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Kurzfassung

OpenVADL ist eine Processor Description Language (PDL), welche anhand einer ein-
zelnen Spezifikation einen Compiler, Linker, Assembler, Instruction Set Simulator und
dahnliche Artefakte produziert. Dabei wird der Aufwand, der mit der Implementierung
und Instandhaltung jedes einzelnen Teils einer kompletten Compiler-Suite verbunden
ist, vermieden. In OpenVADL ist das LLVM Compiler Backend (LCB)| zustandig fiir die
Generierung des Compilers, wobei hier LLVM mit, fiir die Zielarchitektur spezifischen,
Komponenten erweitert wird, welche von der Spezifikation abgeleitet werden.

Diese Arbeit identifiziert und behebt vier Probleme im [LCB|, welche beim Generieren und
Verwenden des abgeleiteten Compilers fiir die Spezifikation eines Subsets der A Arch64-
Architektur zum Vorschein gekommen sind. Dabei handelt es sich um Probleme bei
der Darstellung der Register-Subregister-Hierarchie, Inkonsistenzen in der Darstellung
von Typen von Immediate-Operanden in OpenVADL und LLVM, die Generierung von
iiberschiissigen Pradikatsfunktionen, welche ein internes Limit von LLVM iiberschritten
haben, und fehlende Klassifizierungen von Instruktionen.

Die Verbesserungen dieser Arbeit werden mit einer Kollektion von C-Testdateien evalu-
iert, wobei jede mit dem generierten Compiler vor und nach der jeweiligen Behebung
kompiliert und ausgefiihrt wird. Ein Grofiteil der Testdateien, welche vor dieser Arbeit
nicht kompilierbar waren, bzw. fehlerhaft ausgefithrt wurden, ist nun kompilierbar und
wird korrekt ausgefiihrt, wobei eine kleine Anzahl an offenen Problemen noch besteht.
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Abstract

OpenVADL is a [Processor Description Language (PDL) that generates compilers, linkers,
assemblers, instruction set simulators, and other artifacts from a single architecture
specification, avoiding the effort of separately building and maintaining each tool of a
compiler suite. In OpenVADL, the LLVM Compiler Backend (LCB) is responsible for
producing a compiler by extending LLVM with target-specific components derived from
the specification.

This thesis identifies and fixes four shortcomings in the LCB|that became apparent while
generating a compiler for a specification covering a subset of the AArch64 architecture.
The defects concern the handling of the register and subregister hierarchy, a type mismatch
between immediate operands in OpenVADL and LLVM, the generation of redundant
predicate functions exceeding an internal limit of LLVM’s instruction selector, and lacking
classification of machine instructions.

The improvements are evaluated with a suite of C test files, each compiled with the
generated compiler before and after the respective fix and executed to verify correctness.
Most test files that previously failed to compile or produced incorrect results now compile
and execute correctly, while a small number of open issues remain.
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CHAPTER

Introduction

Building a compiler suite for an architecture requires immense work, as a compiler,
linker, and assembler have to be implemented [ALSUQ06]. This is especially true when
the target architecture is still in development. Existing frameworks, like LLVM [LA04],
aid in the creation of a compiler and associated tools, but require cumbersome and large
specifications. For effective design space exploration, one additionally wants to make use
of instruction set simulators. Developing, maintaining, and keeping all of these tools in
sync requires great effort.

OpenVADL [FHH™25b] is an open-source implementation of the PDL|Vienna Architecture
Description Language (VADL) [FHH™25a], which enables the definition of an architecture
in a single specification, allowing the automatic generation of compilers, linkers, assemblers,
instruction set simulators, and other artifacts [FHH"25b] [CMLOS|. This work extends
the compiler generator of OpenVADL, addressing shortcomings that became apparent
while working with a specification for a subset of the AArch64 architecture.

Chapter 2| introduces necessary background information on LLVM, OpenVADL, and
AArch64, and discusses related work, while chapter 3| describes changes made to the
compiler generator, which are further evaluated in chapter 4. Topics for future work are
discussed in chapter bl Finally, chapter 6 concludes this thesis.







