Programming Langua ges, F2003
Lecture 7, Wednesday 19 March 2003

e Imperative programming in SML: ref  values
e An abstract machine with program counter, evaluation stack, and a uniform store
o Compilation of micro-C for the abstract machine

e Critique of the generated code
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Imperative programming in SML
Standard ML is a mostly functional language, not purely functional.
Avalue of typet ref is an updatable reference to a value of type t .
It is very similar to t* , or pointertot , in C.
But SML references are safe (no General Protection Faults or NullPointerExceptions):
e An SML reference must point to a value, it cannot be null
e There is no pointer arithmetics.
Operations on SML references
SML operation Meaning C analogue
val r = ref Vv Create reference, initialized to vV
Ir Dereference; get value *r
r = u Update reference ro=u
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Example use of references: generate new labels

Some operations are very cumbersome without imperative features.

val nextlab = ref 71,
fun newLabel () =
(nextlab = 1 + Inextlab; "L" " Int.toString ('nex

- newLabel ();

> val it = "LO" : string
- newLabel ();
> val it = "L1" : string
- newLabel ();
> val it = "L2" : string

Every call to newLabel returns a new label, because nextlab

Using local-in-end to encapsulate state

local
val nextlab = ref 0
in
fun resetLabels () =nextab = 0
fun newLabel () =
(nextlab = 1 + Inextlab; .
end;
Now nextlab  can only be operated on via resetLabels  and

gets updated.

Int.toString

newLabel

tlab));

(nextlab))

(similar to a private static field).
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The micr o-C interpreter executing recur sive function calls (imp/ex9.c )

void main(int iy {

int
fac(i, &r);
print r;
}
void fac(int n, int “*res) {
print  &n;
if (n == 0)
*res = 1;
else {
int  tmp;
fac(n-1, &tmp);
*res = tmp * n;
}
}
The store becomes a stack of activ ation recor ds:
0 1 2 3 4 5 6 7 8 9 10 11 12
BEDNEDNENEEDN
i r n res tmp n res tmp n res tmp n res

main(3)

fac(3,_)

fac(2,)

fac(1,)

fac(0,_)
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An abstract stack machine
Machine state: program, stack, register s

pc

JEEN

sp

bp

The state components

Name  Description

Use

Stack machine instructions, part 2

Instruction Stack before Stack after Effect

GOTO a s = s Jump to a

IFZERO a 8,0 == 8 Jumptoaifv =0
IFNZRO a SV = 8 Jumptoaifv # 0
CALLmMm a 8,V1, .0, Um = &,7,bp,v1,...,v,m  Callfunction at a
TCALLmmna  s,7r,b,ut,..,Un,V1,..,Um == 8,7,b,01,..,Um Tail-call function at a
RET m 8,7, b,v1, .., Um, v = S,V Return: bp := b; pc := 1
PRINTI s, v = S,V Print v as decimal integer
PRINTC s, v = S,v Print character v
LDARGS s = 8,11,..,1n Command line args
STOP s = Halt the machine

pc Program counter Points to next instruction in p[]
pl Program store Array of stack machine instructions
sp Stack pointer Points to current stack top in S[]
bp Base pointer Points to base of current stack frame in S[]
s Data store, as a stack  Array of integers and addresses
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Stack machine instructions, part 1
Instruction Stack before Stack after Effect
CSTi s = s,1 Push constant %
ADD 881,52 = 8,(i1+1i2) Add
SUB 8,41,i2 => ,(i1 —i42)  Subtract
MUL S,i1,12 = s, (i1 *12) Multiply
DIV Syi1,02 = 8, (i1/i2) Divide
MOD Syi1,52 = s, (11%i2) Modulo
EQ 8,41,2 = s,(i1 =142)  Equality test (0 or 1)
LT 8,01,z = 8, (i1 < i2) Less-than test (0 or 1)
NOT s, v == 8,7 Logical negation (0 or 1)
DUP s, v = S,V Duplicate
SWAP 8,1, V2 == S§,V2,V1 Swap
LDI s, 1 = Load indirect
STI s, i, v = Store indirect; set s3] := v
GETBP s = Load base pointer bp
GETSP s = Load stack pointer sp
INCSP m s = Increment sp whenm > 0
INCSP M 8,V1y ey Ve = 8 Decrement sp whenm < 0
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Some restrictions built-in to this machine:

e |nput can come only from the command line; output goes to standard output.

