ECE466:Compilers UnB/pg 1 ©2025 JéHakner

I nter mediate Representations

An Intermediate Representation (IR) isyaimternal or external representation of the
source program which is complete and neither in source nor target form.

Early in the history of computing, compilers were generally designed as "one-pass"
compilers, meaning tlyewould emit the target code directly as the source language w
recognized. Thigliminated the need for lge¢ amounts of memory or disk space to store
the IR. Many languages can be successfully compiled one-pass, including C (at least
original C, not so much modern C).

However, such an approach results in very poor output code quagyhere is no
opportunity to re-examine the code for optimizations. The output code follows the input
code structure directly as it is parselbday, One-pass compilers would only be used in
specialized, constrained environments, eay.compiler which must run within an
embedded dece. All modern host-based compilers use one or motermediate
representations (IR) which progressely transform the source code to the target code.

The IR of the program is subjected to multiple optimization passes. The optimizers re-
write the IR code.Depending on the design of the compikéfferent IR forms may be
used for different passes. After the last optimies final IR is used as the input for the
target code generation process.

There is no one "right answer" when designing an IR glyatéome of the decisions the
compiler writer will face hinge on the nature arnxteat of architecture-independent
optimization which will tak pgace after IR emission, on the nature and variety of back-
ends which need to be supported, and the nature of the source language and the run-time
environment.

Usesof IR

In some compilation frameorks, there is an externally visible form of IR, which has a
standardized representation. But in others, the IR is strictly internal to the contpiler
exists in memory but is mer written to disk, except for debugging purposes.

In traditional compilers such as gcc, the structure is frontend -> IR -> arch-neutral opt ->
asssembly gen -> os-provided assembler -> os-provided linker -> a.out

This allows a cross-pluggable compilehere different front ends (e.g. C, C+Hgrffan)
compile to a common IR, and the same optimizers can be wgedless of the source or
the target languages.

In the LLVM (htt p: //www. | | vm or g) compilation framevork, the IR is meant to
be externalizable, with allvmor .|| filename &tension. TheLLVM can be
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cornverted into assembly language and thence assembled to object G)eto (be sed
with the cowentional system linkr | d. But another model is to use the LLVM liak
(called! | d) to perform linkage at the LLVM M, after which the linked LLVM is
assembled and linked with yamon-LLVM object files (such as system libraries) to
produce the a.outAn important benefit of this approach is it allows ifencedural
optimizations, also known as Link-Time Optimizatiom Q).

IR Forms

The two basic forms of IR are graphical vs lineak graphical IR is a directed graph data
structure, i.e. one with a specific root representing the entire program (or some portion
thereof), nodes representing abstract operations, and edges (pointers) linking nodes and
values. Atangible example of a graphical IR is the Abstract Syntax Tree representation
which was demonstrated in class and in previous units for encoding type information.
contrast, a linear IR more closely resembles assembly language, in that it is a simple list
of operations.

In real-world compilers, neither form is useckisively. It is common to find graphical

IRs such as ASTs to represent types axqmtessions, especially in the earlier stages of
compilation, and a series of linear IRs which malogress twards the final taget code.

Often, these linear IRs are augmented by graphs which track information such as data and
control flow.

Almost all popular external IR forms are linghecause of the difficulty of concisely
encoding and representing graphs externally.

Interpretersand Hybrid Approaches

Intermediate representations are not just for purely compiled languages suchas C.
have a pectrum of IR use cases in interpreted and hybrid langud®gew are some
examples.

Java: The . ava source code files are "compiled" Ipyavac and the result is a
standardized, external IR form known asal&irtual Machine (JVM) "bytecode.'Java
bytecode is anxample of a one-address (stack-based) linear IR freanke which will
be cwered shortly The bytecode is typically gén a. cl ass extension. Becausthe
bytecode is architecture-neutral, we can run it oy sstem. OnLinux systems, the
j ava command loads the bytecode into a specific, standardized runtimmenement
(the JRE) and»ecutes it. l.e. thg ava command is amterpreter of Java bytecode, in
the same sense thash is an interpreter of shell script code.

Java is ane of segeral hybrid languages where Just In Time (JIT) compilation can be used.
This term is really a misnomeltt is, in fact, a deferred target code generation, in which
the architecture-neutral IR is "compiled" to theg&rassembly/machine code when the
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program is recuted. Thisallows the program to be shipped in semi-compiled form,
retaining the cross-target portabilityut still producing run-time »&cution speeds that
are equal to traditionally compiled systems.

Python source code inpy files is first "compiled" into a bytecode representation which
is stored in pyc files. Thishappens the first time the script isoked, or if the source
code files hee changed. Thereaftethe bytecode files are loaded directishich speeds

the script start-up processihe Python bytecode is also a one-address (stack-based)
architecture. Théormat of the. pyc bytecode is documented and is externalized, thus it
satisfies our definition of an external, portable IR. This codeasuéed by the Python
run-time engine.Because the full interpreter/compiler is also resident with the run-time
engine, Python can act as a true interpreter and acoglyttfeon code as input data.

PHP is a popular web scripting language, designed to run primarily as an embedded
interpreter in web server programs such as apache or nginx, although it can be run stand-
alone. Whileit is a purely interpreted language, th@hp source code files are
pre-"compiled” into an internal, 3-address linear IR formatkmas "Zend." This speeds

up the a@ecution. PHPalso provides an API in which code written in C can be
dynamically loaded into the PHP interpreter as it is running. This is known as "modules”
and requires that all of the items of the PHP language also be visible as data structures
and/or function calls from C.

Perl is also a pure interpreter and is designed to work stand-alone, or to be embedded into
other programs.It uses an internal representation which can best be described as
graphical. Thecomplex AST data structure which is created during the parsing phase
remains resident and ixeeuted directly Perl is also designed to be interfaced with C

and publishes an API for its internals. Perl has support for dumping this internal data
structure into an external "bytecode" form, (which is seha of a misnomeras it s

more of memory dump of the AST) and using that to speed up the initial script loading
and parsing time.

In contrast to the abe, bash is a pure interpreterThe source code isxecuted as it is
read. Thismeans that syntax errors in shell scripts can not be detected until the line of
the script containing the error is reached.

Formsof Linear IR

A linear IR can be thought of as a sequence of assembly language instructions in an
idealized abstract machin&.his machine tends to be more generic and moveegal

than an actual processoburing optimization, highelevel IR forms tend to be more
expressve and allov the optimizer to gin a better understanding of the code andemak
better optimizations. On the other hand, the IR can not be too carogherwise it will

be difficult to generate &€ient target assembly code from it. Striking a balance is not an
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exact science. Linear IRs are either one-address (stack-based) or three-address ("quads").

Stack-based IR

A one-address code, dso known asstack machine code, represents an abstract virtual
machine in which there is a single stack of virtually unlimited size. The elements of the
stack may be of a single, simple type (e.g. 8 byte integers) ynitg be polymorphic

(each stack element has both a type and a value, the representation and bounds of which
depend on the type) Each operation of the one-address linear IR contains an operation
code and a single optional parameter (hence the name). All datiakkes place through

the stack. In addition to the stack, there has to benatw refer to the instructions (a
virtual program counter) so that branches can o@oar it is useful to hae a mtion of

named variables (although lacking that all variables could be allocated from the stack at
start-up).

The primary advantage of using a one-address code is simplityhaving to warry

about intermediatealues and register allocation makes it easy to generate one-address
code during parsing, iratt it lends itself well to simple, one-pass compilation. The one-
address code is also easy to write an interpreternfieking it a good choice for
architecture- independent bytecode forms and for small, embedded compiler/interpreters.
One-address code does not lend itself readily to code generation for most modern
processors. Thdieing said, a lot of work has been done recently on one-address codes
(stack-based machines) because both dad Python use this approachet’'s e hav a
compiler might generate one-address code for a simple expression:

f0)

{

extern int x,y, z;

X=y* 3+2* 2;

}

ONE- ADDRESS CODE GENERATED FOR EXPRESSI ON ABOVE:

1 LOAD Y
2 PUSH 3

3 MUL

4 LOAD z

5 PUSH 2

6 MUL

7 ADD

8 DUP

9 STORE X

It would be fairly easy to implement this inside the parser:
Weft '* '/

Weft '+

%ight ' =
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%0

expr:

| DENT {emt("LOAD', $1);}

| NUVBER {em t("PUSH', $1);}

| expr '+ expr {emt("ADD");}

| expr '-' expr {emt("SUB");}

| expr "*' expr {emt("MJL");}

| expr '/’ expr {emt("DV");}

| I DENT ' =" expr {emt("DUP");emt("STORE", $1);}

By structuring the yacc/bison grammar to match the correct ordealaf@on (including

the use of the yacc/bison precedence rules mechanism), the one-address code will be
emitted in the correct sequence to effect tratuation of the gpression. Comparinthis

code to the calculator examplevgn in Unit 2, one would see that instead wélaating

the expression directly in the semantic actions, we are emitting the one-address code
instead. Theun-time stack of the one-address virtual machine then serves the same
function as the parse-time yacc semantic value stack would for an interpreter/calculator
(such as our example in unit #2).

