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Abstract

This paper discusses the design and implementation of the Mirv high-level prefix intermediate representa-
tion, which is being used to create compilers for imperative languages. This representation is designed to support effi-
cient attribute propagation based analysis and single pass code generation. The paper explains the design of Mirv
and the set of reusable components that implement attribute propagation and code transformation. An example is
used to illustrate how Mirv can greatly reduce the effort needed to implement analysis and optimization filters. Diffi-
culties with the high level representation are also noted. A third party C front-end has been used to create a working
prototype compiler targeted to the x86 instruction set, and the paper concludes with some initial statistics obtained
from compilation experiments.

1. Introduction

Compiler implementation has been recognized as a complex problem with a large design space. In this paper, we
illustrate a unified compiler infrastructure based on attribute propagation based techniques. The Mirv language —
which is used as the internal representation (IR) of the compiler — has been specifically designed to support these
methodologies; it facilitates attribute-based analysis and optimizations as well as fast code generation.

Mirv provides a program representation that preserves much of the high level information of the source program
while discarding its idiosyncrasies. The language is not intended for human consumption, it is designed to present
information about a program in a computer friendly manner. While some effort has been made to keep Mirv indepen-
dent of the source language, currently only a C front-end is implemented.

This paper illustrates how the choice of the intermediate language influences the compilation techniques. Since
Mirv is a language that preserves the high level control-flow structures along with expression subtrees, traditional
code analysis and transformation algorithms which use basic-block and quad data types must be adapted. This is
accomplished through the use of algorithms that propagate attributes over the Mirv tree. The ease of this process is
greatly dependent on the underlying program representation. For this reason the Mirv language and the attribute
based techniques were designed to complement one another.

Most traditional compiler frameworks do not tie the IR and the compilation model as closely together as the Mirv
compiler does. We did this to provide a unified environment for analysis and transformation filters. The trade-off is
that it may be harder to extend Mirv with new operators, since the underlying assumptions of the language must
always be considered. Another distinction from other compiler frameworks such as SUIF [11], IMPACT [2] and gcc
is that Mirv performs most optimizations on a single, high-level IR. Only very machine-specific operations (such as
code scheduling) are performed on a machine instruction level representation. While our approach uses only a single
representation for the sake of simplicity, we have bridged the multiple levels of representation by the use of attributes
associated with operator nodes.
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Section 2 provides an overview of the Mirv language and Section 3 describes the compiler methodology. Section
4 gives an introduction to attribute propagation and demonstrates how it is used to perform dataflow analysis and a
simple code transformation. We provide some measurements of the compiler in Section 5. Related work is discussed
in Section 6 and Section 7 presents the conclusions.

2. The Mirv language

Mirv is a high level tree-based program representation. All operators are in prefix form, which simplifies code
generation by providing the context for a set of nodes through the parent node operator. The high-level control flow
information is preserved along with information about variables and datatypes. The operator tree representation can
be linearized, allowing one to write simple code generators for the language using standard parsing techniques. In fact
standard tools such as Lex/Yacc and PCCTS [7] can be used for this task. A syntax directed translation scheme [1]
provides fast and efficient code generation using a linear-time context-free parser. We use the parser framework both
for code generation and for collecting dataflow information.

While semantically Mirv most closely resembles the C language, it differs from it in certain respects:
¢ Assignments cannot be used as rvalues in an expression subtree. This simplifies the job of the analysis filters.

* Function calls can only occur as statements or on the right hand side of assignment statements. Not only does this

simplify the code generator but it also imposes a well defined order of function evaluation, which may be source
language dependent.

* Short circuit evaluation of boolean operators must be explicitly specified using control flow operators if side-
effects should be avoided. Currently the code generator has the option to short-circuit (or not) any boolean oper-
ations. This keeps the control- and data-flow aspects of the language separate, simplifying both analysis and code

generation-

* The function return statement only implies the transfer of control. Return values must be specified using an
assignment operation for the same reasons as in short-circuit evaluation.

e Currently, Mirv only supports structured control operations. Most usegotd in C are in fact structured,
though the few unstructured uses must be rewritten.