e No support for indirect jumps and indirect calls; hence no function pointers.
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Stack machine implementation (file imp/Machine.java )
e The program p is an array of integers; pPC is an index into that array.
e The store S is an array of integers; SP and bp are indexes into that array.
e The instruction interpreter is an infinite loop with a SWitCh  on the next instruction. Extract:
for () {
switch  (p[pc++])  {
case CST:
s[sp+1] = p[pc++];  sp++;  break;
case ADD:
s[sp-1] = s[sp-1] + s[spl; sp--; break;
case NOT:
s[sp] = (s[sp] == 07?1 : 0); break;
case DUP:
s[sp+l] = s[sp];, sp++ break;
case SWAP:
{ int tmp = s[sp]; s[sp] = s[sp-1]; s[sp-1] = tmp; } break;
case LD /I load indirect
s[sp] = s[s[spll; break;
case STI: Il store indirect, keep value on top
s[s[sp-1]] = s[sp]; s[sp-1] = s[sp]; sp--; break;
case GETSP:
s[sp+l] = sp; sp++; break;
case GOTO:
pc = plpc];  break;
case IFZERO
pc = (s[sp--] == 0 ? p[pc] pc+l);  break;
}}
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Local variable addressing via the base pointer bp

Observation: At runtime, the offset of a local variable within a stack frame is always the same.

Moreover, that offset can be computed at compile-time.

Thus in the micro-C compiler, the compile-time environment maps a variable to its offset in the stack frame.

In the micro-C interpreter (imp/c.sml

At run-time, a base pointer register bp points to the first variable in the top-most stack frame.

Hence at run-time, a variable’s actual address is the base pointer bp plus the variable’s offset.

Example: The address of a variable (such as res ) at offset 2 can be computed like this:

GETBP; CSTI 2; ADD

This technique is well-known.

This x86 instruction loads the variable at offset 8 (bytes) from the extended base pointer (%oebp):

movl 8(%ebp), Y%edx

) the run-time environment mapped a variable to its address in the store.

A hand-written machine code program to print 1,2, ...

LDARGS; PRINTI; 1; ADD; GOTO1

In raw machine code that is (file imp/prog0 ):
24 22 01116 1

To run it, execute

java Machine prog0 117

To run it with tracing, execute

java Machinetrace prog0 117

Machine code program to loop 20 million times

20000000; GOTO7; 1; SUB; DUP; IFNZRO 4; STOP

In raw machine code (file imp/progl ):
0 20000000 16 7 0 1 2 9 18 4 25

Programming Languages, F2003 Page 7-11

IT-C Programming Languages, F2003 Page 7-9
Machine code file layout
A machine code file is a sequence of numbers, representing instructions or instruction parameters.
Execution starts at instruction number 0.
Code compiled from a micro-C program typically has this structure:
e Instructions to allocate global variables (if any) on the stack.
® An LDARGS instruction to load program (‘command line’) arguments on the stack.
e A call to the function main , followed by a SToOP instruction.
e Code for each function in the program (including the main function).
Example (file imp/ex14.c )
0 1 2 3 4 5 6 7 8 9 10 11 12 13
GET
P CST| O DARGCALL 1 7 |STOH gp |[CST| 0O | ADD| LDI
allocate call main(n) code for main(n)
globals
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Micro-C store layout convention: global variables and frame stack

The program’s global variables are at the lower addresses of the store.

On top of the globals variables, there is a stack of activation records or stack frames.
A stack frame or activation record corresponds to an active function call.

It contains the function’s parameters and local variables, and temporary values of expressions being computed.

A—

ret | old
addr | bp local vars

old

ret Jocal
bp ocal vars

addr

<<<

stack frame 2

temps temps

7 global vars

stack frame 1

Nested blocks, temporaries on the stack, and function calls in expressions
In micro-C, all code is within a function. So code executes in some function call’'s stack frame.
Aninner block { ... } just allocates more variables on the function’s stack frame.