One-address code canvdlly be corverted to three-address code (described immediately
below) by considering each position on the (potentially boundless) stack to be a distinct
temporary variable.

Three-Address Code/ Quads

The most popular form of linear IR three-address code. Each instruction has an
operation code, up to twoptional source parameters, and a destination parantetgr

A=B+C is in three-address form: the operation is addition, the source parameters are B
and C, and the destination is A. Because each operation has four fields, three-address
code is also callequads. Note that A,B and C need not befeient operands, and that

the order of operations is defined such that the source parameters B and C are read first,
then result is written to the destination. Therefore A=A+A works as expected.

Many processors actually implement a one-address or two-address system.
accumulatoicentric processor is a one-address system. It requires most operations to go
through an accumulator gister which acts as the destination and one of the source
parameters, the other source parameter (if needed) being supplied as part of the
instruction. Accumulatebased architectures are common on small, embedded
processors.

Two-address instruction sets typicallyvieaa surce and destination field, with the
destination also being one of the source operands. Some architectiweathbo field
to be either a register or a memory location, while some impose further restric{@®s.
is an example of a two-address architecture.

Three-address architectures are more typically associated with RISC processors, such as
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SPARC or ARM/MIPS.

Regadless of the wentual target architecture, using a three-address IR form is the best
idea. Itallows the greatest ease in IR generation and the greatest. claatt during

actual taget code generation, the restrictions of the specific architecture ways die
applied to the more generic three-address code. Going in the other direction would be
very difficult: if the IR were in two-address or one-address form, it would be difficult for
the code generator to see opportunities for applying three-address form if that were the
supported architecture.

Representing Quads

In the field of compiler theoryarious notations are used to describe quads in human-
readable form, e.g.:

dst OP srcl, src2

dst srcl OP src2

dst < srcl OP src2

srcl OP src2 - dst

OP srcl, src2, dst

OP dst,srcl,src2

OP srcl,src2 - dst
We'll generally stick to the first form,ub do not be alarmed if other forms are seen in
reading the various xés. If you understand what quads are supposed to do, it will
quickly become apparent what the intention of the notation is.

Encoding Quads & Hidden Addressing M odes

At this stage of the compiler (Qquad generation), we can identifgrade"addressing
modes", i.e. ways in which the source and destination operands can be accessed:

* A local \ariable: Atcode generation time, local variables are typicalyegia dot in

the functions dack frame. However, if there are sufficient registers, and the address of
the local variable is ver "exposed” by taking a pointer to it, then the localiable may
live entirely in a register and not "own" wmemory In the xamples of this unit, we
will treat local variables as named objects that can be used directly in an operation.

» A function parameter: Function parameters belike local variables as far as the C
language definition is concerned, but at target code generation timejdirde accessed
using different rules (e.g. some architectures pass parameters in spgafersg W

will treat them as local variables

 Temporary wariables: Intermediate results in an expression need to be stored in
temporary ariables. Theswill not correspond to anything in the program source code.

» A global variable: Access to globabnables will @entually result in the use of an
absolute address mode in the assembly language ou®boibal variables can not be
assigned to a gster dthough thg certainly can be loaded into a register for



ECE466:Compilers UnB/pg 7 ©2025 JéHakner

computation and the result stored from the register back into énmtble. Vé will
express global variables in the samaywas local variables, and introduce a syntax to
distinguish them.

* A numeric constant:. Constants may appear explicitly in the source program, or may
arise implicity (e.g. the multiplier used in pointer/arrajsef arithmetic). We'll havea

bit more to say aboubnstant propagation later on.

» An address constant: The assembler/linkerventions allav the use of a symbol which

is offset by an integelE.qg.
extern char a;
char *z=&a+4;

The compiler will pass through the symbolixpeessiona+4 to the initializer which
appears with symbol z in the assembly language output. This expression will be carried
through by the linkr, which will calculate the actual numeric value of th@ression

once linkage has been resolved and the symbol a has been assigned an absolute address.

If the intent of the IR is to ma&kit externally transferrable, then addressing mode
information must be>dernalized. Inour example, the IR is intended for internal use
only. We will therefore tale advantage of the existence of the symbol table, and use a

data structure such as:
struct quad {
i nt opcode;
uni on generic_node *destination,*srcl, *src2;

Thesegeneri c_nodes an be allocated on-the-fly for temporary values and for
constants (during optimization it is important to track constants tloplicit in this
encoding is that srcl and src2 are expected to fetch the aatual of the operand(s),
while destination must provide a means of storing the resuwdt. srcl and src2 are
rvalues, while destination is an Ivalue.

For the sak of darity, when example quads areven in these notes, gninformation
about addressing mode or operand size will not be shown.

Other Approachesto Addressing M odes and Types

The examples gen in this unit are by no means the onlayv Let’s look at some of the
important features of the LLVM IR:

* In LLVM, global variables are treated as constant pointers to the symbolic memory
address which tlyewill occupy at run-time. Globalvariables are accessed by assigning
that symbolic constant to a temporasarigble and using the LAD/STORE mechanism,

as if the variables were being accessed explicitly by a pointer.

» Variables which ha keen declared as local variables in LLVM are also accessed
through a pointer The memory address for the local variable comes from afvLL
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built-in operatoral | oca, which is similar to the standard C library function, and has the
behavior of allocating a slice of memory from the stack frame.

* LLVM has a syntax to declare the names and types of function paranigteyscan
then be accessed directly.

* In LLVM, every operand is also flagged with a typ&he notion of type can be
complicated, including structure or array types.

Many compiler courses use MM. However, LLV M has a fairly complicated syntax and
feature set.For ease of illustration, we’ll use a much more simplified form of quads in
our examples.

Explicit vsImplicit Temporary Values

In constructing either target code or IR foxpeessions, there will naturally be
intermediate, temporary values which arise as a result of havingdt@mte each sub-
expression as a binary or unary operatioifhese temporary values Ve o
corresponding existence in the source program and therefore "d@am" a memory
location as do variables.

When the compiler reaches the phase of generatiggttassembly code, it needs toda

a way of managing these temporarglues. Thg may be kept in registers, pushed and
popped on the stack, or stored in the "stack frame" (more about that in a later unit) of the
function as if thg were local variables.

The trend in modern compiler design is to defer allocation of registers until fairly late in
the game. MostiRs assume that there is an infinite supply of virtual registers, in which
temporary variables can be placed. This simplifies the optimizer and allows it to perform
a wries of analyses based on datafldhe result is that mgrof the temporary ariables

may be eliminated. Then the register allocator re-writes the IR, replacing some of the
variables (including possibly actual, declared locatiables which are frequently used)
with registers, and calculating Wwanuch "spill* area will be needed to hold temporary
values if thg don't all fit within the register pool.

For example, consider this code fragment:
int a,b,c,d;
a=b*c+d* 10;
Clearly two temporary ariables will be needed to hold the sub-expression redBiis.
we could hae dso written:
int a,b,c,d, t1,t2;
t 1=b*c;
t 2=d* 10;
a=t 1+t 2;
In a good, optimizing compileboth of these programs will result in the emission of the
same taget code (assuming that t1 and t2 are not used again in the program).

illustrates a principle of optimization: The optimizer should be able to see potential
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savings which the programmer did not explicitly cod€orversely the programmer
should be able toxpress code in the source language which best represents the problem
at hand, and let the compiler worry about the implementation details.

Generating Quads for Pure Expressions

Expressions in C areewy powerful, and in fact include hidden flow-of-control constructs
(e.g. the ?:, &&, || operators)Ve will consider "pure" expressions first, thexamine
control flov constructs, and then seaewoperators with hidden control floare handled.

IR for expressions can be generated on-the-fly as a result of semantic aBecasise

the grammar for »gressions also specifies (loosely) the ordervafuation, we could
embed actions to emit IR wheme an epression or sub-expression is reduced.
However, in a ron-trivial language such as C, it is often necessary to look at an
expression in multiple ays. W might be trying to figure out thexpressiors lvalue, its

rvalue, or its type (and therefore its size and alignment restrictions). It is therefore useful
to have the parser construct an AST representation of each expression, and then re-
traverse that AST at some later time (e.g. at the conclusion of each statement, or after the
entire function has been ocanted to AST form). During AST construction, certain
transformations or simplifications can be applied. There is no need to encode parentheses
into the AST for example, and array indexing should be replaced with the add-deref
form.