Arbitrary goto instructions can complicate program analysis [6]. While these instructions could be supported in
the language, in its current form Mirv only supports a structured version of the goto operation. This construct can be
used to express many control flow constructs as well as labeled break and continue operations. The structured goto
works as follows:

* Alabel operator (destAfter or destBefore) specifies a target destination that a corresponding goto instruction can
jump to. In the case of destAfter, the target is the instruction after the body of the operator, destBefore specifies
the first operator of the body as the target.

* The goto operator corresponding to a destination label must be in the body associated with the destination label.

Figure 1 illustrates how a break statement can be represented using a structured goto.

1. Short-circuiting of expressions without side-effects does not affect dataflow analysis because no new
definitions can be introduced in the expression.
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FIGURE 1. Structured goto

while(a < x) {

if (a ==y) break;

cond )

gotoDest 1)

This figure illustrates how a C style break construct is converted into Mirv constructieStAéter  operator specifies a
destination target (meaning that the target of an associated goto instruction is after the body of the destAfter operator). The
gotoDest operator is used to jump to tHestAfter  label and achieve the same effect as a break statement in C.

The design of the structured goto was greatly influenced by the desire for a language that can be easily analyzed.
For these reasons the destination label is a prefix construct (the set of operators that the label is before or after is given
as an argument to the label operator) and specifies exactly which entry point (before or after the enclosed block) it
delimits.

To support the @oto operation, the compiler provides a transformation pass that resolves labgjstand to
their equivalent structured form. While unstructured usegodd cannot be resolved, we have encountered very few
such operations.

Since Mirv is a tree based representation, temporary values appear implicitly between expression nodes. Tempo-
raries have a unique characteristic that differentiates them from other variables: they are written exactly once and are
read exactly once. This behaviour completely defines the dataflow characteristics of the node so that these values
need not be included in analysis steps.

Table 1 lists the operators used in Mirv. The language includes the standard set of expression and control flow
constructs, however the object reference and structured goto operators need more explanation.

TABLE 1.  Mirv operators

Class Operator

Arithmetic add, div, mod, mul, neg, pow, sub, sqrt

Bitwise and, cpl (complement), or, rol, ror, shl, shr, xor

Boolean cand, cor, eq, le, It, ne, not, ge, gt

Casting cast
Control flow destAfter, destBefore, funcCall, gotoDest, if, ifElse, return

Looping doWhile, while
Assignment assign

cref - specifies a constant value

vref - specifies a variable object

Object reference | deref - specifies a reference through pointer

aref, airef - array access through direct object or pointer
viref viiref - field access through direct object or pointer

Object size sizeOf
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3. The Mirv compilation model

The compiler consists of a set of filters that operate on the intermediate representation of the program. The inter-
nal representation is an operator tree (representing the Mirv language) where every node may contain a set of user and
compiler defined attributes. Successive passes of filters communicate using these node attributes. Figure 2 illustrates
the pieces in the compilation process. There are two main groups of attributes: dataflow and node attributes. Dataflow
attributes are theynthesized attributgsa) andnherited attributegia) [5] that are passed around a parse tree during
traversalNode attributegna) are pieces of information that are associated with nodes in the operator tree.

FIGURE 2. Attributes and the compilation process
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The process of annotating an operator tree is shown above. Filters traverse the operator tree, carrying inherited and synthesized
attributes over the structure of the tree. These attributes are used to compute node attributes at the nodes of tlee operator tr
Node attributes are marked on the tree and are represented by boxed A's in the third picture. Note that some filters may also
change the structure of the tree based on the value of attributes.

