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Unit 6 : Intermediate Code Generation

Target
> machine
code®

Intermediate

In the analysis-synthesis model of a compiler, the front end analyzes a source program and
‘creates an' intermediate representation, from which the back end generates target code. This
facilitates retargeting: enables attaching a back end for the new machine to an existing front end.

Logical Structure of a Compiler Front End

Abstract — Decorated [ jntarmadi te
Token —s Porser |—SyntexTres | Static Abstract " ;_ﬁgggml\ Intsrmediate
Sltream c,hgckgr Syntax TTe Generator ; Code

A compiler front end is organized as in figure above, where parsing, static checking, and
intermediate-code generation are done sequentially; sometimes they can be combined and folded
into parsing. All schemes can be implemented by creating a syntax tree and then walking the
iee, : '

Static Checking - : _ el
This includes type checking which ensures that operators are applied to compatible
operands. It also includes any syntactic checks that remain after parsing like
* flow—of-control checks j
— Ex: Break statement within a loop construct
* Uniqueness checks
— Labels in case statements
* Name-related checks

Intermediate Representations g
' We could translate the source program directly into the target language. However, there
are benefits to having an intermediate, machine-independent representation.
® A clear distinction between the machine-independent and machine-dependent parts of the
" compiler
® Retargeting is facilitated; the implementation of language processors for new machines
-Will require replacing only the back-end :
¢ We could apply machine independent code optimization techniques.
Intermediate representations span the gap between the source and target languages.
" High Level Representations
— closer to the source language
— casy to generate from an input program
— code optimizations maygnot be straightforward.

1



- = Low Level Representations
— closer to the target machine
_ Suitable for register allocation and instruction selection.

_easier for optimizations, final code generation

There are several options for intermediate code. They can be either
» Specific to the language being implemented
o P-code for Pascal : :
o Bytecode for Java
« Language independent:
o 3-address code ' :
IR can be either an actual language or a group of internal data structures that are shared by the
phases of the compiler. C used as intermediate language as it is flexible, compiles into efficient
machine code and its compilers are widely available. In all cases, the intermediate code is a
linearization of the syntax tree prodiced during syntax and semantic analysis. It is formed by
breaking down the tree structure into sequential instructions, each of which is equivalent to a
single, or small number of machine instructions. Machine code can then be generated (access
might be required to symbol tables etc). ’

Syntax Trees

Fd & 2 § ‘ : N i s e O g X
/ S, .t S AR, T Y
e - T, ; _‘ii_ " floedy AN - i, e il Ao
Lol N, T BB ing g HHS O ERS O StmtRest

Syntax trees are high level IR. They depict the natural hierarchical structure of the source
program. Nodes represent constructs in source program and the children of a node represent
meaningful components of the construct. Syntax trees are suited for static type checking.

Variants of Syntax Trees‘: DAG

A directed acyclic graph (DAG) for an expression identifies the common sub expressions
~ (sub expressions that occur more than once) of the expression. :
= DAG's can be constructed by using the same techniques that construct syntax trees.
» ‘A DAG has leaves corresponding to atomic operands and interior nodes corresponding to
~ operators. A node N in a DAG has more than one parent if N represents a common sub
expression, so a DAG represents expressions concisely. '
= [t gives clues fo compiler about the generating efficient code to evaluate expressions.

#



Example t: Given the grammar below, for the input string id + id * id , the parse tree,
syntax tree and the DAG are as shown.

Parse tree: DAG
i
Daniytons Syntax tree b
Grammar e 1 \
! 5

ESE+T|T 1
- |

| ;

Iy %
TSI F | F1o - Ny l i ; / /\ Ed\-/"/ e
Fe'(E) | id sots b 4 T W G \/

Example 2: DAG for the expressiona+a* (b-c, +(b- ¢ ) * d is shown below.

i | *//-F \\

*}j ¥ : * 7

<// \\aﬁ /,/ \d
o

e i i /fm“a.

b =

- Using tlie SDD to draw syntax tree or DAG for a given expression:-

* Draw the parse tree

* Perform a post order traversal of the parsc trce

* Perform the semantic actions at every node during the traversal
— Creates a syntax tree if a new node is created each time functions Leaf and Node are
called. .
— Constructs a DAG if before creating a new node, these functions check whether an
identical node already exists. If yes, the existing node-is returned.