IR construction from an AST representation of an expression is a KECm®tess, using

a depth-first (aka post-order) walk of the treg/e recurse on each of the source
operands, so the IR to compute them is taken care of. Then we examine the type of the
operands, and generate code to perforgnretessary comrsions (e.g. when adding a
double to an int, the int must be promote&)nally, we amit the code to perform the
operation for our node and to put the result in the proper place.

It will be to the compiler writes alvantage to mak the quad opcodes powerful and
generic. Atthe very least, all of the basic unary and binary operators should be modeled.
It may be necessary to add an operation "type or width" to the opcode, e.g. to distinguish
between int and long int arithmetic. Thegeir code to be generated forb obviously
involves a multiply instruction Wt the exact instruction or sequence of instructions is
different if a and b are longs versus ifyttaee doubles. One could use a generic multiply

IR opcode and then push the decision deeper into the bottomutatfywould be nice to

stop worrying about arbitrary C language types after IR generation. Besides, the types
are already beingvaluated as we descend the expression AST.

In our examples, we will assume that all operations are in 32 bit integer arithmetic, and
we will omit notation that distinguishes between thdedént types of ariables. This

will allow us to focus on the core issues of the IR generation without the visual clutter
that will actually be present.
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Consider the expression a=(b+c*10)*a, assuming a, b and c are locatriables.
Clearly there are intermediate results which do not correspond ytovamable, and

therefore temporary variables will be required. Here is a possible sequence of quads:
0@ 1= MOV b

%r2= MoV c
%l3= MJL %2, 10
%r4= ADD %1, %I'3
%I5= MoV a
%l 6= MJL %T4, %5
a= MoV %6

In the notation that will be used in these notes, temporanghbles are denoted with a
leading percent sign. This is the same character that identifies registers in the so-called
"AT&T" or "UNIX" style of assembly language that we’ll see in a subsequent unit.
Temporary \ariables, we will see, are in effect virtual registers, so the use of % is
justified. TheMOV IR opcode is a simple assignment. Often these can be eliminated
either by more optimal IR generation, or by subsequent optimization passes.

It should be apparent that nyawof the temporary variables and operations can be
eliminated. Herés a possible optimized sequence:

o 1= MJL c, 10
o 2= ADD b, %01
a= MJL %2, a

We oould choose to emit totally unoptimized IR (the first case) and let the optimizer fix it.
Or we could gert more efort in creating a tighter IR. The trend in modern compilers is
the formey snce memory and CPU cycles are fairly cheap. This allows the compiler
writer to focus on simplicity and correctness during IR generation. As with our earlier
discussion on»licit vs implicit temporary variables, the optimizer makes it inahe
which form we use.

In older compilers, or when writing a compiler that will compile in a more constrained
environment such as a small embedded system, it might pay to generate better IR in the
first pass, because our optimizer might be minimal or non-existent.

To generate the unoptimized IR code, we simply assignvatamporary variable for
evay subepression. @ generate the more optimal sequence, we need to, at each step of
the recursion, be informed of the target for the value of our node. Schematically:

gen_rval ue(node, t ar get) /[/return value is the destination nane
[11f target is NULL, we are expected to create a tenporary
{
i f (node->type==SCALAR VARI ABLE) return node;
i f (node->type==CONSTANT) return node;
if (node->type is a Bl NARY OPERATOR)
{
/1 Ordinary binary operator case, ignoring type conversions
| ef t =gen_rval ue(node->l eft, NULL);
ri ght =gen_rval ue(node->ri ght, NULL);
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if (!target) target=new tenporary();
em t (node- >opcode, | eft, right,target);
return target;

}
}
Thenew _t enpor ary() function creates a menode of typeTEMPORARY. We wuld
attempt to optimize the allocation of temporary values, as yf were r@gisters. Inthe
example abwe, the taget of the second quad could be T1, rather than T2, because T1 is
not "live" after that second quad (V&' meaning that its value might be accessealragy
another quad)However, this sort of lve variable analysis is also something which the
optimizer will be performing, not just on temporaries, but on aliables. Sat will be
easier to just assign awmeuniqgue temporary number each time we need one, and let the
optimizer figure it out later The functionem t creates a e quad with the gien 4
arguments and appends it to the list of quads. Of course these examples are in pseudo-
code, and are not intended to represent the sole "right answer" to the design problem.

Pointers

What quads should we generate for the following code:
int *p,b,c;

b= *p+1;
The value which is placed int@nable b is the contents of the memory location giete
sized) whose address is contained in theable p. In order to represent this in a quad,
we could introduce a me addressing mode, e.go=ADD (*p), 1. While mary
assembly language architecturesenadirect addressing modes, using this in our quad
design would violate the "purity" which we had previously established, in thatowkl w
create a "hidden" operation inside of the quad. So we need to introdueecmamk to

represent pointer indirection:
oF1= LOAD p
b= ADD 0/(]-1, 1

This may seem inefficient, in that it takesotwuads instead of one to express the
operation, but quads are not thegtrcode.They are merely a tool for making progress
towards the optimal target code. During target-specific instruction selectiomed tade
generator might recognize the template of 8ADOnto a temp followed by an access to

that same temp, and emit an appropriate instruction which makes use of an indirect
addressing mode on the target computer.

We reed to add some lines to our previges_r val ue:
gen_rval ue(node, target) //return value is the destination nane
{

[*...0*]

i f (node->type == PO NTER_DEREF)

{

addr =gen_r val ue(node->t o, NULL) ;



ECE466:Compilers Unb/pg 12 ©2025 JéHakner

if (!target) target=new tenporary();
em t (LOAD, addr, NULL, t arget);
return target;

}

*ooux

Along similar lines of thought, let’'generate IR for * p=b+c
oa1= ADD b, ¢
STORE od1, p

Here we hae cdhosen to represent the memory address at which T1 is stored as the second
source parameter to the STORE quad opcode, rather than as the destinati@RB=ST
%T1). Thisallows us to keep datafloanalysis clean, in that the STORE operation does
not change the value of pWNell see in later units that pointers greatly complicate
dataflav analysis in general, for unless wevkasme way of narrowing down the objects

to whichp might be pointing, we must assume that accessible variable could v its

value changed as a result of that operation!

Assignments

We havealready informally handled assignments where the Ivalue is a sirapéble.
In general, creating the quads for an assignmeiression imolves two parts:
Computing the value of the right side (thalne), and determining fwoto dore that

value on the left side (the Ivalue).
uni on node *gen_I| val ue(uni on node *node,int *node)
{
i f (node->type == SCALAR VARI ABLE) {*npde=Dl RECT; return node}
i f (node->type == CONSTANT) return NULL
i f (node->type == DEREF) {
*node=| NDI RECT;
return=gen_rval ue(node->chil d, NULL) ;

}
/letc.

}

gen_| val ue can either return the place which is a direetide, or it can return an
rvalue which can be used indirectly as an Ivalue through a pointer STORE ope(ttion.
can also return an error if the operand can not be an Ivalue, e.g. the expression 2=3)

Given this, we can generate assignment:
uni on node *gen_assi gn(uni on node *node)
{
dst =gen_I| val ue( node- >l ef t , &dst node) ;
if (dst==NULL) {report error, invalid | hs of assignment}
i f (dstnode==Dl RECT)
gen_rval ue(node->ri ght, dst);
el se
{
t 1=gen_rval ue(node- >ri ght, NULL) ;
em t (STORE, t 1, dst, NULL) ;
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}
}
Note that in the skeletal code above, type conversions are not considered. It is
assumed that the rhs and lhs of the assignment are identical tygbgy are not,
gen_assi gn would have © insert a type comrsion operation. Another approach is to
make a @ass oer the AST before IR generation and insert type cast nodes where needed,
as if the had been explicitly placed in the expression (erg. a; a=(int)1.0;)

Type Conversions

Many type cowersions, whether thyeare implicit from C5 type promotion rules, or
explicit casts, do not actually change the binary value céraable and thus are a null
operation from an IR standpoint. Where actual IR needs to be generated is when there is
a dhange of representation, e.g. eeming from a float to an int. When ceating an
unsigned short to a long, the most significant bits are O-filled, but going from a signed
short to a signed long, the sign bit of the source mustxtenaed to fill the most
significant bits of the destination.

It is best to come up with some genericvasion IR opcodes, e.g. CVTFI, and defer
implementation to the instruction selection phase of final code generation.