CHAPTER

Background and Related Work

This chapter introduces necessary background information on LLVM, the AArch64
architecture, [VADL, and OpenVADL. Furthermore, related work is discussed in section
2.4l

2.1 LLVM

LLVM [LA04] is a collection of largely target-independent components, which cover
the tasks essential to a compiler backend, including instruction selection, instruction
scheduling, and register allocation. LLVM’s supported architectures can be extended by
describing a target architecture in terms of its available instructions, registers, calling
conventions, and other necessary details. [LA04] [Prob]

A target architecture is described declaratively in LLVM’s domain-specific language,
TableGen, and, in addition, C++ implementations must be provided for transformations
that cannot be expressed declaratively, such as custom instruction lowering [LA04] [Prok].

Source programs are transformed into LLVM Intermediate Representation (LLVM-IR),
handled by LLVM’s target-independent components, and ultimately compiled into target-
dependent instructions [LA04] [Prod].

2.1.1 LLVM Intermediate Representation

LLVM-IR is a well-defined, Static Single Assignment (SSA) [RT22] based intermediate
representation used by LLVM as an internal representation of source code within the
compiler, and is designed to be expressive enough to allow the representation of high-level
language features. Optimizations [Muc9§|, analyses, and transformations are directly
done on the LLVM-IR. LLVM-IR) comes in three different, equivalent forms: an in-memory
representation, an on-disk bitcode representation, and human-readable assembly language.
[Prod] [LAO4]
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Listing |2.1| shows an example of |[LLVM-IR]in its human-readable assembly language form.

define 164 @square (i32 %x) {
%1 = sext 132 %$x to i64
%2 mul i64 %1, %1
ret 164 %2

Listing 2.1: Example of a function squaring its input, written in [LLVM-IR.

Listing |2.1| defines a function named square with a single input parameter of type 132,
representing a 32-bit integer, and a return value of type 164. The function uses the
sext instruction to sign-extend the 32-bit parameter to 64 bits, then the mul instruction
to multiply the extended value by itself, before returning the result.

Zero-, Sign- and Any-Extension

LLVM-IR]/is strongly and statically typed. Integer types of different widths are distinct
types, e.g., 132 and 164 cannot be mixed directly in an operation [Prod]. Therefore, a
narrower value must first be explicitly converted to match a wider one, as can be seen in
the previous section’s example 2.1.

Two instructions perform this widening at the LLVM-IR/level. sext sign-extends a value,
replicating its sign bit into the newly added upper bits and thus preserving the value it
represents as a signed integer. zext zero-extends a value instead, filling the new upper
bits with zero and thus preserving the value it represents as an unsigned integer. The
two differ only in how they fill those upper bits, and therefore only produce different
results for negative inputs. [Prod]

2.1.2 TableGen

TableGen is a domain-specific language extensively used in LLVM to describe necessary
information about a target architecture. This includes available registers, instructions,
instruction selection patterns, and other necessary details [Proj] [Prok].

A TableGen file consists of two major parts: definitions and classes, which are both
considered records in TableGen’s jargon. Records are identified by a unique name and
hold domain-specific information for the target in the form of associated values [Proj].

Definitions are concrete instantiations of records, which may make use of classes, which
themselves are abstract records and allow developers to build abstractions.

TableGen files themselves have no real meaning, and so-called backends are used to
interpret a given TableGen file in a specific context and generate backend-dependent
output. This output may range from C header include files to textual descriptions of the
domain-specific information. [Proj|

Listing 2.2/ shows a concrete example of the TableGen class Register and an associated
definition of a register SP, using this class.
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class Register<string n> {

string Namespace = "";
string AsmName = n;
bits<16> HWEncoding = 0;
bit isArtificial = false;

}

def SP : Register<"SP">

{
let Namespace = "aarcho64";
let HWEncoding = 31;
let isArtificial = 1;

}

Listing 2.2: Example of a TableGen class Register and a concrete instantiation SP.