Filters are categorized according to their purpose into three groups. Analysis filters traverse the tree in some
order (usually forward or backward) and perform computation using dataflow attributes that are propagated during
tree traversal. A reaching definition analysis is one such filter. Transformation filters change the structure of the tree
by adding and removing nodes. Copy propagation is classified under this category. Snapshot filters simply traverse
the tree and invoke methods on external objects based on the operators and node attributes in the tree. An example is
a filter to linearize the tree to a prefix-form output file.

By coordinating the order in which these three types of filters are run, a program can be optimized and translated
to a target machine. The level of optimization can be varied by adding and removing filters and changing the order in
which filters are run.

4. Analysis and transformation using attribute propagation

The Mirv compilation model uses inherited and synthesized attributes to propagate dataflow information through
the parse tree. Node attributes are used to communicate information between filter passes. Filter construction in Mirv
requires the specification of these attributes and the coding of routines that use them to perform analyses or transfor-
mations. We present a def-use analysis as an example of attribute propagation based analysis. We also include copy
propagation as an example transformation filter.
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TABLE 2.  Attribute flow behaviour of forward dataflow analysis problems
Attribute propagation
Operator node Member node
|As for member nodes SA from operator node
destAfter body i8pody = i8destAfter S&yestafter= W(Nayestafter Sdody)
bod i _ 0)(n ; % Traverse member nodes twice.
destBefore y Bpody BdestBefore 18destBefor SajestBefore™ Sody
funcCall argList N/A S&unccall = S@rgList
N3gest= W(N3yest 18gotoDest
gotoDest N/A N/A .
SSotoDest™ 13gotoDest
body iabody: w(idgowhile S&ondition Traverse member nodes twice.
doWhile - L= -
condition 18condition= S&ody S&owhile = S&ondition
condition i8condition= I8
if - — S8t = W(S&ondition SBody)
body 18h0dy = S@ondition
condition i8condition = I3Else
ifElse ifBody i3ifBody = S&ondition Sagise = W(SABody: S@iseBody
elseBody i3eiseBody= S&ondition
initial (the first node) | i8seqnode™ i@equence
sequence - - ~ S&equence Sdast node
sequential node 18segNode™ SSrevious node
condition i3condition = @(i@while: SQ)od)) Traverse member nodes twice.
while - - -
body i3hody = S&ondition S8yhile = S&ondition

4.1. Attribute-based dataflow analysis

Dataflow analysis of a Mirv program exploits the availability of high level information about the program. Both
the control-flow structure as well as the expression subtrees are available in a high level, structured form. The avail-
ability of this information allows us to use a modified form of structural dataflow analysis [8][9]. Unlike in many
other compilers, the high level control-flow structure need not be resynthesized from the basic-block level since it is
inherent in the representation. Moreover, the basic units of analysis are not quads in basic blocks but rather operators
in the Mirv tree. Mirv carries the data dependence tree for expressions, so a tree-based analysis method is a natural fit.

Dataflow analysis problems can be characterized as forward or backward by the direction of traversal over the
program representation. They can be further divided into two groups by classifying thexayas mustproblems
[6]. May and must problems in a given direction usually differ only in the confluence operator that is used to combine
the attributes at control join points.

In Mirv, dataflow calculations are represented by the method used to generate inherited and synthesized
attributes during parsing. Table 2 describes the forward attribute flow behaviour corresponding to statements in Mirv.
The attribute flow tables denote how attributes are propagated between operators in the language. As an example, let

us examine how attributes are propagated througiftlse  node during forward analysis:

1. The inherited attribute is received for tfiflse  node. The inherited attribute of tiiElse  node is used as
the inherited attribute of the condition part of the node. After setting up the inherited attribute for the member
node, the filter visits it and a synthesized attribute is received from it.
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2. After traversing the condition, inherited attributes are set up for the ifBody and elseBody member nodes. In this
case this the nodes receive the attribute synthesized by the condition.

3. The synthesized attributes from the ifBody and elseBody nodes are combined using the confluence operator (rep-
resented by the symbol in the tables). This operator usually takes the intersection in must problems or the
union of two sets in may problems. The synthesized attribute dElse  node is simply the output of the
confluence operation.