Arraysand Pointer Arithmetic

Consider:
int a[10], v;

V= *a;
Recall from Unit 4 that in an expression, something of type "array of X" is transformed to
type "pointer to X" (gcept when that something is the direct argument of the address-of
or sizeof operator)ln generating the quads for the expressiorvebee reed to obtain
the address of the start of the areayhen access the memory at that address:
oa1= LEA a
o@2= LOAD %1
v= MOV %2
The LEA (Load Efective Address) quad obtains not the value of its operantl,ité
memory addressWe ae choosing not to xpose at this time ho the address is
computed. E.gif a is a local variable, then the address might be obtained in assembly
language by adding an offset to the stack frame pointer register.

To modify our quad generation algorithm to be arraa@®, we need to add a line to
gen_rval ue():

[*. .. %]

i f (node->type is ARRAY VARI ABLE)

{
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t emp=new_t enporary();
em t (LEA, node, NULL, tenp) ;
return tenp;

}

1%, .. %]
Considera[ i ] =v, where a is an array of ints, i and v are intége know from Unit 4 that
this expression is equalent to* (a+i ) =v, and if we've keen following the advice about
AST equvalencies, we already built our AST for the expression tlag Wurthermore,
we knav that when pointers and ints are added, there is an implicit multiply by the sizeof
the base type of the pointefherefore, the quads for this expression are:
oa1= LEA a
o@2= MUL i, 4
RE ADD %1, %2

STORE v, %33
We'll need to add more code wen_rval ue to insert the MUL operation when
performing addition of a pointer to an igex Handling of subtracting an integer from a
pointer is similar We dso need to consider subtraction of a pointer from a powtech
creates @I V operation. Themplementation of these items is left as aareise for the
reader.

In generating quads as shown abdor array reference, we Y& chosen to break this
operation down into simpler stepSome texts illustrate array references by introducing

an explicit [] operator Since in the C language, arrays are nothing more than pointer
arithmetic, this would be of dubiousllue. Somedarget architectures (e.g. X86) might
support an addressing mode specifically designed to streamline array access, which
combines the multiplication and addition &bo We have made the IR more primie

than the machine language, and it would be up to the back-end optimizer to recognize this
multiply/add/indirect sequence and transform it into the appropriate addressing imode.

the LLVM IR, array types are represented fuléwd an operatoget el enent ptr

exists to perform the array indeomputation. Sdhe abee example might bexgressed

as:
%r3= GETELEMPTR a, i
STORE v, %3

This approach can be used forygminter/integer arithmetic and it pushes that logic
further down the roadFor the sak o simplicity, our examples here will expose the
sizeof the types in the target architecture during IR generation.

Multi-dimensional arrays

Now, consider a multi-dimensional arrayw=a[i][]], where a is declared nt
a[ 10] [ 20] . We know from the definition of the C language that this is eaent to
(a[i1])][]], because C doedrreally support multi-dimensional arrays. Therefore, the
minor subscript operation is higher in the ASTurther this is equaent to
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*((*(ati))+j). Let's begn to generate quads for this expression, starting with the
innermost subexpression:

%l1= LEA a
UW2= MUL i, 80
%3= ADD %1, %2

Temporary T3 will contain the value of a+i. In this subexpression, a is of type
array_of(10,array_of(20,ints)) which is instantly promoted to pointer_to
(array_of(20,ints)). Thereforghe pointer arithmetic multiplier is 80 (20*sizeof(int)).
The next innermost subexpression is *(a+i) i.e. *T3. In the earlier examples of de-
referencing a pointewe amitted a LOAD instruction to fetch theale. Buthere we

have a minter to an array type. All of our quad opcodes operate on scalars, amaldt w
not male aay Ense to dereference a pointer andgehthat result in an actual array
Arrays are not "first-class" types in C and in fact the type(@a+i ) is a pointer to int,

not an array of int, because of the incessantasion of array types to pointer types.

So what that means is thealue of an array is simply its address. But T3 is already
pointing at the a[i] inner array and thus contains its address, so the dereference operation
is a null operation, and we do not need to emyt additional quads. Returning to our

work-in-progresggen_r val ue function, we need to modify it slightly:
gen_rval ue(node, target) /lreturn value is the destination nane
{
[*. .. %]
i f (node->type == PO NTER_DEREF)
{
if (node->to is of ARRAY type)

{
}

addr =gen_rval ue(node->t o, NULL) ;

if (!target) target=new tenporary();
em t (LOAD, addr, NULL, t arget);

return target;

return gen_rval ue(node->to,target);

}

*ooux

Now let us complete the quad generation by emitting code for the outermost addition and
dereferencing operations:

VT 4= MUL i, 4
9a5= ADD 9T3, %4
v= LOAD 0I5

The illustration beler shows the AST structure of thexgression, an AST representation
of the type of multi-dimensional arrayawable a, and the type promotions and
transformations which takdace.
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Possible AST representation of expression
and types (solid lines==expr, dashed lines==types
int a[10][20];

int v;

v=ali][i];

INT 7 _
/! . promotion of array
/7 T to pointer type

___________

Structures

A structure is a bunch of bytes of kmo size, containing within it structure members at
specific ofsets. Whera (complete) structure definition is processed, the layout of the
structure can be determined. In order to do so, we must kreowledge of the tayet
architecture, as we need to be able to compute the sizeof each m¥&veldso need to
know about possible alignment issues on that architectWe.will take up hese issues
when we discuss specific gats. Br now, let us assume that thefsdts of the structure
members were determined at declaration time.

When we see arxpressions. e, wheres is of structure type, anel is a bare identifier
we can consult the symbol table and find the entry for memlerthat structure type.
This entry contains the offset in bytes of the memaemell as the type of the member

Consider this example:
struct s {int a,b,c;} *p,s;
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int i;

i =p- >b;

i =s.c;
We assume that a,b,c & keen assigned offsets 0, 4 and Bae IR which would be
generated for the first assignment is:

va1= ADD p, 4
i = LOAD T1
Now, for the second assignment:
oa1= LEA s
va2= ADD T1,8
i = LOAD T2

In order to access the rvalue of a direct selection expression, we neecatn, fimd the
address of its right operand rel&ito the left operand. So while the standard says
sp- >mis equvalent to( * sp) . mthe truth is the other way aroursl: mis equvalent to
(&s)->m

The reader may see an analogy here with array accelssts.®e hov we can add

support for structures to our quad generator functions:
gen_rval ue(node, target)
{
[*..0.0*]
if (node->type == DI RECT_SELECTION || node- >t ype==| NDI RECT_SELECTI ON)
{
i f (node->type==DI RECT_SELECTI ON)
base=gen_addr essof (node- >l eft);
el se
base=gen_rval ue(node- >l eft);
sym entry=synbol | ookup(node- >l eft, node->right);
t emp=new_t enporary();
em t (ADD, base, sym entry->offset, tenp);
if (!target) target=new tenporary();
em t (LOAD, t enp, NULL, t arget);
}

gen_addressof () is a function similar togen_| val ue. Depending on
implementation, the tw functions might be mged. gen_addr essof is also the
function wed need to handle th& operator.

C dlows for the assignment of structs, but not of arrays. This is fairly easily handled:
gen_assi gnnent ( node)
{
[*..0.0*]
if (type_of (node->right) is STRUCT &&
type_of (node->l eft) is STRUCT)
{
check that types are identica
em t (COPY, gen_addr essof (node->| eft),
si ze_of (node->ri ght), gen_addr essof (node->ri ght));
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Here we introduce an IR instruction dst=COPY src,sz in which src and dst are both
interpreted as memory addresses, and sz is the number of byteg.tdf¢bp structure

has fairly fev members, it might be more efficient to generate quads which tt@p
structure member-by-member.

It is left as an xercise for the reader to explorevinanore complicated »@ressions
involving arrays, pointers and structures would be handled.

An argument could be made for not breaking/dahe structure access mechanism in the
IR, and instead introducing specific operations which mimic the . and -> operators in C.
The Dragon text uses this approach.the schema which we ¥&a keen using, all quad
operations imolve primitive <alars, and there is no mechanism for representing a
composite value.

Because LLVM has a rich type system, structures are carried as a composite type, and the
member selection operator is carried through as a quad opcode, with the actual address
computations pushed down to target code generation phase.