2.1.3 SelectionDAG

SelectionDAG is a framework used for instruction selection. [LLVM-IR! is transformed
into a separate intermediate representation, namely a Directed Acyclic Graph (DAG),
which is then gradually transformed while moving through a pipeline of transformations.
Figure 2.1 shows this pipeline and individual transformations. [Proal

LLVM IR —— SelectionDAG Construction

DAG

Type Legalization

DAG

Operation Legalization

DAG

Instruction Selection

DAG

Instruction Scheduling  —— MachinelR

Figure 2.1: SelectionDAG’s pipeline of transformations, taking LLVM-IR/ as input.

SelectionDAG’s [DAG] representation is built upon individual SDNodes, where each
represents a single node in the DAG. Each SDNode carries an associated opcode, which
represents an operation to be performed, including addition, branching, or subtraction,



2.

BACKGROUND AND RELATED WORK

and additional flags and constants. A SDNode can have outputs and inputs. The outputs
are represented by SDValue instances, which refer to the SDNode producing the value.
Inputs are represented by SDUse instances, which reference the SDValue being used
and a SDNode that is the user of this value. [Proa]

These references between SDNodes, SDValues, and SDUses are represented by edges in
the DAGL Figure [2.2] shows a simplified example of a SelectionDAG generated for the
LLVM-IR] of listing 2.3 Each node represents a SDNode instance, where ISD: : denotes
the associated operation, the numbered boxes inside a node represent the inputs of the
node, SDUses, and MVT: : denotes the output of the node, SDValues. [Proal

%c = add i32 2, 3
$d = mul i32 %b, %c

Listing 2.3: Example of two LLVM-IR instructions, which add two constants and multiply
a variable b with the result of the addition.

(ISD: :Constant<2>w (ISD: :Constant<3>w
L MVT::132 J L MVT::132 J

0 1
ISD: :ADD [ b )
MVT: :132 | MvT::i32 )
0 1
ISD: :MUL
MVT::132

Figure 2.2: Simplified example of a SelectionDAG representing the [LLVM-IR) of listing
2.3l

Instructions

Instructions for a target architecture are defined as TableGen records, as mentioned
in section [2.1.2. An instruction is comprised of information about the encoded size of
the instruction, input operands, output operands, flags describing the behavior of the
instruction, and other details. [Proj|

A simplified example of a variant of AArch64’s add instruction can be seen in listing 2.4.
OutOperandList describes the result produced by the instruction, which in this case
is a value in a register of the X register class, which is further described in section 2.3
InOperandList describes input operands of the instruction, in this case a register of
the register class X and an immediate. Immediates are further described in section 2.1.3.
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2.1.

LLVM

def ADDXI : Instruction
{

let Namespace = "aarch64d";
let Size = 4;

let OutOperandList = ( outs X:$rd );
let InOperandList = ( ins X:$rn, AArch64Base_ADDXI_imml2XAsInt64:
Simml2X ) ;

let isTerminator =
let isBranch =
let isCall =
let isReturn =
let isPseudo =

~.

~. o N

O O O O O
~

~.

Listing 2.4: Simplified example of a variant of AArch64’s add instruction.

Immediates

Similar to instructions, immediates are defined as TableGen records and represent
immediate values, which may be used in instruction input or output operands. Immediates
have an associated encode and decode method, which is implemented as C++ functions
handling the encoding and decoding of immediates as present in a decoded or encoded
instruction. [Proj]

Furthermore, immediates are generally only valid for a given number domain, which is
enforced by a predicate function, which is implemented in C++. The associated predicate
function takes the immediate as input and rejects it if it is outside the valid domain of
the given instruction.

Listing 2.5/ shows a TableGen class and definition for the immediate mentioned in listing
2.4/ of the previous section, which represents a 12-bit unsigned integer. The class definition
specifies the names of the necessary encoding and decoding functions. The concrete record
instantiation beneath actually defines the immediate, extending the class above and
further specifying a predicate function, which is responsible for enforcing the immediate’s
validity.

class ADDXI_imml2X<ValueType ty> : Operand<ty>

{
let EncoderMethod = "ADDXI_wrapper";
let DecoderMethod "ADDXI_imml2X_ decode_wrapper";

}

def ADDXI_imml2XAsInto4
: ADDXI_imml2X<i64>
, ImmLeaf<i64, [{ return Imml2X_predicate (Imm); }]>;

Listing 2.5: Example of a 12-bit immediate as defined in TableGen.



