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Intermediate Representation (IR):

e An abstract machine language

Semantig

IRH,

Analysis

e Expresses operations of target machine

e Not specific to any particular machine

¢ Independent of source language

IR code generation not necessary:

e Semantic analysis phase can generate real assembly code directly.

e Hinders portability and modularity.
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Strings

e All string operations performed by run-time system functions.

e In Tiger, C, string literal is constant address of memory segment initialized to char-
actersin string.

— In assembly, label used to refer to this constant address.
— Label definition includes directives that reserve and initialize memory.
‘“foo’
1. Translate module creates new labdl [.
2. Tree. NAVE( ) returned: used to refer to string.

3. String fragment “foo” created with label [. Fragment is handed to code emitter,
which emits directives to initialize memory with the characters of “foo” at address|.
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Strings
String Representation:
Pascal fixed-length character arrays, padded with blanks.

C variable-length character sequences, terminated by ‘/000

Tiger any 8-bit code allowed, including /000’
"foo

labdl:

OOoI—+W
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Strings

e Need to invoke run-time system functions

— string operations
— string memory allocation

Frane.external Call: string * Tree.exp -> Tree. exp

Frame. external Cal |l ("stringEqual", [s1l, s2])

— Implementation takes into account calling conventions of external functions.

— Easiest implementation:

fun external Call (s, args) =
T. CALL( T. NAMVE( Tenp. naned| abel (s)), args)

Prof. David Walker
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Array Creation
type intarray = array of int
var a:intarray := intarray[10] of 7
Call run-time system functioni ni t Ar r ay to malloc and initialize array.

Frame.external Call ("initArray", [CONST(10), CONST(7)])
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Array Accesses

Given array variabla,

&a[0]) = a
&a[l1l]) = a +w, where wis the word-size of machi ne
=a+ (2% w

&(a[ 2])

Let e be the IR tree fona:

ali]:
MVEM BI NOP( PLUS, e, BINOP(MUL, i, CONST(W))))

Compiler must emit code to check whethels out of bounds.
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Record Creation

type rectype = { fl:int, f2:int, f3:int }
var a:rectype :=rectype{fl =4, 12 =5, 3 = 6}

ESEQ SEQ( MOVE( TEMP(result),
Frame. external Cal | ("al | ocRecord",
[ CONST(12)])),
SEQ( MOVE(BI NOP(PLUS, TEMP(result), CONST(0*w)),

CONST(4)),

SEQ( MOVE( BI NOP( PLUS, TEMP(result), CONST(1*w)),
CONST(5) ),

SEQ MOVE( Bl NOP( PLUS, TEMP(result), CONST(2*w)),
CONST(6))))) ).

TEMP(result))

e al | ocRecor d isan external function which allocates space and returns address.

e resul t isaddressreturned by al | ocRecor d.
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Record Accesses

type rectype = {fl:int, f2:int, f3:int}
| | |

of f set: 0 1 2
var a:.rectype := rectype{fl=4, f2=5, f3=6}
Lete be IR tree fora:

a.f3:
VEM BI NOP( PLUS, e, BI NOP(MJL, CONST(3),

Compiler must emit code to check whetlzeis ni | .

CONST(W) ) ) )
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Conditional Statements

| f e; then e, el se e3
e Treate; asCx expressions- applyunCx.
e Treate,, e3 asEX expressionss- applyunEx.

Ex( ESEQ SEQ unCx(el) (t, f),
SEQ( LABEL(t),
SEQ  MOVE( TEMP(r), unEx(e2)),
SEQ  JUMP( NAVE( j oi n)),
SEQ LABEL(f),
SEQ  MOVE( TEMP(r), unEx(e3)),
LABEL(join)))))))
TEMP(r)))
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While L oops
One layout of awhile loop:

whi | e CONDI TI ON do BODY

test:
| f not (CONDI TI ON) got o done
BODY
got o test

done:

A break statement within body isa JUMP to label done.
transExp and transDec need formal parameter “break”:

e passed done label of nearest enclosing loop
e Needed to trand ate breaks into appropriate jumps

e When translating while loop, t r ansExp recursively called with loop done label in
order to correctly trandate body.
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For L oops
Basic idea: Rewrite AST into let/while AST; call transExp on result.