Unions

A union is a bunch of bytes whose size is large enough to hold gestanember of the
union (including possible padding needed for alignment restrictions). From an assembly-

language standpoint, the existence of a union is at‘daré.” Consider:
union u {
int i;
int a[10];
}ou;
u. i ++;
The access to the union member is basicallyvelgunt to:
*(int *)(&u) ++;
A cast which changes a pointer to X to a pointer to Y is a null operation, because (unless
the architecture is such that these pointerge hdfferent representations, which is
generally not the case) the value of the pointer itself will not chahigerefore, the quad

for the example ah@ is Smply:
u=ADD 1,u

Constant Folding & Propagation

It is possible during IR generation to see certain opportunities for replagingssions

with constants. E.g.
a=3+4*2;

%l1= MUL 4,2
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a= ADD 3, T1

Clearly this can be replaced with a simpleMOV 11. In order to perform thigonstant
folding, our gen_rval ue needs to be gen the intelligence to recognize that an
operation being considered can bel@ated entirely at compile-time, and return a
CONSTANT node for that &lue. Itmay be the case that all of the operands of an AST
node are CONSANT, or an dgebraic identity might be seen, e.g. a multiply by a
constant O.

We'll see during the optimization unit that much more sophisticatedstant
propagation is possible. E.qg.:

a=2+2;

f();

b=a;

c=b+1;
Simple constant folding during AST Wasal would eliminate the first computation of a,
replacing it with a constant a=MO4. But whether or not the computation of ¢ can be
replaced with a c=M®@ 5 can not be determined in this mann&¥e reed to perform
dataflav analysis to realize that the constant value which went into a in the first line then
reached the 3rd and 4th lines. Complicating this analysis is the functionfcalis a
variable which might possibly be exposed (either directly or via a pointer) to function f(),
and the code of f() is not known, then the function cailidates agy knowledge of &
value.

In general, both constant folding during ASTvgal and more sophisticated constant
propagtion dataflav analysis are doneThe former is needed to/@uate epressions
which must be constant, e.g.

int a[sizeof(int)*4];
In pre-C-99 the array dimension must be constant and computable at compileutime, b
can be expressed byyaarbitrary expression, e.g.nt a[ 2*2] vsint a[ 3+1]. We
would need to perform this computation during semantic analysis, so we can establish the
type of the variable aWe @an not vait until after the IR is generated. In C99 and later
variably modified array types are allowed for automatic variables (as veesban, these
actually result in imperate code as a result of the declaration), but because adrlink
restrictions, thg are not alleved for static or extern types, and thus the same sort of
constant requirement is impose8o, we still need to be able to determine if the array
dimension is a compile-time constant, and this requires constant-folding analysis.

Control Flow Constructs

We have now seen techniques for generating linear 3-address IR ("quads") for pure
expressions (i.e. expressions which do notehimplied flow-of-control constructs)We
say that these purem@ressions are containable in a sinigésic block, which is defined
belov. Now, we will consider hev to generate IR for both explicit control ¥lo
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statements and for expressions with hidden contnel (oich as the && or || operators).

During IR generation, the sourcesk control constructs such ad - el se andf or

must be translated into IR form. Some compilers build an AST representation for an
entire function or other translation unit, and then descend that tree, generating IR for both
control constructs andxpressions. Othergenerate the control floIR directly during
parsing.

The Basic Block

A Basic Block is a contiguous sequence of linear IR that has the following properties:

» Each basic block has a unique label (this is not the same as the C language label)

* Therefore the first operation in the basic block can be the target of a branch.

* It ends with a branch (conditional or unconditional), or an exit/function return.

* In some definitions, a function/procedure call is also considered a branch and ends the
basic block.

 Other than the first quad, the internal quads of the basic block do veotahels, and
therefore it is not possible to branch into the middle of a basic block.

* It must not contain aninternal branches, just the branch which terminates the block.
Therefore, control fl can not lese in the middle of the block.

The basic block is of vital importance in IR design and optimizatMithin a basic
block, the optimizer is free to re-arrange the code ynveay, so long as it preserves the
functionality of the block. It has this freedom because it knows KestiBon can neer
possibly enter or le& in the middle of a basic block. Do not confuse "basic block" with
a "block" in high-level programming languages such as C.

Representing Basic Blocks

There are manpossible ways of internally storing a linear IR and grouping it into basic
blocks. Onepossible approach is to represent each basic block as a dynamically
allocated struct, then w@ the list of IR codes be attached to that struct either by using a
re-allocable array and storing them directly therein, or by creating a linkedThst.
address of the basic block struct can be used directly in the internal representation of the
IR for branch targets.

Most assembly languages use a single-target conditional branch with fall-through if the
branch is not tadn. InIR design, it is cleaner to malkonditional branches ka two
explicit targets, one for true and one fade. Thenn target code generation, one of the
branch targets becomes axpkcit branch, and the other becomes a fall-through by
placing its target basic block immediately after the branch. By storing in each basic
block the two possible exiting branch targets,Gontrol Flow Graph is automatically
constructed.
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When writing a compiler for the C language, it is natural to perform IR generation on a
function-by-function basis.After IR generation is completed, much of the semantic
information which is limited to the scope of the function may be discarded. It is
concevable that the entire function contains only pure expressions and can therefore be
contained in a single basic block. In most casewjela, functions require multiple
basic blocks. There is wabys an initial basic block which represents the start of
execution of the function.

Basic Block Ordering and Re-Ordering

Most C compilers work one function at a time. In the C model, each function is
independent. &s, we could create a CFG for the entire "program" by assuming that
control starts with thewi n function, but not eery function will necessarily be visible to

us in source code form during compilatiofiherefore, seeing the relationships between
functions is a difficult problem. Approaches such as LLVM can help with such inter
procedural optimizations.

In a typical C compilerafter an entire function has been parsed, resulting in the creation
of an AST and symbol table for it, we would attack the AST and create gDauisg

guad generation, we Y& maintain a "cursor," i.e. a package of stadues associated
with the quad generation proced$3at of this "cursor” will be remembering which basic
block we are "in" at that moment. As we generate@ gaads, thg are placed in this
current basic block, until control flochanges force us to me  another basic block.

After quads hee keen generated into basic blocks for the entire function, the contxol flo
graph can be searched and the basic blocks ordered to pladalské tarmgets of basic
blocks as their immediate successors, thus reducing it to a single brageh tar
representation.

Another technique is to represent branches explicitly as IR instructions which will
necessarily be the last instruction of a basic blo€ken, typically the conditional
branches are represented adgm@just a "TRUE" target, with the "FALSE" target being a
fall-through (to the next basic block)This representation is closer to what most
processors actually provide, but may obscure opportunities for basic block reordering.

Listsof statements, declarations, labels, and ssimple branches

Recall that the C language specification states that a function definition consists of a
declaration of the function itself (including the return type and arguments), followed by a
block (compound statement), which contains a list of statements and declarations (prior
to C99, declarations were required to come before the first statement).

Most declarations do not cause the generation of IR codentely define the meaning
of an identifier to the semantic analysis phase. There are s@®gtiens. Declarations
of variable-length arrays require emission of code to calculate the array size and allocate
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space for the array.

Some external IRs, such as LLVM, emit declaatiode when a declaration is processed.
This is because some aspects of a varialype need to be passed on into the IR.

Declarations of automaticaviables which include an initializer result in the emission of
code to calculate the initializer value and assign it to the variablg dthesimilar to a
declaration immediately followed by an assignment). Initialized declarations of global
variables do not cause IR to be generated, because the initializer value is required to be
known at compile-time.The compiler must emit an assembly-language pseudo-opcode
to associate the name of the identifier with its initializathe. W will cover this in
another unit.

In generating IR for a compound statement, we simply generate IR for each statement, in
sequenc, appending the quads to the "current” basic block.

A C language label may be attached ty satement, including a compound statement.

In C23, labels can also be attached to declarations. Recall that labels exist in a
namespace separate from other identifiers, and thaiatbenot required to be declared
before use. By definition, a labeled statement must cause the termination of the current
basic block, and the creation of awneurrent basic block.In the symbol table, the
association between thatmélock and the label must be recorded. It will turn out that,
during final code generation, the assembly language label emitted can not be the actual
label used in the program, because of possible conflicts with glabables, function
names and other symbolat that time, an assembly-language label name will need to be
generated. E.ghe GNU CC compiler uses internal labels of the fotd, . L1, etc. for

each basic block. Since these names start with a period chatiagtezan not conflict

with C language identifiers.

Note that it is possible for multiple labels to be attached to the same statement:

| abel 1:

| abel 2:

| abel 3:

a=b;

After processing the label, code generation continues for the attached statement in the
new basic block. An unconditional branch must be recorded linking the end of the
previous basic block to the start of thevrane.