2.

BACKGROUND AND RELATED WORK

[\]

N O O W

10
11
12
13
14
15
16
17
18
19
20
21
22

Registers

As mentioned in section 2.1.2], registers for a given target architecture are defined as
TableGen records. A simplified example can be seen in listing [2.2

LLVM expects a target to define register classes, which define the size of registers included
in that class and information about alignment and the width of registers. Furthermore, a
list of individual register definitions has to be provided, describing the registers part of
that class. [Proj|

An individual register definition includes information about the name of the register,
available subregisters, and other necessary information. As each register defines available
subregisters, a hierarchy of registers is implicitly defined. Each specified subregister
additionally has to have an associated subregister-index, which denotes a name that can
be used to access a given subregister from a register. [Proj]

Listing 2.6/ shows an excerpt of the generated register classes and registers for the AArch64
OpenVADL specification. Lines 1-4 define the register class X, a register class available
in the AArch64 architecture, as described in section 2.3. The definition includes a list of
registers belonging to that given register class.

Line 11 defines the necessary subregister index, which is further used by the definition of
register X0 to specify that the narrower register W0, defined on line 20, is a subregister.

def X : RegisterClass<
( add X0, X1, X2, X3, X4, X5, X6, X7, X8, X9, x10, x11, X12, X13,
X14, X15, Xle, X17, X18, X19, X20, X21, X22, X23, X24, X25, X2,
X27, X28, X29, X30, X31 )

> |

}

def W : RegisterClass<
( add woO, w1, w2, W3, W4, W5, w6, W7, W8, W9, Wi0, Wll, Wl2z, W13,
wWl4, W15, wWle, W17, W18, W19, w20, w21, W22, W23, W24, W25, W26,
w27, W28, W29, W30, W31 )

> |

}

def SUB_32 : SubRegIndex<32>;

def X0 : Register<"X0">

{

let Namespace = "aarch64";
let SubRegs = [ WO 1;
let SubRegIndices = [ SUB_32 1;

}

def WO : Register<"w0O">
{

let Namespace = "aarch64";



2.2. OpenVADL and VADL

23 let Aliases = [ ];

24 let SubRegs = [ ];

25 let SubRegIndices = [ ];
26}

Listing 2.6: Simplified example of two register class and two register definitions for the
A Arch64 architecture.

Instruction-Selection Patterns

SelectionDAG selects appropriate instructions by matching DAG| nodes and subgraphs
against a list of patterns, which describe how a given subgraph may be represented in the
target architecture’s instruction set. A pattern is a TableGen record, which consists of
two parts: a DAG of target-independent SDNode opcodes and a DAG] of target-dependent
instructions.

SelectionDAG matches a given [DAG| against patterns, and if a matching pattern is found,
the DAG] is replaced by the target-dependent instructions as specified in the pattern.

Listing [2.7] shows an example of a pattern for the add instruction shown in section
2.1.3. The add represents the SDNode’s target-independent opcode; ADDXI represents
AArch64’s add instruction.

1 def : Pat<(add X:$rn, AArch64Base_ ADDXI_imml2XAsInt64:S$imml2X),
2 (ADDXI X:$rn, AArch64Base_ADDXI_imml2XAsInt64:S$imml2X)>;

Listing 2.7: Example of a SelectionDAG pattern for AArch64’s add instruction

2.2 OpenVADL and VADL

OpenVADL is an open-source implementation of the PDL| VADL [FHH'25b] [FHH™25a].
VADL allows the specification of a processor’s architecture, including its Instruction Set
Architecture (ISA) and Microarchitecture (MiA). Given these specifications, OpenVADL is
able to, among other things, generate a compiler, linker, and assembler for the described
architecture, functional and cycle-accurate instruction set simulators, and test cases

[FHHT25b] [CMLOS).