for 1 := 1o to hi do
body

Becomes,

| et
var I := 1o
var limt := hi
I N
while (I <=1limt) do
( body;
I =1 + 1)
end

Complication:
Ifl1 mt == naxi nt, then increment will overflow in transated version.
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Function Calls

f(al, a2, ..., an) =>
CALL( NAVE(I f), sl::[el, e2, ..., en])

e s| staticlink of f (computable at compile-time)

e To compute static link, need:

—1 _f :level of f
—1 _g : level of g, the calling function

e Computation similar to simple variable access.
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Declarations
Consider type checking of “let” expression:

fun transkExp(venv, tenv) =

| trexp(A Let Exp{decs, body, pos}) =
| et
val {venv = venv’', tenv = tenv'} =
t ransDecs(venv, tenv, decs)
| N
transExp(venv’, tenv’') body
end

e Need | evel , br eak.
e \What about variable initializations?

Brof. David Walker Princeton University
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Declarations
Need to modify code to handle IR trandlation:

1.t ransExp,transDec requirel evel tohandle variable references.
2.t ranskxp, t ransDec require br eak to handle breaks in loops.

3.t ransDec must return Transate.exp list of assignment statements corresponding
to variable initializations.

e Will be prepended to bodly.
e Trandate.exp will be empty for function and type declarations.

¢ \,?
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Function Declar ations

e Cannot specify function headers with IR tree, only function bodies.
e Special “glue” code used to complete the function.
e Function istrandated into assembly language segment with three components:

— prologue
— body

— epilogue

Prof. David Walker Princeton University
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Function Prologue

Prologue precedes body in assembly version of function:
1. Assembly directives that announce beginning of function.
2. Label definition for function name.
3. Instruction to adjust stack pointer (SP) - allocate new frame.

4. Instructions to save escaping arguments into stack frame, instructions to move non-
escaping arguments into fresh temporary registers.

5. Instructions to store into stack frame any callee-save registers used within function.
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Function Epilogue

Epilogue follows body in assembly version of function:
6. Instruction to move function result (return value) into return value register.
7. Instructions to restore any callee-save registers used within function.
8. Instruction to adjust stack pointer (SP) - deallocate frame.
9. Return instructions (jump to return address).

10. Assembly directives that announce end of function.

e Steps 1, 3, 8, 10 depend on exact size of stack frame.
e These are generated late (after register alocation).
e Step 6:

MOVE( TEMP(RV), unEx( body))

Prof. David Walker . University
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Fragments
signature FRAME = sig

dat atype frag = STRING of Tenp.l|label * string
| PROC of {body:Tree.stm frane:frane}
end

e Each function declaration translated into fragment.
e Fragment translated into assembly.
e body field isinstruction sequence: 4, 5, 6, 7

e f r ame contains machine specific information about local variables and parameters.

.%}
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Problem with IR Trees

Problem with IR trees generated by the Tr ansl at e mod-
ule:

e Certain constructs don’t correspond exactly with real ma-
chine instructions.

e Certain constructs interfere with optimization analysis.

e CJUMP jumps to either of two labels, but conditional branch
Instructions in real machine only jump to one label. On
false condition, fall-through to next instruction.

e ESEQ CALL nodes within expressions force compiler
to evaluate subexpression in a particular order. Optimiza-
tion can be done most efficiently If subexpressions can
proceed in any order.

e CALL nodes within argument list of CALL nodes cause
problems if arguments passed in specialized registers.

Solution: Rewrite the IR Trees produced by Translate
so they are semantically equivalent but do not satisfy the
conditions above

QY
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Canonicalizer

Stream of Abstract

Tokens Syntax Tree | Semantic| IRTrees | Canon- | IR Trees

Lexer Parser Analysis icalizer Back End

Canonicalizer takes Tr ee. st mfor each function body, ap-
plies following transforms:

1 Tr ee. st mbecomes Tree. st m | 1 st, list of canoni-
cal trees. For each tree:

— Rotate SEQ, ESEQ nodes from deep within the tree,
higher and higher.