SDD to produce Syntax trees or DAG is shown below:

. P&{}JQI}Q«}:IQ%{ s Sﬁaaﬁﬁj,zg B<vIAE$ e S S

1) E-=Ei+7T | Enode=new Node{'+* , Ey.node, T.node)
2) B~ B -1 | Enode=new Node'~', By.node, T'node)

. 3 E-T E.node =T node
&4 T iR T.node = E.node
5) T —vid T.node = new Leaf(id, id.eniry)
G) T = num T.node = new Leaf (nurmn, svum. ved)



For the expressiona +a * (b—c) + (b -¢) * d, steps for constructing the DAG is as below:

i 1) pr = Leaf(id, eniry-a)
2) - p2 = Leaf (id, entry-a) = m
3)  ps = Leaf (id, eniry-b)
4) py = Leaf (id, énlry-c)
5} P A-Q’dé("**r:pihﬁi)
6) pg = Node('+',p1+Ds)
7) pr = Node('+,p1,p)
8)  pa = Leaf(id, entry-b) = p3
0) o = Leaf (id, entry-c) = py
10} prp = Node(' ', pa,pa) = Ps
11)  pg = Leaf(id, entry-d)

13). . prs = Node('+' pr,pi2) -

>

Value-Number Method for Constructing DAGs X
Nodes of a syntax tree or DAG are stored in an arzay of records. The integer index of the

record for a node in the array is known as the value number of that node. .
Sl : : e y  to entr
3 . et , for 1

i e : 2] num + W :

e dBET e

il e b o
3 10 5 o .

(‘,‘) DAG (b) Array.

~ Figure 6.6: Nodes of a DAG fori =i+ 10 allocated in an array

The signature of a node is a triple < op, 1, r> where op is the label, 1 the value number of its left
child, and r the value number of its right child. The value-number method for constructing the
" nodes of a DAG uses the signature of a node to check if a node with the same signature already
exists in the array. If yes, returris the value number. Otherwise, creates a new node with the given
signature. : ‘ ’

Three Address Code :

« Three Address Code can range from high- to low-level, depending on the choice of operators.
In general, it is a statement containing at most 3 addresses or operands.

» The general form is x =y op z, where “op” is an operator, X is the result, and y and z are
operands. X, y, z are variables, constants, or “temporaries”. _

= A three-address instruction consists of at most 3 addresses for each statement. It is a linearized
representation of a binary syntax tree.

= Explicit names correspond to interior nodes of the graph.

&
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= E.g. for a looping statement, syntax tree represents components of the statement, whereas
three-address code contains labels and jump instructions to represent the flow-of-controi as in
machine language.

o
5 o s :
(/ o / B 1 2 b=
S Lo » & ¥ 1y
S  tatatty
5 g = %y # d
{a) DAG ' t: = g + 4y

A\ Three Addrg:ss Code i.:struction has at most one operator on the RHS of an instruction; no
built-up arithmetic expressions are permitted.

€.g: X +y*zcan be translated as
oy 2
t2 =X st h]

vwhere t1 & t2are compiler—generated temporary names.

Since it unravels multi-operator arithmetic expressions and nested control-flow statements, it is
wseful for targel code gencration and oplimization.
. _

Addresses and instructions:
* Three Address Code consists of a sequence of instructicns, each instruction may have up to
thiree addresses, prototypically t1 = t2 op t3
* Addresses may be one of:
— A name. Each name is a symbol table index. For convenience, we write
the names as the identifier.
— A constant.
— A compiler-generated temporary. Each time a temporary address is needed, the
compiler generates another name from the stream tl t2. 15 €lc. :
o * Temporary names allow for code optimization to easily move
instructions
e * At target-code generation time, these names will be allocated to
registers or to memory.

T hree Address Code Instructions:

— Symbolic labels will be used by instructions that alter the flow of control. The instruction
acldresses of labels will be filled in later.
Litl =2 opt3

— Assignment instructions: x =y op z

* Includes binary arithmetic and logical operations
— Unary assignments: x = op y : .

* Includes unary arithmetic op (-) and logical op (!) and type conversion( fnhgw to { loa b
2 Cppy instructions: x =y ‘])Dfnt’ nurﬂb-é‘b)

2
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— Unconditional jump: goto L
* L is a symbolic label of an instruction
— Conditional jumps:
* if x goto L If x is true, execute instruction L next
« ifFalse x goto L If x is false, execute instruction L next
— Conditional jumps:

sif x relop y goto L
— Procedure calls. For a procedure call p(x1, ..., Xn)
param X1
param Xn
call p, n
— Function calls : y=p(x1, ..., xn) y =call p,n, return y

—Indexed copy instructions: x = y[i] and x[i] =y

* Left: sets x to the value in the locatlon i memory units beyond y

« Right: sets the contents of the location i memory units beyond x to y
— Address and pointer instructions:

« X = &y sets the value of x to be the location (address) of y.