An OpenVADL specification generally consists of an ISAl which is used by the compiler
generator together with one or more |Application Binary Interface (ABI) descriptions.
Figure 2.3/shows the internal pipeline of OpenVADL and how a specification is transformed
and used to generate various artefacts.

The compiler artefact shown in figure [2.3| is further split into the |Generic Compiler
Backend (GCB) and LCB, where the former handles necessary transformations and
interpolations for any compiler backend, while the latter focuses on LLVM-specific
transformations and file generation [FHHT25b].
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Architecture Hard
Synthesis ardware
Cycle-

Aproximate
Simulator

Assembler
& Linker

Figure 2.3: OpenVADL pipeline, generating several artefacts, highlighted in yellow, from
a given input specification. Taken from [FHH™25b]

2.2.1 Semantic Gap

As described by Per [Per25], there is a semantic gap between OpenVADL and LLVM, which
stems from the fact that LLVM requires a target to be specified in a specific structure.
This structure has to be derived and interpolated from the available information present
in a [VADL specification. The semantic gap describes the differences or mismatches
between the semantics of a VADL specification and LLVM.

To overcome this semantic gap, OpenVADL performs instruction classification, which
categorises instructions based on their behavior [Per25]. Table 2.1 shows a small number
of classification labels and associated properties, which must be met by an instruction to
be classified with that label.

Classification Label Properties for Classification

ADD Builtin vadl::ADD and two register file operands

XOR Builtin vadl::XOR and one register file operand
and an immediate operand

SLTH Builtin vadl::SLTH and two register file operands

Table 2.1: Properties for Instruction Classification. This table is an excerpt taken from
[Per25].

2.2.2 Instructions

Instruction definitions are part of the ISA| specification. An instruction has a given
type, defined by a format definition, which describes the binary representation of the
instruction [Per25].

The format is represented as a bitfield with named and typed member fields. Additionally,
a format can hold
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o field access functions, which allow access to specific format fields applied to a
specified function. The field access function serves as a separation between the
instruction’s behavior and its decoding. [Per25]

e encoding functions, which describe how a given immediate has to be encoded into
the binary representation. These are generally automatically generated by the |[LCB,
if possible, as they represent the inverse of the field access function. [Per25]

o predicate functions, which verify that a given immediate is valid. These are generally
automatically generated by the LCB, if possible. [Per25]

An instruction is defined by the instruction definition and describes the behavior of
the instruction, potentially accessing format fields [FHHT25a].

Listing 2.8 shows an example of a [SA|specification with a single format definition
and two instruction definitions, ADDXI and ADDWI, both using the defined format. The
format further specifies a field access function and the optional encoding and predicate
functions.

instruction set architecture AArchod = {

}

format AddSubImmFormat: Instr =
{

st [31],

ff [29],

op [30, 28..23],

sh (221,

imml2 [21..10] : Bits<1l2>,
rn [9..5] : Bits<b5>,

rd [4..0] : Bits<b5>,

imml2X = imml2 as Bits<64>, // field access function / decoding

function

imm := imml2X(11..0), // encoding function

imml2X :— imml2X >= -2048 && imml2X <= 2047 // predicate function
}

instruction ADDXI : AddSubImmFormat =
let result, flags = VADL::adds (X (rn), imml2X as Bits<64>) in
{ X(rd) := result }

instruction ADDWI : AddSubImmFormat =
let result, flags = VADL::adds (W(rn), imml2X as Bits<32>) in
{ W(rd) := result }

Listing 2.8: Example [VADL [ISA|specification, defining an instruction format and two
associated instructions.

11
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2.2.3 Registers

Register files and single registers are defined in the ISA| specification [FHH™25al. Listing
2.9 shows the definition of a single register file and 3 aliases. Line 1 depicts a mapping S
of a 5-bit register index to the register type Bits<64>, which is a bit vector type with a
bit width of 64.

Line 4 shows an alias definition X, which is additionally annotated, declaring the register
X31 as a zero register. Zero registers ignore writes and always return 0 on reads.