— Finally, there are no SEQ, ESEQnodes anywhere in-
side the statement; they are all at the top with one SEQ
following another. Eliminate the SEQstatements in fa-
vor of a list.

— Simultaneously, rotate each CALL node up the tree un-

Target
—————&

til CALL issurrounded by EXP( . . .) or MOVE( TEMP(t),

)

At all times, we must convince ourselves that rotations are
semantics preserving.
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CHAPTER EIGHT. BASIC BLOCKS AND TRACES

ESEQ ESEQ
(1) sl ESEQ = SEQ e
s2 e sl s2
ESEQ(S;, ESEQ(S, €)) = ESEQ(SEQ(S1, &), €©)
BINOP ESEQ
(2 op ESEQ e2 = s BINOP
S el op el e2
BINOP(Op, ESEQ(S, €1), €) = ESEQ(S, BINOP(OP, €1, &))
MEM (ESEQ(S, €1)) = ESEQ(S, MEM(€ey))
JUMP(ESEQ(S, €)) = SEQ(S, JUMP(ey))
CJUMP(Op, ESEQ(S, €1), &, 11,12) = SEQ(S, CIUMP(OD, €y, &, 11, 12))
/BINOP ESEQ
I
op el ESEQ MOVE ESEQ
(3) PN = N RN
J p TEMP el s BINOP

t is a new temporary t
BINOP(Op, €1, ESEQ(S, €)) = ESEQMOVE(TEMPt, 1),
ESEQ(S, BINOP(Op, TEMP 1, &)))

CJUMP(Op, €1, ESEQ(S, &), 11,12) = SEQ(MOVE(TEMP T, &),
SEQ(S, CJUMP(Op, TEMP t, €, 11, 12)))

/BINOP\ ESEQ
op el ESEQ ifs e commute s BINOP
S e2 op el e2
if s, & commute
BINOP(op, €1, ESEQ(S, &)) = ESEQ(S, BINOP(op, e, e))
CJUMP(Op, €1, ESEQ(S, &), 11,12) = SEQ(S, CIJUMP(0p, €y, €, 11, 12))
FIGURE 8.1. Identities on trees (see also Exercise 8.1).
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Canonicalizer
When do statements and expressions commute?

e \We can never tell exactly, so we must make a conservative
approximation.

— CONST C commutes with any other statement or ex-
pression

— NAME L commutes with any other statement or ex-
pression

— Does MOVE( MEM X) , y) commute with
Bl NOP( MEM x),Vy)?

— Does MOVE( MEM Xx) , y) commute with
Bl NOP(MEM z),Yy)?

— Does CALL( f, ar gs) commute with
Bl NOP(MEM z),Yy) ?

University
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Canonicalizer

e Implement ESEQ eliminator using the equivalences we
just looked at.

e Must also rewrite calls:

— Eg: BI NOP( PLUS, CALL(...), CALL(...) =...?
— CALL(f,args) =
ESEQ MOVE( TEMP t, CALL(f,args)), TEMP t)

— Now ESEQ eliminator will lift the CALL out of the
Bl NOP expression

g “/?
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Canonicalizer

2Tree.stm i1 st becomes Tree.stmlist |ist,
statements grouped into basic blocks

— A basic block is a sequence of assembly instructions
that has one entry and one exit point.

— First statement of basic block is LABEL.

— Last statement of basic block is JUVP, CJUMP.

— No LABEL, JUWMP, CJUMP statements in between.

QY
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Canonicalizer

3Tree.stmlist |1st becomesTree.stm i st

— Basic blocks reordered so every CJUMP( cond, a, b, t, f)
Immediately followed by false label. Three cases:

x \We move basic block with false label to the point
after the CJUMP.

x WWe move basic block with true label to the point
after the CJUMP, switch true and false labels and
negate the condition.

* We create a new false label L’ and rewrite:
CJUMP(cond, a, b,t,L"); LABEL L'; JUW
f

— Basic blocks flattened

— Further Optimization: whenever possible have the block
for L follow JUMP L and delete the JUMP L instruc-
tion

— Further Optimization: give priority to JUMP and CJ UMP
Inside loops. But how do we detect loops now that we
just have jump statements everywhere??
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