLISP.)

To access the 𝑘th element of the triple, we simply evaluate it at 𝑘:

TripleElimTranslation
𝑘 ∈ {0,1,2}

𝒯(𝑒.𝑘) =𝒯(𝑒) 𝑘
.

For this rule, it was ambiguous if𝑘 could be allowed to be any expression (like
inPython, for example), or it’dnecessarily be either0,1,2 (“like” inOCaml, for
example).

For the rest of the translation function𝒯we extend as expected: translating
every subexpression not covered by the two previous cases.

1.2 Concurrent AssembLISP.
Question 6. What is a final configuration if all computations are finished?
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The final configuration is (Θ,𝜎,Φ)with:

▷ dom(Θ) is non-empty (and can contain more than one thread if other
threads were spawned) ;

▷ for all 𝑡 ∈ dom(Θ), we haveΘ(𝑡) = [ ] (all tasks have been completed) ;

▷ for all 𝑓 ∈ dom(Φ), we haveΦ(𝑓) ≠ ∅ (all tasks have been completed) ;

▷ dom(Φ) is non-empty (and can contain more than one future if other
tasks were launched).

Note. I do not consider that a programexecution hasfinishedwhere there
is an irreducible task. This “all computations are finished” is ambiguous
so I emailed Gabriel Radanne on 11/14 about this (and about question 11),
but did not get any reply.

Question 7. We define a program CONC as follows:

CONC ≜

let x = new 0 in
let t1 = spawn in
let t2 = spawn in
launch t1 { x := !x + 1 } ;
launch t1 { x := !x + 2 } ;
launch t2 { x := !x + 1 }.

What are the possible outcomes of this computation? Sketch the derivation of the seman-
tics for one of these outcomes. Explain what can happen in a couple of lines.

Thepossible outcomes are 4, 3, 2 or 1 depending on the ordering of the steps
done in each thread. Let 𝑡1 and 𝑡2 be the thread identifiers “contained” in
variables t1 and t2 respectively. Let also ℓ be the location “contained” in vari-
able 𝑥. Then, one execution is shown in figure 1 (page 6).

To get a value of 1,2,3 in 𝜎(ℓ), we need to execute tasks in a way that splits
the dereferencing and the affecting, as updating the value of 𝜎(ℓ) can (and
in that case, will) be based on an “outdated” value of 𝜎(ℓ).
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Figure 1 One execution of CONC
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Question 8. Here is a simple program that also uses futures:

FUTEX ≜ (get (launch spawn { 1+1 }))+1.

Derive the semantics for this simple example (you can omit trivial steps).

We have the following reductions

([𝑡0 ↦(𝑓,(get (launch spawn { 1+1 }))+1) ∶∶ [ ]], [𝑓 ↦∅],∅)
|| ↓

([𝑡0 ↦(𝑓,(get (launch 𝑡1 { 1+1 }))+1) ∶∶ [ ]]⊎ [𝑡1 ↦ []], [𝑓 ↦∅],∅)
|| ↓

([𝑡0 ↦(𝑓,(get 𝑓′)+1) ∶∶ [ ]]⊎ [𝑡1 ↦(𝑓′,1+1) ∶∶ [ ]], [𝑓 ↦∅]⊎[𝑓′ ↦∅],∅)
|| ↓

([𝑡0 ↦(𝑓,(get 𝑓′)+1) ∶∶ [ ]]⊎ [𝑡1 ↦(𝑓′,2) ∶∶ [ ]], [𝑓 ↦∅]⊎[𝑓′ ↦∅],∅)
|| ↓

([𝑡0 ↦(𝑓,(get 𝑓′)+1) ∶∶ [ ]]⊎ [𝑡1 ↦ []], [𝑓 ↦∅]⊎[𝑓′ ↦2],∅)
|| ↓

([𝑡0 ↦(𝑓,2+1) ∶∶ [ ]]⊎ [𝑡1 ↦ []], [𝑓 ↦∅]⊎[𝑓′ ↦2],∅)
|| ↓

([𝑡0 ↦(𝑓,3) ∶∶ [ ]]⊎ [𝑡1 ↦ []], [𝑓 ↦∅]⊎[𝑓′ ↦2],∅)
|| ↓

([𝑡0 ↦ []]⊎ [𝑡1 ↦ []], [𝑓 ↦ 3]⊎ [𝑓′ ↦2],∅).