FIGURE 3. Def-Use operation for an if-else node

Forward Flow
- if-statement method
Pre-Action
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The significant objects that participate in dataflow computation are shown above. Objects are represented by rounded rectan-
gles while object methods are shown as shaded rectangles over their corresponding objects. Shaded objects are provided by the
compiler infrastructure while unshaded objects are written by the filter designer.

In certain casedgstBefore , doWhile andwhile nodes in forward analysis), there is a need to iterate over
a subtree of operators because a circular dependency exists between inherited and synthesized attributes of member
nodes. For example, the inherited attribute ofllsile condition is dependent on the synthesized attribute of the
body, while the inherited attribute of the body is dependent on the synthesized attribute of the condition.

To resolve the circular dependency, the member nodes are traversed iteratively until the synthesized attributes
reach a steady state, after which the synthesized attribute for the entire subtree can be computed. In practice, the syn-
thesized attributes reach a steady state after at most two iterations (per node initiating the iteration) in Mirv programs,
since the control-flow graph is always reducible.

Analysis of the structured goto operators will be detailed in the final version of this report.

4.2. Implementation and def-use analysis

To illustrate how a dataflow problem may be solved using attribute propagation in Mirv, we present the imple-
mentation of the def-use analysis filter. The purpose of def-use analysis is to associate a definition of a variable with
its uses. The information provided by the filter is used extensively in the current version of the compiler.

There are two pieces of information provided by the filter. The first is a set of def-use (D-U) and use-def (U-D)
chains. For a particular definition of an object, the D-U chain contains a list of object uses that the definition may
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reach. A U-D chain provides a list of definitions that reach a particular use. In addition to the D-U and U-D chains,
the filter annotates each statement with a list of all definitions that reach that program point (i.e. the filter performs a
reaching definitioranalysis).

Traditional iterative analysis calculates two sets of information for each basic block: a GEN set and a KILL set.
The GEN set contains those definitions that reach the end of the basic block. The KILL set contains those definitions
killed by definitions appearing in the basic block. A definition is killed if the object it defines is the target of a later
definition in this basic block. These sets are then propagated through the control tree to perform the analysis.

In the Mirv compiler, these sets are never explicitly constructed. Instead, an object knowrathsbare flow
traverses the program control graph. During traversal it invakgiesn objects which perform the computation. Both
pre- and post-actions may be used. A pre-action is invoked before any children of the node are visited. A post-action
is invoked after all children have been visited. An action object may request inherited attributes fadtrikarte
managerThese attributes contain the dataflow information relevant to the current node being visited. In addition, the
action objects sets its synthesized attribute containing the updated version of the dataflow information produced after
analysis of the current node. To perform the dataflow computation, action objects request an inherited attribute which
is the dataflow information flowing into the node. The information is modified by the action and the result is propa-
gated as a synthesized attribute. A control-flow node such as an if-else or looping construct must have the dataflow
information from its child nodes combined in a conservative manner to represent the possibilities of the various con-
trol flow paths. This is done by the flow automatically, provided that the filter designer provides a correct confluence
operator. Operation of the def-use filter on an if-else node is diagrammed in Figure 3.

To construct most dataflow analysis filters, the programmer must provide the following:

* A dataflow attribute class with associated confluence operator
* Pre-action and/or post-action objects
The compiler infrastructure provides:

* A flow object to traverse the program
* An attribute manager to track attribute state

The dataflow attribute class for the def-use filter is simply a set of definitions that are currently live. The conflu-
ence operator is set union because the reaching definition analysis provides a set of definitroagrtath a given
program point. The set and confluence operation can be represented in many ways. The usual method is to use a bit
vector where each bit represents a particular definition. The confluence operation is performed with a bitwise-OR.

