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Schedule

Last Friday
* Typed Assembly Language

Today
e Polymorphism
e Stack Types

Next Monday
e Compilation
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TAL-0 Review

e Syntax

e Semantics

e Type System
» Uil kv:T » EH: W
» Wi T =T’ » FR:T
<7 > F(H,R,B)

Theorem (Type Safety)
If X and X —* Y’ then ¥’ isnot stuck.

Lemma (Progress and Preservation)

e |f =X, thenthereexistsa ¥, suchthat X, — X,
e f Y, and Xy — ¥, then + X,



TAL-1: Polymorphism



Syntax

Add type variables a and universal types Va.T

Allow code label types to be polymorphic
Va,B.{n :a,n: B, :{n:pB,n:a} —={}} = {}
Add type application v [7]

Write V[7'1, ce. ,Tk] fOI’V[T]] ce [Tk]



Polymorphism Example

swap: Vo, B.{n a,r: B, i {n B at = {}} = {}
MoV I3,
mov rq,h
MoV 1,3
jmp 131

swap_ints: {r; -int,r, s int,r3y 2 {ry int,rp sint} = {}} — {}
jmp swap [int, int]

swap_int_and_label : {r; @ int,r; : {r, :int = {}}

mov r3,L
jmp swap [int, {r:int} —{}]

L:{rn :{n:int} = {},n:int} = {}

jmp




Callee-Saves Registers

Common Strategy

When calling a function...

Save the contents of some registers on the stack...
Allow the callee to save (and restore) other designated registers...

If the callee does not use all registers, the cost of saving and
restoring is not incurred...

Correctness Critereon

Callee must return the callee-saves registers to the caller with
the same values as when the function was invoked.



Callee-Saves Example

callee: Yo {ry s int,rs :a,r31 2 {ry int,rs t o} — {}} — {}
MOV I4,/s % Save rs
mov rs,7 % Use rs for other work
add ry,r.rs
MOV Is,l4 % Restore rs
jmp 13
caller: {} — {}
mov rs,255
mov rq,5
mov r3q,L
jmp calleelint]
L:{r :int,rs :int} — {}
mul r3,r1,rs




Callee-Saves Bug

callee: Y. {ry : int, rs
MOV 14,/
mowv rs,/
add ry,r.rs
MOV I5,/4
jmp 13

caller: {} — {}
mov rs,255
mov rq,5
mov r3q,L
jmp calleelint]

mul r3,01,Is

cayry o {ncintrsal = {}} = {}

% Save rs
% Use rs for other work

% Restore rs
% Error! rs:int

L:Ar :intrs :int} — {}




Parametricity

e (Can prove that the correct version
preserves callee-saves registers



Parametricity

e (Can prove that the correct version
preserves callee-saves registers

e This follows directly from callee’s

polymorphic typel!
ryint,
Va. < rs:a, —1{}

31 I{ﬁ :int,rg:a}—>{}



Parametricity

e (Can prove that the correct version
preserves callee-saves registers

e This follows directly from callee’s

polymorphic typel!
ryint,
Va. ] Is:a, —{}

31 :{/'1 :int,rg:a}—>{}

e Moral: polymorphism is useful for
more than just code reuse



Parametricity

e (Can prove that the correct version
preserves callee-saves registers

e This follows directly from callee’s
polymorphic typel!
ryint,
Va. ] Is:a, —{}
31 :{/'1 :int,r5 :O!}-){}

e Moral: polymorphism is useful for
more than just code reuse

e Types can also be used to constrain
the behavior of functions



Parametricity

e (Can prove that the correct version
preserves callee-saves registers

e This follows directly from callee’s

polymorphic typel!
ryint,
Va. < rs:a, —1{}

31 I{ﬁ :int,rg:a}—>{}

e Moral: polymorphism is useful for
more than just code reuse

Paper: P. Wadler. “Theo-
rems for Freel” In FPCA, pp.
347-359. September 1989.

e Types can also be used to constrain
the behavior of functions
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Operational Semantics

We need to make a few small changes to the operational semantics
e Heaps H now map labels to type-labeled blocks:
H(L) =Vaq,...,o0. T — {}.B

e Type variables may appear free in both " and B

e Control-flow operations substitute types
(H,R,jmp Vv[ri,...,7]) — (H,R, B[ri /au, ..., 7/ cu])
where R(v) = Land H(L) =Vay,...,a4. T — {}.B

(H>R7 beq r7V[T17"'7Tk];B) = (H7R7B,[T1/a17"'7Tk/04k])
where R(r) = 0,R(v) = L,and H(L) = Vaq,...,a. T — {}. B
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Typing Polymormphism

W ATV 7|

Type application

VATHV:Yar,...,an "= {}  AbF7

VAT Evr]: (Vay,..

o T = AP /]



TAL-2: Stack Types



Run-Time Stack

Almost every compiler uses a run-time stack
e Whatis a stack?