Question 9. Write a term that spawns two threads, launches two tasks that compute
SUM(5) and SUM(4) on the two threads, and retrieves the two results to compute and re-
turn SUM(5)+ SUM(4)

One such term is the following.

let f1 = launch spawn { SUM(5) } in
let f2 = launch spawn { SUM(4) } in
(get f1)+ (get f2)

Question 10. Write an invariant relating the value of a future in Φ and its occurrences
in the rest of the configuration. There are in fact be three invariants: one corresponding
to the thread that computes the value of the future, another one for the expressions that
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can refer to this future, for this one we use 𝑒 ∈ 𝑒′ to state that the expression 𝑒 is a sub-
expression of𝑒′, finally there is one for future identifiers appearing in the store, or in other
future values. We give the structure of the invariant, fill the blanks ? as precisely as
possible:

for all runtime configurations (Θ,𝜎,Φ):

(𝑓,𝑒) ∈ Θ(𝑡) ⟹ Φ(𝑓) = ?

(𝑓,𝑒) ∈ Θ(𝑡)∧𝑓′ ∈ 𝑒 ⟹ ?

𝜎(ℓ) = 𝑓∨Φ(𝑓′) = 𝑓 ⟹ ? .

We have the following invariants:

(𝑓,𝑒) ∈ Θ(𝑡) ⟹ Φ(𝑓) = ∅ (inv₁)
(𝑓,𝑒) ∈ Θ(𝑡)∧𝑓′ ∈ 𝑒 ⟹ 𝑓′ ∈ dom(Φ)∧(Φ(𝑓′) = ∅ ⟹ ∃𝑡′,𝑒′, (𝑓′,𝑒′) ∈ Θ(𝑡′)

(inv₂)
𝜎(ℓ) = 𝑓∨Φ(𝑓′) = 𝑓 ⟹ 𝑓 ∈ dom(Φ)∧(Φ(𝑓) = ∅ ⟹ ∃𝑡,𝑒,(𝑓,𝑒) ∈ Θ(𝑡).

(inv₃)

The first one says that a thread is always associated with an element in the
future map Φ. The second one says that if there is 𝑓′ occurs inside of an ex-
pression 𝑒 in a task of some thread, then this future corresponds to some
value inΦ (or maybe∅). Furthermore, if it is∅ then there is some task asso-
ciated with 𝑓′ waiting to be computed. The last one is exactly the same as the
one before, except that the future occurs in some reference or in some other
future’s result.

To prove this,wehave to check the𝑐𝑐→|| 𝑐𝑐′ rules as they are the onedealing
directlywith the futures.

Local in 𝑡. We only need to check (inv₂) and (inv₃). No matter the “local” re-
ductionapplied, the invariant remains true (forRefWriteandRefNew,
we apply the (inv₂), and for RefRead we apply (inv₃)).

Spawn in 𝑡. For (inv₁), (inv₂) and (inv₃), nothing changes asΘ(𝑡′) = []and𝜎,Φ
are not changed.
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Launch in 𝑡. For (inv₁), we add the new task (𝑓′,𝑒) toΘ(𝑡′) and we have that
Φ(𝑡′) = ∅. For (inv₂) for 𝑡′,weuse (inv₂) for 𝑡 andget the required result
(some future 𝑓′ ∈ 𝑒 can be passed to the new task). For the last one,
nothing changes.

Resolve in 𝑡. For (inv₁) and (inv₂), we have (𝑓,𝑣) ∉ Θ(𝑡) so notmuch to prove
here. For (inv₃), we apply (inv₂) to task (𝑓,𝑣).

Get in 𝑡. For (inv₁), nothing changes. For (inv₂),weapply (inv₃) to𝑓′. For (inv₃),
nothing changes here.

We also need to check that (inv₁), (inv₂) and (inv₃) hold initially. They do hold
as futures cannot appear in the “source code”, but only at execution.

Question 11 (Difficult). We define a program LOOP as follows:

LOOP ≜

let n = new 1 in
let t = spawn in
let run = 𝜆f.(!n := 2× !n ; launch t { f t }) in
launch t { runrun } ;

!n

During the execution of this program, the thread t launches a task to itself. Why is this
not possible given the current reduction rules?