A function call in an expression 117 + g(4) will put g’s stack frame on top of the temporary value 117.
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Standar d ML representation of the stack machine code (file imp/Machine.sml )

Compiling expressions with arithmetic and logical operator s

and cExpr (e
case e of

expr) (env : venv) : instr list =

| Prim2(ope, el, e2) =>
CExpr el env
@ cExpr e2 env
@ (case ope of
e => [MUL]
=> [ADD]
[SUB]
[DIV]
[MOD]
[EQ]
=> [EQ, NOT]
[LT]
[LT, NOT]
[SWAP, LT]
[SWAP, LT, NOT]
=> raise Fail "unknown primitive 2"

Using logical negation NOTand swap SWARve need only == and < in the machine.

Thus 11 <= 22 iscompiledto [CSTI 11, CSTI 22, SWAP, LT, NOT].
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datatype label =
Lab of string
datatype instr =
Label of label (* symbolic label; pseudo-instruc. *)
| CSTI of int (* constant *)
| ..
| GOTOof label (* go to label *)
| ..
There is a function to convert a symbolic instr ~ list  into an absolute int  list
val code2ints = fn : instr list -> int list
It traverses the instruction list twice:
e In pass 1 it builds an environment mapping each label to the code address it labels:
case instr  of
Label lab => deflabel lab
_
e In pass 2 it emits converts instructions and labels to integers.
case instr  of
| GOTOlab => (out CODEGOTO;outlabel lab)
IT-C Programming Languages, F2003 Page 7-13
Compiling micr o-C expressions to stack machine code (file imp/comp.sml )
and cExpr (e expr) (env : venv) : instr list =
case e of
Access acc => cAccess acc env @ [LDI]
| Assign(acc, e) => cAccess acc env @cExpr e env @ [STI]
| Cst (Cstl i) => [CSTI 1i]
| Cst CstN => [CSTI 0]
| Addr acc => cAccess acc env
| Priml(ope, el) =>
cExpr el env
@ (case ope of
" => [NOT]
| "printi" => [PRINTI]
| "printc” => [PRINTC]
| _ => raise Fail "unknown primitive 1")
| Prim2(ope, el, e2) =>
| Andalso(el, e2) =>
| Orelse(el, e2) => ..
| Call(f, es) => callfun f es env
Thus !false  which is Prim1( Cst(Cstl 0)) is compiled to:

[CSTI 0, NOT]

Net effect principle:

If expression € compiles to code instrs

, then execution of iNStrs ~ wi

leave the value of € on the stack top.
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Compiling an access expression to stack machine code

The compile-time environment maps a variable name to a variable description and a micro-C type:
type venv = (string, var * typ) env * int

The compile-time environment also keeps track of the next available offset.

A variable is described as a global variable or a local variable (parameter or variable declared in function):

datatype var =
Glovar of int (* absolute address in stack *)
| Locvar of int (* offset in current stack frame *)
type venv = (string, var * typ) env

Compiling an access expression (variable X or pointer dereferencing *p or array indexing acc[ei :
piling p p 9 y 9

and cAccess (AccvVar Xx) env =

(case lookup (#1 env) x of
(Glovar addr, _) => [CSTI addr]
| (Locvar addr, _) => [GETBP, CSTI addr, ADD])
| cAccess (AccDeref e) env =
CExpr e env
| cAccess (Acclndex(acc, idx)) env =
cAccess acc env @I[LDI] @cExpr idx env @ [ADD]

Idea: The code generated for an access expression leaves an address on the stack top.

What is XS[i]  compiled to when XS and i are local variables at offsets 2 and 5?
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Compiling Andalso to stack machine code

and cExpr (e
case e of

expr) (env venv) : instr list

| Andalso(el, e2) =>
let val labend
val labfalse

newLabel()
newLabel()

in
cExpr el env
@ [IFZERO labfalse]
@ cExpr e2 env
@ [GOTO labend,

Label labfalse,

end

Thus the code forel && e2is

<elcode>
IFZERO L1,
<e2code>
GOTOL2;
L1: O

L2:

What code is generated for 11 < 22 && 33 < 442

CSTI 0, Label Ilabend]