A got o statement also causes the termination of the basic block, with an unconditional
branch to the basic block associated with the label provided in the goto statement. If this
label has not yet been seen, an empty basic block can be created and the identity of this
block associated with the label in the symbol table. Then, when the target label is later
seen, this basic block can be used as thehasic block instead of creating one. After a

goto statement, it is still necessary to continue processing subsequent statements, with a
new basic block created. This weblock is not yet linked to ag other block. This does

not necessarily mean that it will remain unreachable. Consider (yes, this is an endless
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loop):
f0)

[*stmt la */

[*stnt 1b */

goto |l abel 3; /* forward declaration, create inconplete symtab entry*/
| abel 2: /* create conplete syntab entry */

[*stmt 2a */

[*stnt 2b */
| abel 3: [* conplete previously installed syntab entry */

[*stmt 3a */

[*stnt 3b */

got o | abel 2; /* look up previously installed syntab entry */

BB1:

la
1b

BB3:

3a
3b

BB2:
2a

2b

After the IR has been generated for an entire function, we must examine all of the C
language statement labels in the symbol table for that function. Labels that were defined
but neve used by a goto are a warning, but thevanse is an errorLikewise, when we



ECE466:Compilers Unb/pg 24 ©2025 JéHakner

traverse the control fiy graph (linkages of basic blocks) to create the target code, we will
learn if there are arbasic blocks which can wer be rached. Thes®o should generate
awarning.

In C99 and laterit is an eror to got 0 in a way that jumps past the declaration of a
variable array:

f()

{
int a,b,c;
a=1;
b=2;
c=3;
if (z()<l1l) goto q; [* This will give a fatal error */
{
int vla[at++];
q:
b=2;
printf("a=% b=% c=%\n", a, b, c);
}
}
but
f()
{
int a,b,c;
a=1;
b=2;
c=3;
if (z()<l1l) goto q; /[* This is OKI */
{
b=2;
q:
c=4;
int vla[a++];
printf("a=% b=% c=%\n", a, b, c);
}
}

if-then-else

There are three parts to an if-then-else statement (of course, in C therd liemo
keyword): the conditional expression, the true arm, and the false arm (if pregent).
possible algorithm for generating the IR is as fwo When,in the course of processing
statements, we see an IF statement, we create thwelsasie blocks. Let us called them
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Bt, Bf and Bn. These will represent the TRUE arm, the FALSE arm, and the statement
which follows the f statement. Ithere is no FALSE arm, then Bf and Bn are the same.

We introduce a ne& routine, call itgen_condexpr (E, Bt, Bf )), whereE is the
conditional expression ASTinstead of attempting to produce aalue, Ilvalue or address
(as we hae sen abue for expressions), the goal gén_condexpr is to evaluate the
expression and branch to either the true target or the false target (these targets being
supplied as parameters). The code fealeating the conditional expression will be
generated in the current basic block (althougduation may cause additional basic
blocks to arise, e.q. if there are && operator$)will create the conditional branch at the
end of the basic block to the Bt and Bfgils. V& can then recurse on the true aatsé
arms, setting the initial current basic block to Bt or Bf respdygti Each of these arms
may create additional basic blocké/haterer the current basic block is at the conclusion
of each arm gets lidd to the basic block Bn which will hold the statement following the

IF node.
gen_if(if_node)
{

Bt =new _bb();
Bf =new _bb();
if (if_node->else _arm
{
Bn=new bb();
}
el se
Bn=Bf ;
gen_condexpr (i f_node, Bt,Bf); //creates branches to Bt, Bf
cur_bb=Bt;

gen_stm (i f_node->then_arnj;
i nk_bb(cur_bb, ALWAYS, Bn, NULL) ;
if (if_node->else _arm
{
cur _bb=Bf;
gen_stm (i f_node->el se_arnj;
i nk_bb(cur_bb, ALWAYS, Bn, NULL) ;
}
cur _bb=Bn;
}

Note that with nested IF statements, it is possible that empty basic blocks will get created.
These are of no real concern, asyth&e easily eliminated during subsequent
optimization passes and will not bloat the final code.
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current BB

eval cond
expr

\

Bt: Bf:
true arm false arm
Bn:

Evaluation of Comparison Operatorsin a Conditional Context

When we need to generate quads valuate an expression and neal ©nditional
branch, and the expression is already a boolgpression, such as an == or < operator
the task is fairly simple. The equality and comparison operators transla@v@auad,

which models a similarly named instruction that almost all processees fihe CMP is
followed by a branch on the appropriate condition code. E.g. we could designate
condition code&Q, NE, LT, LE, GT, GE.

The CMP operation is a subtraction, with the result discar@aimparisions between
signed numbers ddr from those between unsigned numb€onsider comparing the
16-bit integer OXxFFFF to OxO7FHf these bit patterns are interpreted as unsigned, then
the first one is greater than the secolidhowever, they are signed (tw’s cmomplement),
then the first one is -1, which is less than the second one.

Most processors maintain Cari¥ero, N@aive and Owerflov flags which are set or
cleared by arithmetic operations such as CMPD or SUB. The Carry flag is a
carry/borrav out of the Most Significant Bit (MSB). The Naive flag is simply the
value of the sign bit (MSB) or the result. The Zero flag indicates if the result is all O bits.
Finally the Owerflow (V) bit is set if the operation resulted in a twos complement signed
underflow/werflow, i.e. the carry/borrav status out of the MSB XOR with the
carry/borrav status from the second most significant bit to the M$Be V bit indicates
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that the N bit "cart’be rusted" because the@flow wrongly flipped the sign bit.

EQ and NE conditions area@uated by ®amining the Z flag, gerdless of the signedness
of the operands.

For greater / less than comparisons, the procedure depends on whether the operands are
being treated as signed or unsignéthsigned comparision: the Carry flag }samined;

the first argument is less than the second if the C flag iSSggted comparison: the first
operand is less than the second if (N&&!V || IN&&V), i.e. N XOR V.

Signed Compare

-128<127 127 < -128 -1<-2 -1<1 1<-1
@ £~ /\Q
10000000 01111111 11111111 11111111 0000001
-01111111 —=10000000 11111110 —00000001 11111111
00000001 11111111 00000001 11111110 00000010
C=0 Cc=1 C=0 C=0 c=1
V=1 v=1 V=0 V=0 V=0
N=0 N=1 N=0 N=1 N=0
Res: < Res: > Res: > Res: < Res: >

We @n designate additional condition codes, suclhEld, to dstinguish signed from
unsigned comparisonThe selection of signed vs unsigned condition codes follows from
the analysis of the type of the comparisapression. Wheminsigned and signed types
are compared, the rules can be couimtiitive. The reader is referred to H&S or the C
standard for a more complete discussion.

When a conditional expression does not consist purely of comparison and logical
operators, e.g. it is a numerigpeession, then we musvatuate its rvalue, and compare
thatto 0. E.gif (a+b) isequvaenttoi f ((a+b)!=0)

Implicit vs Explicit Condition Code Flow

There are seeral design choices when representingvitbe result of a comparison is
connected to a conditional branch. In the examples in these notes, we use an implicit or
hidden condition code model:

CVP a, b
BRLT BB2, BB3

The result of the CMP is implicitly connected to the conditional braddternatively,
we can model the result of a CMP operation as an explicit condition code value:

%CC100= CWP a, 10
BR %CC100, GE, BB20, BB30

LLVM takes a different approach. It places the condition into the CMP opcode, resulting

in a boolean value that is used in the branch:
/* The LLVM syntax has been sinplified for this exanmple */
%CC100 = CWP GT,a, b
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BR %CC100, BB20, BB30
As with so maw things in this unit, there is no single "right answer" and there aie v
arguments for all of these approaches.
Condition Inversion

Consider this if-then statement with no else arm:

if (a<b)
g++,
x=1;
BB1: CwP a, b
BRLT BB2, BB3
BB2: g= ADD g,1
BR BB3
BB3:
X= MOV 1

We havenoted that most real assembly languages use singkt-taranches. Once the
basic blocks ha lkeen filled in, we would re-tvarse the control fi graph,
concatenating basic blocks. This is knownoedering or linearizing the basic blocks.
Wheneer there is an unconditional branch, that can be eliminated and the target basic
block can simply be placed right after the branch (assuming the target block has not yet
already been placed), taking advantage aifll-through”. Likewise, aiy two-target
true/false branches are simplified to be singlgeagrtrue-only branches. The falsg le
simply becomes the rebasic block in the linear sequence, again utilizelgthrough.
Applying that, we get:

BB1:
CcwP a, b
BRLT BB2
BB3:
X= MOV 1
/*... The code continues ...*/
BB2: /* an isol ated basic block */
g= ADD 0,1
BR BB3