Propose a new reduction rule which allows this program to run fully.

What does the program do with your rule?

Recall the inference rule responsible for handling launches:

Launch in 𝑡
𝑡 ≠ 𝑡′ 𝑓′ ∉ dom(Φ)

([𝑡 ↦ (𝑓,𝐶[launch 𝑡′ { 𝑒 }]) ∶∶ 𝑒ℓ]⊎ [𝑡′ ↦𝑒ℓ′]⊎Θ, 𝜎, Φ)
|| ↓

([𝑡 ↦ (𝑓,𝐶[𝑓′]) ∶∶ 𝑒ℓ]⊎ [𝑡′ ↦𝑒ℓ′ ∶∶ (𝑓′,𝑒)]⊎Θ, 𝜎, Φ[𝑓′ ↦∅])

.

If we have, in a thread 𝑡 (in the first task of 𝑡), an expression launch 𝑡 { 𝑒 },
then we cannot apply this rule, and thus it is irreducible. Thus, we add a new
rule:
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Launch self in 𝑡
𝑓′ ∉ dom(Φ)

([𝑡 ↦ (𝑓,𝐶[launch 𝑡 { 𝑒 }]) ∶∶ 𝑒ℓ]⊎Θ, 𝜎, Φ)
|| ↓

([𝑡 ↦ (𝑓,𝐶[𝑓′]) ∶∶ 𝑒ℓ ∶∶ (𝑓′,𝑒)]⊎Θ, 𝜎, Φ[𝑓′ ↦∅])

.

This rules allows that, when a thread 𝑡 executes launch 𝑡 { 𝑒 }, then it adds
this task at the end of the list of tasks to execute.

Note. I donot consider that a programexecutionhas ran fullywhere there
is an irreducible task like 𝑡 𝑡. This is evenmore ambiguous as “runs fully”
could be interpreted as “run and terminates” (that’s what I imagined at
first). So, I emailed Gabriel Radanne on 11/14 about this (and about ques-
tion 6), but did not get any reply.

I’m thus updating the program LOOP to be the following.

LOOP ≜

let n = new 1 in
let t = spawn in
let run = 𝜆f.(��SS!n := 2× !n ; launch t { f ��AAt f }) in
launch t { run run } ;

!n

It runs fully (at each step there is a reduction) but does not terminate.

With the new LOOP program, and the added rule, this program runs fully and
will return 2𝑘+1 where𝑘 is the number of tasks completed in the thread con-
tained in variable t (sometimes 2𝑘+2 if the thread already executedn := 2×!n
(modulo replacing the variables with the locations)). Indeed, this program
starts by launching a thread 𝑡, and then, for each task, it’ll doubles n’s con-
tent and spawn one of itself (i.e. another task run run), and repeating the
doubling step over and over.
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2 Erlisp: An object oriented language for distributed
computing.

Question 12. Complete the rules Let and AttrWrite.

We can write:

Let
x≠ a

ℰa(let x = 𝑒 in 𝑒′) = let x = ℰa(𝑒) in ℰa(𝑒′)
,

and
AttrWrite

ℰa(z←𝑒) = z := ℰa(𝑒)
.

Personally, I’d also require that z = a (by directly substituting in the rule) as,
that way, referencing an undefined attribute would lead to a compilation er-
ror, and not an evaluation error.

Question 13. Consider the following program.

Counter = {
state = 0
add(x) = state← state+x ; state

} ;

let x =Counter.add(10) in
let y =Counter.add(15) in
(get x)+ (get y)

Compile this program and execute it (you can skip trivial steps).
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After compiling, we end up with the following AssembLISP program:

let Counter =
let state = new 0 in
(spawn,𝜆self.𝜆x.state := !state+x ; !state)

in

let x =
let xself = Counter in
let xarg = 10 in
launch xself.0 { xself.1 xself xarg }

in

let y =
let xself = Counter in
let xarg = 15 in
launch xself.0 { xself.1 xself xarg }

in

(get x)+ (get y).