As the flow visits each node in the program tree, it invokes the action objects. The action objects need only
implement methods for the types of nodes relevant to the filter. The def-use filter uses both pre- and post-actions. The
pre-action provides methods for function entry and statements. The function entry action is used to initialize the anal-
ysis. Definitions are created for each parameter and global object. The statement action merely copies the current
reaching definition dataflow information to a node attribute which is then attached to the statement.

The post-action manages all of the dataflow computation. Methods are provided for each type of object refer-
ence, for function call expressions and for return statements. An object reference may appear in a definition or a use
context. Each method queries the flow to determine in which context the reference appears.

A definition-context object reference causes the creation of a definition object for the data object. Each definition
of the same data object currently in the dataflow attribute is removed. The new definition is then added to the data-
flow attribute. Finally, the definition object is attached as a node attribute.
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An object reference appearing in a use context causes the creation of a use object. The current reaching defini-
tions are extracted from the dataflow attribute. Each definition of the object currently used is added to the use object,
creating a U-D chain. In addition, the use object is added to each definition of the object, adding to the D-U chains.
The use and definition objects are attached to their corresponding nodes with the updated chain information.

The information computed during the def-use analysis is used by later filters to perform further analyses or opti-
mizations.

4.3. Copy propagation

The copy propagation filter is a transformation filter that performs traditional copy propagation using D-U and
U-D chains. This filter first runs the Def-Use Analysis filter to annotate the tree with use, def, and reaching definition
node attributes.

The filter examines each assignment in the program. For each use of the assignment target, the filter checks the
use’s def set, contained in its U-D chain, to see if the above left-hand-side variable is its only possible def. If there is
more than one reaching definition, the copy cannot be propagated. The filter then checks the reaching definition node
attributes of the assignment and of the statement the use appears in to see if the the reaching definitions of the right-
hand-side are the same. If they are not, the right-hand-side has been redefined in an intervening statement and propa-
gation cannot occur. If both conditions are met, the use is replaced by a copy of the right-hand-side using the use’s
Replacement node attribute. The replacement node attribute keeps track of a node’s parent and the method of the par-
ent that must be called to replace the node.

The code specific to copy propagation was written in 150 lines of code (not including comments).

5. Measurements

In this section we present some results from the prototype Mirv compiler and compare the generated code to that
produced by lcc and gcc. We use Icc version 4.1 and the egcs 1.1 version of gcc. The prototype compiler accepts C as
input and produces IA32 assembly code. All experiments were run on a 300 MHz Pentium Il with 512K of L2 cache.

TABLE 3.  Performance of Mirv compiler compared to GCC and LCC

Size of code segment (bytes) Execution time (seconds)
Benchmark
Mirv gcc Icc Mirv gcc Icc
compress 95 11731 7776 6806 343 258 331
eqgntott 92 32702 29906 22998 8.76 6.57 8.83
go 95 271197 336997 - 28.07 21.18 -

adpcm-decode 6208 6519 2339 2.33 2.27 2.18
g721-encode 15250 14794 9637 7.25 4.57 5.66

Table 3 provides preliminary statistics about our compiler. Currently, code quality is comparable to Icc and to gcc
-O0. Note that Icc could not successfully compile the go benchmark.
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We are currently running regression tests on several optimization filters and we plan to give detailed analysis of
their efficacy in the final version of this report. These filters are shown on the right side of Table 4.

TABLE 4.  Attribute flow behaviour of forward dataflow analysis problems

Infrastructure Filter code
Description Lines of Code Description Lines of Code
Forward Traversal 2300 Constant folding 900
Attribute management 450 Arithmetic simplification 790
Def-Use analysis 2600 Dead code elimination 1467
Alias analysis 2200 Constant/copy propagation 475
Replacement decoration 692 Loop invariant code motion 680
Code cleanup 214 Strength reduction 450
Call-graph construction 620 Loop induction variable opts. 713
Output routines 1575 Function inlining 860
IR representation 17000 Loop unrolling 1150

By comparison, the optimization filters are markedly smaller than in the support framework, even though in this
prototype little effort has been made to reduce code size.