We ae unable to eliminate tHBR bb3, because the falsedeof the BRLT quad is bb3,
and therefore bb2 could not folldbb1, lut instead would hee © be solated somehere
else in the linear output, resulting in atira, wasteful branch. But, if the condition code

is reversed:
BB1:
CcwP a, b
BRGE bb3, bb2 /* False leg fall-thru */
BB2:
g= ADD 0,1
BR bb3 /* Fall-thru, BR can be elim */

BB3:
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X= MOV 1

Now, bb2 , which is the true ¢gof the if-then statement, winds up as thésé Ig of the
branch. Thisdoesnt change the meaning of the program. It iseetively a double
negaion. Butit allows bb2 to follev bbl, resulting in the following optimized, single-

target IR:
BBL:
CcwP a,b
BRGE bb3
BB2:
g= ADD g,1
BB3:
X= MoV 1
Conditional Expressionsin an rvalue context
Consider
()
{
g= (a<b);

}

Here the conditionabgressiona<b does not appear in a controhi@ontext. Insteadt
must generate a value 0 or 1. One way to code this is (note conditieeraian from
implied if-then control flow):

bb1:
CcwP a, b
BRCE bb3, bb2
bb2:
g= MoV 1
BR bb4
bb3:
g= MoV 0
BR bb4 [* This will get elimnated */
bb4:

Another choice might be to add a feature to the IR whiclwalldirect access to the
condition codes.Below we introduce an operatio@C_LT which generates a value of 1

if the condition codes indicatelLand O otherwise.
bbl:

CWP a,b
g= CC LT

In LLVM, since CMP instructions already contain the condition code and generate a
boolean, this issue of the rvalue of a conditionglression is taken care of without
further ado.

Some processordiave an instruction which does CC_XX directly.g. theset cc
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instructions on the X86 architecture. If such an instruction is lacking, but access to the
condition codes register is possible, it could be emulated by masking and shifting the
appropriate condition codes flags bitBranches tend to bexgensve an modern
processors, so replacing the branch with straight-line code may be a good optimization.

Short-circuit operations/ Hidden Control Flow

In mary programming languages, a construct such as:
| F (A<B AND D>E)

does not define the order in which theotaperands to the logical AND operator are
evduated. Orthe other hand, C is among those languages which specifically defines the
order using the so-called "short-circuit" rule. In the@ression(a<b && d>e), the
subexpressioa<b is aways evaluated first. If this expression is false, there is no need to
evduate d<e, because it doesnimatter aymore. Thisisn’t just laziness, short-circuit

rules are a traditional C metaphor for handling a potentially unsaligaé&on:
char *p;

if (p & *p=="X") {d++}

The epression*p=="X will never get evaluated (and therefor&p will not get
evduated) if p is NULL.

In terms of IR generation, logical operators create additional hidden basic bldo&s.
code abwe is equivalent to:
if (p)
{
if (*p=="X)

d++;
}
}

i.e. gen_condexpr() or genatue() must create additional implicit conditional branches
when the && or || operators are part of a conditional or rvalue expression.

We've already seen loto generate quads for if-then statements, so it should come as no
surprise to see somethingdikis:

bb1l:
CwP p, 0
BREQ bb3, bb2
bb2:
or1= LOAD p
CwP %1, X
BRNE bb3, bb4
bb4:
d= ADD d, 1
BR bb3

bb3:
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Ternary Operator

Consider a ternary expression sucltaa>b?d: e; One approach is to implement the
IR as if this were coded with amicit i f - el se statement. Anothepotentially more

expressve gproach, is to introduce a quad representing the ternary:
%0C100=  CWP GT,a, b
c= SELECT  %0C100, d, e

(Here we are following (with simplified syntax) the LLVM approact¥ with the
CC_XX gquad abwee, expressing the selection this way allows us tcetatkvantage of
such an opcode, if itxests, in the target architecture. If there is no such opcode, we
merely implement SELECT in the clunkcompare-and-branch ay. E.g. the X86
architecture has theéMOVxx opcode.

L oops

The C language defines three types of loop: while, do-while andBlow are some
schematic IRs for these constructs. Note thgtextra basic blocks which conditional
expressions, loop bodies, etc. generate are ignored:

whi | e (a<b)

{
BODY

}

bb2: /* continue point */
CcwP a, b
BRGE bb4, bb3

bb3: /* never a branch target */
/*... IR for BODY ...*/
BR bb2

bb4: /* break point */

Once again, note the use of conditionafeision to put the IR in a form which lends
itself to a single branch target architectui#ithin the BODY of the loop, abr eak
statement is equalent to an unconditional branch to BBéikewise acont i nue goes

to BB2. BB3 is never an atual branch target, but a label is required here because a ne
basic block is started.

Here is an alternate implementation of e | e loop:

BB1: [*..0.0*]
BR BB3

BB2:
[*... BODY ... */

BB3: CwP a, b #conti nue point
BRLT BB2, BB4

BB4:

[*... break point ...*/
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This alternatrte diminates one branch in the iteration, and would be faster than the first
form if the number of iterations is bnor greater which is usually the case. Note that the
condition code is ND inveted in this case, because thésé lg is the fall-through, and

the true lg is the branch.

Let's e a do-while loop:
do

{
BODY
} while (a<b)

BB1:
...code prior to do loop ..
BB2:
IR for BODY
BB3: /* continue point */
CcwP a, b
BRLT bb2, bb4
BB4:

/* break point */
/* code followi ng the do-while statement */

Although there does not appear to be a reason for introducing basic block BB3, there
could be acont i nue statement inside the loop body and BB3 represents the continue
point. Thecondition code is ND inveted. Butconsider this do-while loop with short-

circuit operators in the conditional expression:
do

{
BODY
} while (a<b && d<e);

BB1:
[*... code prior to do loop ...*/
BB2:
IR for BODY
BB3: /* continue point */
CcwP a, b
BRCE bb4, bb5
BB5: /* never an actual branch target */
CcwP d, e
BRLT bb2, bb4
BB4:

/* break point */

/* code after the do-while statenent */
Here the first test wasvearted, but the secondasnt. What gives? W @an use the
following method: Bssgen_condexpr () a flag indicating whether the statement in
which the conditional expression appears naturally "wants" a condition caatsion.
This flag is honored for a simple comparisout, ib a boolean short-circuit operator (&&
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or ||) is ivolved, the left side of that operator is recussi evaluated with iversion
requested, then the value of the flag is used to deternviersion of the right sideThis
process can of course be extended to arbitrarily comgdpressions. Theeader is
invited to contemplatdo { BODY }(while (a<b || c==d && e!=f);

Now let's look at the most complicated loop statement:

for(a=1; a<40; a++)

{

/ * BODY*/
}
FI RST FORM
BB1:
a= MoV 1
BR BB4
BB2: [*... IR for BODY... */
BR BB3 /* Fallthrough, gets elimnated */
BB3: /* continue point */
a= ADD a, 1
BB4:
CcwP a, 40
BRLT BB2, BB5
BB5: /* break point */
SECOND FORM
BB1:
a= MoV 1
CcwP a, 40
BRCE bb4, bb2
BB2:
/*I R for BODY*/
BR bb3 /* fallthrough, gets elimnated */
BB3: /* continue point */
a= ADD a, 1
CcwP a, 40
BRLT bb2, bb4
BB4: /* break point */

The first form uses fewer quads, but the second form will be slighsherf when the
number of iterations is small, becausevitids the cost of the extra branch, at thkpense

of duplication the "test" part (middledgof the for loop. Note that in the second form, a
trivial optimization is possible via constant progtgn. Itis known thata contains the

vaue 1 and therefore the outcome of the compare and branch is determinable at compile
time, and can be eliminated. This is the sort of optimization that ateidy in the
upcoming unit. You would not attempt to perform this on the, fljut rather would
generate the quads "as-is" and let the optimizer find this.
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WHILE LOOP WHILE LOOP DO-WHILE LOOP FOR LOOP FOR LOOP(alt)
(ALTERNATE)
current BB current BB
current BB current BB current BB
init expr init expr
eval cond
expr
— — | o T
Bcont: Bbody] Bbody: ¢ ¢
BODY Bbody: Bbody:
eval cond o BODY BODY
expr BODY
1N | I ]
. .
Bbody Bcont: Bcont: incr expr Bcont: incr expr
BODY Bcont:
eval cond
eval cond eval cond expr
JeXpr expr T ‘ F l
T F
o | : . ¢ —
Bbreak:
Bbreak: Bbreak:
Bbreak:
eval cond
expr
I
Bbreak:

break and continue

It should be fairly obvious that the break and continue statements are exactfeedui

to a goto, to the internal basic block label representing the appropriate point in the loop
(for the continue) or the statement faliag the loop (for break). This requires, as part

of our state "cursor”, keeping track of the current break and continue points of the closest
enclosing loop statement. There is an additional complication because vétloading

of the break statement between loops and switch statements. Unfortunately the C
language only allows fobr eak or continue of the innermost loop.Other languages
support breaking/continuing with respect to a specified outer loop.