After some steps of concurrent reduction (starting with𝜎 =∅ andΦ= [𝑓 ↦
∅]), we get

𝑡0 ∶ 𝑓,

let Counter = 𝜎 = [ℓ↦ 0]
(𝑡,𝜆self.𝜆x.ℓ := !ℓ+x ; !ℓ) Φ = [𝑓 ↦∅]

in

let x =
let xself = Counter in
let xarg = 10 in
launch xself.0 { xself.1 xself xarg }

in

let y =
let xself = Counter in
let xarg = 15 in
launch xself.0 { xself.1 xself xarg }

in

(get x)+ (get y).
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then

𝑡0 ∶ 𝑓,

let x = 𝜎 = [ℓ↦ 0]
let xself = (𝑡,𝜆self.𝜆x.ℓ := !ℓ+x ; !ℓ) in Φ= [𝑓 ↦∅]
let xarg = 10 in
launch xself.0 { xself.1 xself xarg }

in

let y =
let xself = (𝑡,𝜆self.𝜆x.ℓ := !ℓ+x ; !ℓ) in
let xarg = 15 in
launch xself.0 { xself.1 xself xarg }

in

(get x)+ (get y).

and then

𝑡0 ∶ 𝑓,

let x = 𝑓′ in 𝜎 = [ℓ↦ 0]
let y = Φ= [𝑓 ↦∅,𝑓′ ↦∅]

let xself = (𝑡,𝜆self.𝜆x.ℓ := !ℓ+x ; !ℓ) in
let xarg = 15 in
launch xself.0 { xself.1 xself xarg }

in

(get x)+ (get y),
𝑡 ∶ 𝑓′, ℓ := !ℓ+10 ; !ℓ

and then

𝑡0 ∶ 𝑓,
let y = 𝑓′′ in 𝜎 = [ℓ↦ 0]
(get 𝑓′)+ (get y) Φ = [𝑓 ↦∅,𝑓′ ↦∅,𝑓′′ ↦∅]

𝑡 ∶ 𝑓′, ℓ := !ℓ+10 ; !ℓ ∶∶ 𝑓′′, ℓ := !ℓ+15 ; !ℓ

after that we can reduce the two “add” tasks

𝑡0 ∶ 𝑓,
(get 𝑓′)+ (get 𝑓′′) 𝜎 = [ℓ↦ 10]

Φ = [𝑓 ↦∅,𝑓′ ↦10,𝑓′′ ↦∅]
𝑡 ∶ 𝑓′′, ℓ := !ℓ+15 ; !ℓ
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then

𝑡0 ∶ 𝑓,
(get 𝑓′)+ (get 𝑓′′) 𝜎 = [ℓ↦ 25]

Φ = [𝑓 ↦∅,𝑓′ ↦10,𝑓′′ ↦25]
𝑡 ∶ [ ]

and we can finally conclude with the last four reductions

𝑡0 ∶ 𝑓,
10+25 𝜎 = [ℓ↦ 25]

Φ = [𝑓 ↦∅,𝑓′ ↦10,𝑓′′ ↦25]
𝑡 ∶ [ ]

and get to the last configuration

𝑡0 ∶ [ ] 𝜎 = [ℓ↦ 25]
𝑡 ∶ [ ] Φ = [𝑓 ↦ 35,𝑓′ ↦10,𝑓′′ ↦25] .

Question 14. Here is an alternative rule for Meth. Why is it incorrect? Illustrate with
examples.

meth-incorrect
𝑒′0 =ℰa(𝑒0) 𝑒′1 =ℰa(𝑒1)

ℰa(𝑒0.meth(𝑒1)) = launch 𝑒′0.0 { 𝑒
′
0.1 𝑒

′
0 𝑒

′
1 }

The rule meth-incorrect is incorrect as, during a reduction, the expression
𝑒′0 will be evaluated three times instead of once. For example, the result of
this Erlisp program

Counter = (* seen in question 13 *) ;
test = {
a = 0
meth(x) = ( )

} ;

(Counter.add(10) ; test).meth(1) ;
get (Counter.add(0))

.

Wewould expect to have a result of 10 butwe end upwith a result of 30 as the
Counter.add(10)method evaluated three times, once in the original thread,
and then twice in test’s thread.
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Question 15. We now wish to support an arbitrary number of attributes. Expand the
rules NewObj, AttrRead, AttrWrite for this purpose.