Line 7 declares an alias register file, which represents a 32-bit view into the 64-bit registers
defined by X. In addition to the zero-register annotation, the definition is annotated with
[ overwrite source : zero ], controlling how the upper bits of the underlying
register, S, should be updated on writes to the 32-bit view. The default behavior is a
partial write, which preserves the upper bits of the super-register, while zero indicates
that the upper bits should be zeroed and sign indicates that the written value is
sign-extended to the full width of the super-register.

Finally, line 10 declares a single register alias, which references register 31 of the register
file S. While the alias definition of X declares the 32nd register of S as a zero-register,
SP does not specify any additional behavior on the alias. Therefore, reads and writes to
SP represent reads and writes to the 32nd register of S with no additional behavior, as if
S were directly written to or read from.

register S: Bits<5> —-> Bits<64>

[ zero : X (31) ]
alias register X = S

[ zero : W(31) ]
[ overwrite source : zero ]
alias register W = X (%) (31..0)

alias register SP : Bits<64> = S(31)

Listing 2.9: Example [VADL specification, defining 3 register files and an individual
register.

2.3 AArch64 Architecture

AArch64, also known as ARMG64, is a 64-bit RISC architecture. AArch64 provides 31
general purpose registers, where X0 to X30 represent the 64-bit views of these registers
and WO to W30 the 32-bit views. Additionally, the 64-bit register XZR and its 32-bit
equivalent WZR always read 0 and ignore writes [Lim25].
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Additionally, AArch64 defines a collection of flags in the so-called PSTATE (processor
state), which holds information about the most recent ALU operations and other processor-
relevant information [Lim].

AArch64 defines the condition flags listed in table 2.2, abbreviated NZCV, which are
updated in the PSTATE after every ALU instruction [Lim26e]:

Abbreviation Name Description

N Negative Set to 1 if the result of the last flag-setting
instruction was negative.

7 Zero Set to 1 if the result of the last flag-setting

instruction was zero, and to 0 otherwise. A result
of zero often indicates an equal result from a comparison.

C Carry Set to 1 if the last flag-setting
instruction resulted in a carry condition,
for example an unsigned overflow on an addition.

\Y Overflow Set to 1 if the last flag-setting
instruction resulted in an overflow
condition, for example, a signed overflow on an addition.

Table 2.2: AArch64 condition flags.

These conditions are further used for conditional instructions, including conditional
branching (b.eq, b.ne, and similar) or conditional select (csel) [Lim26al [Lim26h]|.

OpenVADL, introduced in section [2.2] includes a specification for a subset of the AArch64
architecture [Opeal, which is called AArch64 specification throughout this thesis. Addi-
tionally, OpenVADL specifies a reduced variant of the AArch64 specification, the Xaarch6/
specification |Opeb|, which is a 64-bit-only version of the AArch64 specification.

2.4 Related Work

This thesis builds on the work of Per [Per25|], who implemented the original LCB for
OpenVADL. His thesis also introduces the concept of a semantic gap between a [VADL
specification and the structure LLVM requires a target to be described in, which this
thesis adopts to describe why the LCB has to derive and interpolate information not
explicitly present in a specification.

Gisy [Gis] also worked on the LCB| similarly to this thesis. His work focuses on
performance problems that surfaced while working with the RISC-V specification, whereas
this thesis works in parallel, focusing on problems that surfaced while working with the
A Arch64 specification.

13
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CHAPTER

Implementation

This chapter introduces problems that surfaced while working on the AArch64 and
Xaarch64 specifications, and their respective causes and improvements implemented in
the LCB]| to overcome these defects. Each section focuses on a specific topic of problems
and their resolution.

3.1 Register and Subregister Hierarchy

3.1.1 Subregister Hierarchy Generation

As stated in section [2.1, LLVM requires an explicit definition of a target’s register files,
including how narrower and wider views of the same register file relate to each other
as subregisters [Prok]. Listing 3.1 shows an example of how registers and register files
and their relationships are defined in OpenVADL, taken and adapted from the AArch64
specification, using a base register file S, its full-width alias X, and the two narrower
views R and W.

using Index = Bits<5>
register S : Index —> Bits<64>
alias register X = S

alias register R = S (%) (31..0)
alias register W = X (%) (31..0)

Listing 3.1: Example register and subregister file definitions in OpenVADL

A definition such as S in Listing 13.1| declares an entire register file, indexed by Index,
rather than a single register. In the generated LLVM backend, this register file is exploded

15
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into one separate physical register definition per index, and the relationships between the
registers declared in the VADL specification, such as X being an alias of S, or W being
derived from X, are represented as a register-subregister hierarchy, generated once for
every index. Before this work, the generator produced the hierarchy shown in Figure 3.1,
where X, W, and R were all generated as direct subregisters of S.