« x = *y, presumably y is a pointer or temporary whose value is a location. The value of x
is set to the contents of that location.

« *x =y sets the value of the object pointed to by x to the value of'y.

E]

- Example: Given the statement do i = i+1; while (a[l] <v}; , the TAC can be written as below in
. two ways, using either symbolic labels or position number of instructions for labels.

Lt ty =i+t o 100: gy =4 F 1
SRR 101 4=t
hp=die 8 102 tp=4i*8
'ta*a‘[,twj 1(33; tﬁjﬁa{:tij
S if ty < v goto L 104: if t3 < v goto 100
(a) Symbolic labels. - (b) P:;@sit;ian zxmnhnrs

Three Address Code Representations

Data structures for representation of TAC can be objects or records with fields for operator
‘and operands. Representations include quadrup]es, triples and indirect triples.

1) Quadruples :

« In the quadruple representation, there are four ﬁe]dq for each instruction:

op,argl, argZ, result

— Binary operators have the obvious representation

— Unary operators don’t use arg2

— Operators like param don’t use elther arg2 or result

&



— Jumps put the target label into result
* The quadruples in Fig (b) implement the three-address code in (a) for the
expressiona=b*-c+b*-¢

: op arg, arg, result
t; = minus c Olmdous; ¢ ¢ 7 t1 |
ta = b a ty Ll % . v b s By b

“t3 = minus ¢ 2im : € . i ts

tsy = b * tg Bl % ., b .ty .ty

ts = ta + t4 4] & | &2 . b4 . Ty
S e e

- {a) Three-address code t {b) Quadruples

2) Triples

* A triple has only three fields for each 1nstruct10n op, argl arg2
*The result of an operation x op y is referred to by its position.

* Triples are equivalent to signatures of nodes i in DAG or syntax trees.

* Triples and DAGs are equivalent representations only for expressions; they are
not equivalent for control flow.

* Ternary operations like x/i] = y requires two entries in the triple structure,
similarly for x = y[i].

* Moving around an instruction during optimization is a proolem

Example: Representations of a=b *~c +b * —¢

i op  arg, arg,

ST e 0lminus; ¢
2 S 5 2k e
it N ‘ 1 b ()

4’" * 2 miﬂ‘ﬂﬁ: € 4
f‘\, ;"x 3 # . b (2
b" minus b  minus df 4 (1) (32
| | 5l » 1o, (8

C t & &
(2) Syntax tree (b} Triples
#




D Indtudd Todples -

These consist of a listing of pointers to triples, rather than a listing of the triples
themselves. An optimizing compiler can move an instruction by reordering the instruction list,
without affecting the triples themselves.

nstruction op  any a'rg?
361 ) U {minus; ¢

3] (1) 1 4. b
27! (2) 2 jminus, ¢ ;
38| (3) 3+ b (2
391 (4) 4l + (1) . (3)
ao'(s} 5/ = 1 a +(4)

Static Single-Assignment Form '
Static single-assignment form (SSA) is an intermediate representation that facilitates
certain code optimizations. Two distinctive aspects distinguish SSA from three-address code.
« All assignments in SSA are to variables with distinct names; hence static single assignment.
* O-FUNCTION
Same variable may be defined in two different control-flow paths. Cgogﬁ SSh G-
For example,

it { flag Jx=-lielsex=1; P=a a+th P = Q+L
oot e G =F,

'using ®-funciion it can be writtenas | 4 F’ Xd

if (flag) xi=-1;elsexz=1; P’q _ - q

X3=(y(X1,X2); Yap-p P_,) = € Ps

y=X3*a;

%ru adlugs (‘r)cﬂ-l = ?3 Itf

*The ®-function returns the value of its argument that corresponds to the control flow path that
was taken to get to the assignment statement containing the ®—function.

l'ranslatlon of Expressions

The goal is to generate 3-address code for expressions. Assume there is a function gen()
that given the pieces needed does the proper formatting so gen(x = y + z) will output the
corresponding 3-address code. gen() is often called with addresses rather than lexemes like x.
The constructor Temp() produces a new address in whatever format gen needs.

Operations within Expressions

The syntax-dlrected definition below builds up the three-address code for an 3551gnment
statement S using attribute code for S and attributes addr and code for an expression E.
Attributes S.code and E.code denote the three-address code for S and E, respectively. Attribute
£.addr denotes the address that will kold the value of E.

#
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