The code for Orelse s dual to that for Andalso : Use IFNZROand 1 instead of IFZERO and 0.
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Compiling if-else  statements
A statement is compiled in a compile-time environment. The result is a list of instructions:
fun cStmt stmt (env venv) : instr list =
case stmt of
If(e, stmtl, stmt2) =>
let val labelse = newLabel()
) val labend = newLabel()
in
cExpr e env @ [IFZERO labelse]
@cStmt stmtl env @ [GOTO labend]
@ [Label labelse] @ cStmt  stmt2 env
@ [Label labend]
end
|  While(e, body) => ..
| Expr e => cExpr e env @[INCSP 1]
| Block stmts = ..
| Return _ =
The if-else statement If(e, stmtl, stmt2) is compiled as
<ecode>
IFZERO L1,
<stmtlcode>
GOTOLZ;
L1: <stmt2code>
L2:
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GOTOL2;

L2: <ecode>
IFNZRO L1;

Compiling while -loops

The while -loop statement While(e,

L1: <bodycode>

fun cStmt stmt (env venv) instr  list =
case stmt of
| While(e, body) =>
let val labbegin = newLabel()
val labtest = newLabel()
in
[GOTO labtest, Label labbegin]
@ [Label labtest] @ cExpr
end

body) is compiled as

@ cStmt
e env @ [IFNZRO labbegin]

body env
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1)

cStmtOrDec
loop sr
end

sl env
envl

= loop stmts env

end

list =

} contains a list of declarations and statements.

Compiling blocks
fun cStmt stmt (env venv) instr  list =
case stmt of
| Block stmts =>
let fun loop ] env = (#2 env,
| loop (sl:sr) env =
let val (envi, codel) =
val (fdepthr, coder) =
in (fdepthr, codel @ coder)
val (fdepthend, code)
in code @[INCSP#2 env - fdepthend)]
|
and cStmtOrDec (Stmt stmt) env : venv * instr
(env, cStmt stmt env)
| cStmtOrDec (Dec (typ, X)) env =
allocate Locvar (typ, Xx) env
Ablock { dec stmt ... dec
A statement does not change the environment, but generates some instructions.
A declaration generates allocation code and extends the environment; its scope is the rest of the block.
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The code generated for a variable declaration

Compilation of a variable declaration
e extends the compile-time environment, so it maps the variable to its offset and type;
e generates code that will set aside stack space for the variable at run-time.

The generated code:

Declaration Generated code
int i CSTIO
int  *ip CSTIO
int ia[3] INCSP 3; GETSP; CSTI 2; SUB
int  *ipa[3] INCSP 3; GETSP; CSTI 2; SUB
int  (*Yiap)[3] CSTIO
int  a[2][3] (not permitted by micro-C)
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Recursive function calls revisited (file imp/ex9.c )
void main(int iy {
int
fac(i, &r);
print r;

void fac(int n, int “*res) {
print  &n;
if (n == 0)
*res = 1;
else {
int  tmp;
fac(n-1, &tmp);
*res = tmp * n;

}

The store as a stack of activ ation recor ds:

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23

Shor tcomings of this compiler
e Tail-calls are not executed in constant space (example imp/ex12.c ).

e Clumsy code is generated, especially for if - and while -conditions:
void main(int x) {
if (x == 0) print 33; else print 44,
}

This produces the following code:

GETBP; CSTI 0; ADD; LDI; CSTI 0; EQ; IFZERO L2;
CSTI 33; PRINTI; INCSP "1; GOTOLS;

L2: CSTI 44; PRINTI; INCSP 1;

L3: INCSP 0; RET O

Later we shall improve the compiler to produce this instead:
GETBP; LDI; IFNZRO L2;

CSTI 33; PRINTI; RET 1;
L2: CSTI 44; PRINTI; RET 1

7 mi \7 mi 07 moi Ni mi wi 7m07 mi Ni mi 7 moi HHi Hi Hwi 7m07 Hmi 07 Hmi 7

ret  old h ret  old ret  old ret  old ret  old

addr bp ! " addr bp N réS IMPp aqqr pp N r€S IMP a4qgr pp N rES MMP aqqr pp N Tes
main(3) fac(3,_) fac(2, ) fac(1,_) fac(0, )
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