Wewill writeℰa;a1,…,an(−) for this extended function. The idea is to say that
variablea (inAssembLISP)will contain thedataofErlispattributesa1,…,an.
With this in mind, we edit the translation rules:

NewObj
a ∉ 𝑒𝑚 a≠ x

𝒫

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

o = {

a1 = 𝑒1
a2 = 𝑒2
⋮

an = 𝑒𝑛
meth(x) = 𝑒𝑚

} ;

𝑝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

let o =

let a = (
new ℰ∅(𝑒1),
new ℰ∅(𝑒2),
⋮
new ℰ∅(𝑒𝑛)

) in
(spawn,𝜆self.𝜆x.ℰa;a1,…,an(𝑒𝑚))

in𝒫(𝑝)

AttrRead

ℰa;a1,…,an(ai) = !(a.𝑖)

and finally
AttrWrite

ℰa;a1,…,an(ai ←𝑒) = (a.𝑖) := ℰa;a1,…,an(𝑒)
.

For all the other rules, we extend them in the obvious way: writingℰa;a1,…,an
instead ofℰa. (For rule Var,we useAssembLISP’s variable a and notErlisp’s
variable a1,…,an in the precondition a≠ x.

2.1 Multiple methods with dynamic dispatch.
Question 16. Write an Erlisp object with a counter attribute and three methods with
unit arguments: incr, which increments the counter and returns the new value,decr,
which decrements the counter and returns the new value, and reset, which resets the
counter to zero and returns unit.
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We use the following Erlisp object:

Counter = {
counter = 0
incr(x) = (counter← counter+1 ; state)
decr(x) = (counter← counter−1 ; state)
reset(x) = (counter←0 ; ( ))

}.

Question 17. Write an AssembLISP program with a functioncounter_method tak-
ing as argument a label among ′incr, ′decr and ′reset and implementing the same
counter semantics as the previous question.

We use the following AssembLISP partial program:

let counter_method =

let t = spawn in
let counter = new 0 in
𝜆l.(

if l = ′incr then spawn t { counter := counter+1 ; !counter }
else if l = ′decr then spawn t { counter := counter−1 ; !counter }
else if l = ′reset then spawn t { counter := 0 ; ( ) }
else ( )

)

.

In this program, we omitted curly braces around the content’s of the if and
else expressions, to simplify the syntax (where there is no ambiguity).

Question 18. Extend NewObj and Meth to support multiple methods in an object. You
can use “…” for part of the rules that are identical to previous answers.

For this question, we suppose having a “predicable” way of transforming a
method’s (e.g. incr) name into a symbol (e.g. ′incr). We also suppose that
no two different methods (inside the same object) lead to the same symbol.
Here, we will only change the font’s weight to bold with the added uptick.
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Meth
xself ∉ 𝑒 xarg ∉ 𝑒 xself ≠ a xarg ≠ a xarg ≠ xself

ℰa;a1,…,an(𝑒.meth(𝑒′)) =

let xself = ℰa;a1,…,an(𝑒) in
let xarg = ℰa;a1,…,an(𝑒

′) in
launch xself.0 {
xself.1 xself ′meth xarg

}

NewObj
∀𝑖,a ∉𝑚𝑖 ∀𝑖,a≠ xi

𝒫

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

o = {

a1 = 𝑒1
a2 = 𝑒2
⋮

an = 𝑒𝑛
meth1(x1) =𝑚1
meth2(x2) =𝑚2
⋮

meth𝑘(xk) =𝑚𝑘
} ;

𝑝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

let o =

let a = (
new ℰ∅(𝑒1),
new ℰ∅(𝑒2),
⋮
new ℰ∅(𝑒𝑛)

) in
(spawn,𝜆self.𝜆l.

if l = ′meth1 then
𝜆x1. ℰa;a1,…,an(𝑚1)

else if l = ′meth2 then
𝜆x2. ℰa;a1,…,an(𝑚2)

⋮
else if l = ′methk then
𝜆xk. ℰa;a1,…,an(𝑚𝑘)

else 𝜆x. ( )
)

in𝒫(𝑝)
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2.2 Encapsulation.
Question 19. Let us consider the following object definition:

pass_checker = {
secret = 42
validate(s) = (s = secret)

}.

Can the secret attribute be written or read by any other object? What part of the trans-
lation ensures that?