e A consecutive sequence of memory addresses with one end
designated as the top of the stack

e Values are stored on the top of the stack and retrieved later

e The compiler may grow or shrink the stack as needed

Stack uses
e | ocal variables

e Spilled registers

e Return addresses



Stack Syntax

e Machine states:

M= (H,R,S,B)
e Stacks:

Su=][]|v:S
e |nstructions:

j=---|sallocn |sfreen|sldrg,n|sstv,n
e Errors:

» Free too many values
» Read too deep in the stack
» Write too deep in the stack



Stack Instructions

The new stack instructions can be easily encoded:

e A designated register sp points to the top of the stack

e salloc n subtracts n from sp (i.e,, sub sp, sp, n)

e sfree nadds nto sp (i.e., add sp, sp, n)

e sld ry, nreads a value at offset n relative to sp (i.e,, Id r4, sp(n))

e sstv, n writes a value at offset n relative to sp (i.e,, st sp(n), v)

CISC-like stack instructions can also be encoded:

e push vissalloc 1;sstv, 1

e popryissldry, 1; sfree 1



Example: Factorial

fact(n) =
ifn < O0then1
elsen x fact(n — 1)




Example: Factorial

fact: bgtn,L1
mov rq,1
jmp 13

L1: salloc2
sst raq, 1
sstry,2
sub ry,n,1
mov r3q,L
jmp fact

L: sldry,2
sld I3,
sfree 2
mul ry,n.n
jmp 13

% if n > 0,goto L1

% ifn <0, return

% allocate space for frame
% save return address

% save n

%n:=n-—1

% set return address

% recursive call

% restore n

% restore return address
% free space for frame

% result :=n x fact(n — 1)
% return
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Operational Semantics
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Operational Semantics

(H,R,S,sallocn; B) — (H,R, 7 - -+

2 7:5,B)

(H,R,vq 2 -+- iv, 2 S, sfree n; B) — (H, R, S, B)

S=wvia s v,

S/

(H,R, S,sld rg,n; B) — (H, R[rs :=va], S, B)

S=vyi v,

S/

(H,R,S,sstv,n;B) — (H,R,vy = -+

2 R(v) 2 9, B)
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Type System

Syntax

ox=|[l|7:0|p

[] represents empty stacks

e 7 :: 0 represents stacks with top of type 7 and rest of type o

pis a stack type variable

Register file types contain a special variable sp

{sprintzint:{],n int,... }

Code label types can be polymorphic over stack types
Vo. {sp:int:p,n:int} — {}

Junk values “?" have junk types “?"



Typing Stacks

WA T =T

20



Typing Stacks

VAT, T,

Stack allocation

Fsp)=o

V:Atbsallocn: T —=T[sp:=7: -
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Typing Stacks

WA T =T

Stack allocation

rsp)=o
V:Atbsallocn: T —=T[sp:=7: - 72 0]
Stack free
F(sp)=m - umpuo

V;AFsfreen: T — [sp:=o0]

20



Typing Stacks

WA T =T

Stack load

F(sp)=m: -+ umio

VA Esldrgn: T — Trg:=m]

21



Typing Stacks

WA T =T

Stack load

F(sp)=m: -+ umio

VA Esldrgn: T — Trg:=m]

Stack store

VATV T F(sp)=m -

Th

V:AFssty,n: T —=T[sp:=m: -0



Example: Factorial Bug

fact:¥p. {sp: p,ry :int,r31 - {n rint,sp: pt = {}} = {}
bgtr,L1[p]
mov 11,1
jmp 13
L1:Vp.{sp:p,rcintyrsy  {r sint,sp: p} = {3} = {}
salloc 2
Sst f31,1
sstry,2
sub ry,r,1
mov r37,L[p]
jmp fact
L:Vp.{sp:{n :intysp: p} = {}=intp,n rint} — {}
sld f2,2
sld r3,1
sfree 2
mul ry,r,r

jmp r3 % Errorl sp: {ry s int,sp: p} = {} intp




Example: Callee Bug

caller:¥p. {sp : Tecode :: p} — {}
salloc 1
mov r1,17
sstr,l
mov r37,L[p]
jmp calleelTeoge =2 pl
callee :Np. {sp :int::p,r31 : {sp:p,rn :int} = {}} = {}
sld rq,1
add ry,r,n
sstry,2 % Error!
sfree 1
jmp 131
L:Vp.{sp: Teode i p, 1y it} — {}




Type Safety

e Type safety ensures we don't
get stuck

e \With a few additional features,
can handle exceptions

e Paper: G. Morrisett, K. Crary, N.
Glew, and D. Walker.
"Stack-based Typed Assembly
Language!” In JFP. 12(1):43-88.
January 2002.

Stack-based typed assembly language

24
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Discussion

Note that we didn't bake in a specific calling convention
e Stacks plus jmp were sufficient

e Easy to handle tail calls

e Polymorphism is critical

e (Can encode many calling conventions:
» Arguments on stack or in registers?
» Results on stack or in registers?
» Return address: caller pops? callee pops?
» Registers: caller saves? callee saves?

Moral: orthogonal combination of type system constructs makes it
easy to scale language features