switch statements

The switch statement introduces another philosophical deci€lor.approach is to we

it as a multi-way conditional branch with possiblyerwlarge number of paths. But if

we want to think of basic blocks as having just 0, 1, or 2 paths out, we could instead
represent the switch statement as a series of if tests:

swi tch(c)

{
case 1:
[*. . .%/
br eak;
case 2:
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[*. .. %]

br eak;
defaul t:

[*. .. %]

br eak;

}

equi val ent :

if (c==1) goto case_ 1;
else if (c==2) goto case 2;
el se goto case _default;
{
case_1:

[*...0*]

goto end_swi tch;
case_2:

[*..*]

goto end_swi tch;
case_defaul t:

[*..*]

goto end_swi tch;

}

end_swi tch:

Although traditional C stylistic guidelines makis wite switch statements in the manner
shovn abwe, case labels are in fact just another form of label, which only happen to be
valid inside of a switch statement. There is no requirement that the statement attached as

the body of a switch be a compound statement, nor is thereeatriction aginst
branching into that statement:

[*0.0.0*]
got o pl ai n_| abel
[*0.0.0*]

swi tch(state)
defaul t: for(i=0;i<k;i++)

{
[*...*%]
case STATE INT:
[*...*%]
plain_label:/*...*/
[*...*%]
case STATE_CLCSI NG
case STATE WAI TI NG
[*...*%]
}
Another strange example:
swi t ch(x)
def aul t:
if (prime(x))

case 2:
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case 3:
case 5:
process_prime(x);
el se
case 4.
case 6:
process_conp(X);

Such usage is strange and not recommended, but the compiler must understand it.

It is easy to see that this model of generating code for a switch statement will lead to a lot
of conditional branchesA traditional way of optimizing this is to usecamputed goto.
Let us emplg the non-standard GCC extension of the && operandrich creates a
pointer to a statement label. Then the two-case example abght be equwalent to:
void *_ tenp[2] ={&&case_1, &&case_2};

if (c<1 || c>2) goto case_default;

el se goto *__tenp[c-1];
If the number of cases is large and ta&ues are contiguous (or nearly so with onlyva fe
gaos) this method can be a considerable optimization. It requires that, at code generation
time, a table of addresses be constructEhlis table is referenced only by an internal
label which the compiler creates. (The abaxample is simplified but it should be
fairly self-evident hav to extend it for aiy contiguous range).

If there are mayicase walues but thg are sparse, it may be most efficient to place all of
the values and branch targets, in sorted ordey a table, and use binary search to select
the target.

The compiler must decide when it is more efficient to use a lookup table vs a sequence of
tests. Thisdecision may be difficult to make, because at the time of IR generation,
knowledge of the relate expense of the various assembly-language operations may not
be knavn. Furthermoreysing a lookup table requires the compilertterd its notion of

basic block rits to include an arbitrary number of possible targets rather than usstw
heretofore illustrated, and to include some method in the IR of encoding the jump table.
Furthermore, representing the CFG of this tabular approach requires us to abandon the
0/1/2 way basic block control flomodel and mwee © an Nway model.

switch statements add to our code generation state “"curgdgthin the body of the
switch statement, the break target must be set to the basic block which will fiolo
switch. Thebody of the switch statement should be generated first, iw &amc block.
During the course of that generationy atatements with a case or default label attached
should be noted and a list of such labels associated with the enclosing switch statement
(in any other context, case and default labels are abtliy Eachof these labels will, of
course, introduce a nebasic block. The compiler must keep track of which labalue

is associated with which block. It must also detect errors such as duphbtads.vifno
default label is found within the switch statement hamhe must be created which points
to the next basic block. Then the code tduate the switch expression and perform the
branching (whicheer algorithm is selected) should be generated into the original basic
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block. (thismay cause that basic block to split one or more times as a result of the
branches)

Function Calling

Functions are very self-contained little empires in C, enlik mary other languages
where thg can be nested within each othdfunctions are the basic unit of intde
linkage. Thecompiler can not generally assumey &mowledge of the function being
called, other than what is known from its prototygée called function might wa been
compiled by a different compileor even be written in a different language (subject to
ABI limitations) e.g. an assembly language function.

Although control alays returns to the point after the function call, it would be
appropriate to terminate the current basic block and begiwame Thiswill simplify
some data fl@ analysis assumptions, since once controvdésdhe current basic block to
enter another function, it is possible that global variables may be modified.

Clearly a function call can not be represented by a single traditional quad, because it has
a potentially large number of gnments. Codé generated in the caller toatuate each
agument. TheC gandard says that the order of argumerduation is not specified.

This is a common source of programmer error if side-effects exist in the arguments:
mai n()

{
char *p="ABC';
printf("% % %€\ n", *p++, *p++, *p+t);
}

On the X86-32 architecture, guments are passed on the stack, with the left-most
argument being pushddst. This ensures that the left-most argument will be closest to
the top of the stack as viewed by the callee. In leateghat more arguments are passed
than the callee expects, no ill effects result. Iliwéeer, the left-most argument were
pushed first, then the calleeowd not be able to kmoits position with respect to the
stack pointer on entry to the function if the functionetka variable number of
arguments.

Most compilers for X86-32 would therefore prefer waleate the arguments in the same
right-to-left order in which the will be pushed. This \wids excessve temporary
variables. Thecode abwe therefore prints out the counter-intudi"CBA".

But on RISC architectures (MIPS, ARM, etc.) arguments are passedgisters.
Compilers for this architecture will probablyant to @aluate left-to-right, and the code
above autputs "ABC". (X86-64 also passes arguments in registers. GCC still evaluates
CBA, but CLANG gives ABC)

Given the architecture dependence of function argument passing waeat to introduce
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a fairly flexible and neutral ay of representing it in IRWe mght introduce the IR
instruction ARGBEGIN, which has no destination and one source operaing ¢he

total number of arguments which foNo Then an ARG instruction with a single source
operand which is used to "push” the argument, and finally a CALL instruction with the
address of the function to call. The order of thguarents could be left implicit ( or an

explicit argument number could be squeezed in to the ARG instruction.
/* exanple of a function call */

z(a, b)
BB100:

ARGBEG N 2

ARG 1,a

ARG 2,b
%100=  CALL z

BR BB101 /* Because the fncall term nates the BB */

/* This fall-through woul d be optim zed out |ater and the

above BR quad woul d not generate an equival ent asm opcode */

BB101:

On the callee side, formal parameters are just another forariable. V¢ don’t need to
do anything diferent from an IR standpoint to access these parameters;atbe
essentially another "address mode," and analogously veechasen not to worry about
local vs global variable addressing at this time. But at target generation tintebave’
using very different code to access parameters vs local (auto) variables.

Thereturn statement

In C, we can of courseet ur n from the function at anpoint. Thisis another hidden
goto! The statement has twvcomponents: it terminates the current function, and it
(optionally) returns a value.

One design approach is closer to typical assembly langudde.use an eplicit
RETURN quad, which accepts an optional argument, whetker et ur n statement is
seen. Thigderminates the basic blockVed also need to manually mark that basic block
as an EXIT block so we can do the CFG.

Another approach is to dedicate a special temporary for the return value,vantiéha
RETURN quad opcode at the end of just one basic block, which is thexanl¥ay.

if (a>b) return c; else return d;

/* Approach 1: */
BB1:
CW a, b
BRLE BB3
BB2:
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RETURN ¢

/* No fall-thru, CFG EXIT BB */
BB3:

RETURN d

/* CFGEXIT BB */

/* Approach 2: */

BB1:
CW a, b
BRLE BB3
BB2:
IRV= MOV ¢
BR BB4
BB3:
IRV= MoV d
/* Fall-thru */
BB4:

RETURN IRV
/* CFG EXIT BB * /

The returned a&lue of the function can then be the destination operand of the CALL
opcode, as seen al When functions return (void), or return a value which is
discarded, there is no ultimate harm in "wasting" a temporary virtual register to grab the
return value.

The original C definition did not alostructures to be returned from functions. Based on

our previous discussion, we can see the problem: structures are not scalar types, and so
returning a structure breaks our RETURN mod&k'll haveto discuss this later when

we look at specific architectures and callingweotions.