Another filter, the MirvSim simulator, has been described in [13]. This filter uses the same attribute propagation
technique as the other filters but instead of analyzing or optimizing the Mirv tree, it simulates it. The simulator can be
configured with observer objects which track “interesting” events during simulation (such as function side effects,
call frequency, etc.).

6. Related Work

To represent a program in memory, many optimizing compilers choose a fairly low-level representation to expose
as much machine-specific computation as possible to allow optimization of elements abstracted by the high-level lan-
guage, such as array index calculations. Typical examples are the IMPACT compiler [2] and the Hewlett-Packard
low-level optimizer [14]. Low-level representation allows machine-specific program transformations. Code schedul-
ing in particular is possible because computations are not hidden behind high-level constructs.

The Stanford University Intermediate Form [11] provides a higher-level representation of the program. The goal
of the SUIF project is to provide source-to-source transformations of C programs for parallel machines. Because the
output of the compiler is C source code, the internal representation of the program must preserve enough information
to allow production of a valid C program.

Structural dataflow analysis [9] attempts to identify well-known structural elements in the control graph, such as
if-else structures, loops, sequences and so forth. Flow functions are defined that describe the effects of the control
structure. These functions describe how to combine the GEN and KILL sets of child nodes to create new GEN and
KILL sets for the parent. Looping constructs result in equations utilizing the Kleene closure operation, analogous to
the iteration in iterative dataflow analysis.

The Mirv dataflow model lies somewhere between iterative and structural approaches. One advantage of the
Mirv intermediate form is the preservation of control flow. No time is spent reconstructing basic blocks or control
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graphs because they are implied by the structure of the Mirv tree unlike structural analysis, which must build basic
blocks and a control graph.

One of the major benefits of the Mirv compiler is the pre-built dataflow infrastructure. Describing and imple-
menting a dataflow analyzer often requires only the definition of a few C++ classes. The idea that dataflow analyzer
construction can be automated has been explored by several researchers. Tjiang and Hennessy developed Sharlit,
which is to dataflow analysis what Yacc is to parsing [12]. A control graph is described and actions are provided to
drive the analyzer. Sharlit computes a set of paths through the control graph and flow functions (also given by the
designer) are used to propagate the information.

Sharlit differs from the Mirv approach in two important ways. Sharlit allows the designer to vary the granularity
of the analysis. In contrast, the Mirv framework always examines every node in the program tree. To the programmer,
it appears as though the granularity can be varied (by only providing actions for relevant nodes), but the dataflow
engine will propagate information through the entire tree, even if it is not updated at some nodes. Sharlit uses a con-
trol graph description file analogous to a Yacc grammar. In contrast, a programmer working with Mirv must define a
few C++ classes. Usually these definitions are straightforward, if sometimes tedious.

The Carnegie-Mellon C Compiler (CMUCC) dataflow analyzer is probably most similar to the framework in the
Mirv compiler [10]. Like Mirv, dataflow analysis is describe through the definition of C++ classes. The major differ-
ence between the systems is while CMUCC works on a low-level quad representation, Mirv uses a high-level tree
based IR.

7. Conclusions

We have presented a compiler framework that is centered around the Mirv high level program representation and
attribute propagation based techniques. The design of the environment was greatly aided by our ability to concur-
rently develop both the language used for the program representation as well as the techniques used by the compiler.
While we have a core system that is being used for various projects, we are still pursuing additions and improvements
to the framework. Among others, these include the following:

* The current set of operators have been greatly influenced by our source language: C. Given different source lan-
guages, other operators may become useful.

* What information should be preserved in Mirv to support object-oriented languages?
* Development and refinement of optimization filters.

While an attempt is made in Mirv to preserve the information apparent in a high level representation, this goal
must be balanced with the need to perform optimizations as Mirv-to-Mirv transformations. The computation that is
implicit in some high level operators (such as array or structure member reference) must be exposed to optimizers.
Node attributes can be used to retain some of the high level information.
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