No, it cannot. Indeed, this is ensuredbydeclaring the secret insideof the let-
binding: a partial translation (using the “one attribute/one method” transla-
tion, to remove all the added clutter with multiple attributes and methods)
of the Erlang programwould be

let pass_checker =
let secret = new 42 in
(spawn,𝜆self.𝜆s.(s = !secret)),

and after the “new 42” is evaluated into ℓ ∈ 𝕃, the substitution only occurs
in

“(spawn,𝜆self.𝜆s.(s = ! secret⏟⏟⏟⏟⏟⏟⏟
↓
ℓ

))”

and nowhere else, so this is the only part of the code that knows the location
where the secret key is stored.

Question 20. We are interested in formalizing this encapsulation property. For this pur-
pose, we consider what happens if the memory is filled with a new inert value,⊥, except
for the object being executed.

Given a program Erlisp𝑝, We consider an execution of its compiled program𝑠0 =𝒫(𝑝).
Letoan object definition in𝑝, We denote𝑡o its thread (resulting from thespawn instruc-
tion) and 𝐴o the set of memory location containing its attributes during the execution
of 𝑠0.
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LetΘ,Θ′
1,𝜎1,𝜎

′
1,Φ,Φ

′
1,𝑒ℓ,𝑒ℓ

′
1 such that

([𝑡o ↦𝑒ℓ]⊎Θ,𝜎1,Φ)→|| ([𝑡o ↦𝑒ℓ′1]⊎Θ
′
1,𝜎

′
1,Φ

′
1)

where 𝑡o is the thread in which the reduction is performed, i.e. the rule applied is of the
form ? in 𝑡o (e.g. Local in 𝑡o).

Let𝜎2 such that𝜎2(ℓ) = {
𝜎1(ℓ) ifℓ ∈ 𝐴o
⊥ otherwise.

Then, there exists𝜎′
2,Φ

′
2,𝑒ℓ

′
2 such that

([𝑡o ↦𝑒ℓ]⊎Θ,𝜎2,Φ)→|| ([𝑡o ↦𝑒ℓ′2]⊎Θ
′
2,𝜎

′
2,Φ

′
2).

We try to relateΘ′
2,𝜎

′
2,Φ

′
2,𝑒ℓ

′
2 with that happens in the first reduction that leads to𝑒ℓ′1.

1. In each of the following three cases, relate Θ′
2,𝜎

′
2,Φ

′
2,𝑒ℓ

′
2 with the other vari-

ables and explain informally what happens:

a) the reduction corresponds to a method call;

b) the reduction corresponds to a get;

c) the reduction corresponds to a read or write to an attribute.

2. Give the complete encapsulation property that characterizesΘ′
2,𝜎

′
2,Φ

′
2,𝑒ℓ

′
2 in-

dependently of the reduction applied.

In the following, for a store 𝜎, we will write 𝜎[⊥] for a store defined by

𝜎[⊥](ℓ)≔{
𝜎(ℓ) if ℓ ∈ 𝐴o
⊥ otherwise.

With this notation,𝜎2 =𝜎1[⊥].

1. We consider three cases.

a) For amethod call, we do a launch operation, starting themethod
call on some (potentially different) thread. If the method call is
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on object o′ ≠ o, then

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

Φ′
2 =Φ[𝑓 ↦∅] =Φ′

1

Θ′
2 = [𝑡o′ ↦𝑒ℓ′ ∶∶ (𝑓,𝑒)]⊎Θ′ =Θ′

1

𝑒ℓ′2 = 𝑒ℓ′ = 𝑒ℓ′1
𝜎′
2 =𝜎2 =𝜎1[⊥] = 𝜎′

1[⊥]

whereΘ≕ [𝑡o′ ↦𝑒ℓ′]⊎Θ′ and 𝑓 ∉ dom(Φ).a If the method call
is on object o, then

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

Φ′
2 =Φ[𝑓 ↦∅] =Φ′

1

Θ′
2 =Θ=Θ′

1

𝑒ℓ′2 = 𝑒ℓ′ ∶∶ (𝑒,𝑓) = 𝑒ℓ′1
𝜎′
2 =𝜎2 =𝜎1[⊥] = 𝜎′

1[⊥],

where 𝑓 ∉ dom(Φ).

b) For a get, it amounts to an AssembLISP get, so we have:

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

Φ′
2 =Φ=Φ′

1

Θ′
2 =Θ=Θ′

1

𝑒ℓ′2 = (𝑓0,𝐶 [Φ(𝑓)]) ∶∶ 𝑒ℓ′ = 𝑒ℓ′1
𝜎′
2 =𝜎2 =𝜎′

1[⊥],

where 𝑒ℓ = (𝑓0,𝐶 [get 𝑓]) ∶∶ 𝑒ℓ′.

c) For reading an attribute, we have that

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

Φ′
2 =Φ=Φ′

1

Θ′
2 =Θ=Θ′

1

𝑒ℓ′2 = (𝑓0,𝐶 [𝜎2(ℓ)]) ∶∶ 𝑒ℓ′ = 𝑒ℓ′1
𝜎′
2 =𝜎2 =𝜎′

1[⊥],

where 𝑒ℓ = (𝑓o,𝐶 [!ℓ]) ∶∶ 𝑒ℓ′. Note that, because the compi-

aThe equality “Φ′
2 = Φ′

1” is set assuming we will choose the same 𝑓 in similar settings (e.g.
with some kind of deterministic choice). In the following, we will always assume that.
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lation only uses references to handle attributes and doesn’t let
Erlisp programs use them directly, we already know ℓ ∈ 𝐴o and
so 𝜎2(ℓ) = 𝜎1(ℓ) (technically, this is part of the encapsulation
property).

For writing an attribute, we have that

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪
⎩

Φ′
2 =Φ=Φ′

1

Θ′
2 =Θ=Θ′

1

𝑒ℓ′2 = (𝑓0,𝐶 [( )]) ∶∶ 𝑒ℓ′ = 𝑒ℓ′1
𝜎′
2 =𝜎2[ℓ↦ 𝑣] = 𝜎′

1[⊥],

where 𝑒ℓ = (𝑓o,𝐶 [ℓ := 𝑣]) ∶∶ 𝑒ℓ′ and again ℓ ∈ 𝐴o (it is again
part of the encapsulation property).

2. After analyzing those cases, we generalize to the following property:
For every object o in 𝑝,

for any reduction

(Θ,𝜎,Φ)→|| (Θ′,𝜎′,Φ′)

where the reduction is done in 𝑡o, then we have a reduction

(Θ,𝜎[⊥],Φ)→|| (Θ,𝜎′[⊥],Φ′)

where the reduction is also done in 𝑡o.

To prove this property, we will require that the choice for a new future
𝑓 ∉ dom(Φ) is done leads to the same result in both reductions.

Intuitively, this property expressed this way tells us that, if we execute
something in a thread 𝑡o, thenwe can only use/update thememory al-
located too (for the attributes), and that the other values do notmatter
to this reduction.

Question 21 (Difficult). Where is evaluated the code computing the initial value of at-
tributes? To perfect our encapsulation, we wish to compute this code in the object’s thread
as well. Adjust the compilation and state explicitly which instructions are now executed
in the object thread.

– 21/22 –



The initial value is computed by the “original” thread (the one containing the
wholeprogramat thebeginningof theexecution). Wecanchange theNewObj
with the following. We only need tomake sure that variable t is not captured
inside any 𝑒𝑖 or𝑚𝑖 as it’d override some object t defined before.

NewObj
∀𝑖,xi ≠ a ∀𝑖,a ∉𝑚𝑖 ∀𝑖, t ∉𝑚𝑖 ∀𝑗, t ∉ 𝑒𝑗

𝒫

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

o = {

a1 = 𝑒1
a2 = 𝑒2
⋮

an = 𝑒𝑛
meth1(x1) =𝑚1
meth2(x2) =𝑚2
⋮

meth𝑘(xk) =𝑚𝑘
} ;

𝑝

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

let o =

let t = spawn in
let a = get launch t { (

new ℰ∅(𝑒1),
new ℰ∅(𝑒2),
⋮
new ℰ∅(𝑒𝑛)

) } in
(t,𝜆self.𝜆l.

if l = ′meth1 then
𝜆x1. ℰa;a1,…,an(𝑚1)

else if l = ′meth2 then
𝜆x2. ℰa;a1,…,an(𝑚2)

⋮
else if l = ′methk then
𝜆xk. ℰa;a1,…,an(𝑚𝑘)

else 𝜆x. ( )
)

in𝒫(𝑝)

End ofHomework.
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