Figure 3.1: Register-subregister hierarchy before this work. X, W, and R are all direct
subregisters of S.

This causes problems when one subregister class needs to access another subregister class
of the same base register class. Concretely, a value held in the X register class could not
be extracted or truncated into the W register class, even though the [VADL| specification
explicitly derives W from X (Listing 3.1). LLVM’s EXTRACT_SUBREG operation requires
the target register class to be reachable from the source register class by descending
through the hierarchy along subregister indices, as shown in Figure |3.1. Since W was only
reachable from S, not from X, no such index existed between X and W, and the truncation
could not be generated.

Because of this, the generation of the register-subregister hierarchy was reworked so that
every register is linked to the next-larger, or identically sized, register that contains its
bits, rather than every alias being attached directly to a single common base register.
Figure 3.2 shows the resulting hierarchy generated for listing 3.1. X remains a same-width
subregister of S, but W is now a subregister of X rather than of S directly. R, although
declared from S in the VADL specification, is generated as a same-width subregister
of W, since R and W occupy exactly the same bits. This gives every pair of overlapping
registers a subregister-index path between them, direct or composed across multiple steps,
and allows EXTRACT_SUBREG and INSERT_SUBREG to be generated between any two
related register classes.

3.1.2 Truncation and Extension Instruction-Selection Patterns

To make use of the adapted hierarchy described in section |3.1.1, truncation and extension
patterns are generated for every pair of registers connected by a subregister relationship.
This allows LLVM’s instruction selection to truncate registers to any subregister in the
register hierarchy, or extend a subregister to any parent register in its register hierarchy.
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3.1. Register and Subregister Hierarchy

[63:0]

[63:0

= |- - -
[o:1g] | 2

[31:0]

"
S owl---
o

Figure 3.2: Register-subregister hierarchy after this work. W is a direct subregister of X,
while R remains a same-width subregister of W.

Listing 3.2/shows the generated truncation patterns for listing 3.1, which use EXTRACT_SUBREG

to obtain the lower 32 bits of an S or X register as a 32-bit value. Listing 3.3 shows the
corresponding extension patterns, which use INSERT__SUBREG to place an R or W value
into the corresponding super-register class.

def : Pat<
(132 (trunc S:$rd)),
(EXTRACT_SUBREG S:$rd, SUB_32)>;

def : Pat<

(132 (trunc X:Srd)),

(EXTRACT_SUBREG X:$rd, SUB_32)>;
Listing 3.2: Example of truncation patterns generated for the AArch64 specification,
allowing access to subregisters of a given register.

def : Pat<
(164 (anyext R:S$rd)),
(INSERT_SUBREG (i64 (IMPLICIT_DEF)), R:$rd, SUB_32)>;

def : Pat<

(164 (anyext W:S$rd)),

(INSERT_SUBREG (i64 (IMPLICIT_DEF)), W:$rd, SUB_32)>;
Listing 3.3: Example of extension patterns generated for the AArch64 specification,
allowing access to super-registers of a given subregister.
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3.1.3 Memory Instruction-Selection Patterns

In addition to the truncation and extension patterns described in the previous section,
additional patterns are generated for LLVM’s store and truncstore SelectionDAG
nodes, which describe copying a register’s value to memory and possibly truncating the
value.

AArch64’s STRB instruction, for example, is defined in the OpenVADL specification
using the W register class. Listing 3.4 shows the patterns generated directly from such a
definition, allowing LLVM’s instruction selector to copy a value held in a W register to
memory, matching how STRB is defined in the AArch64 specification [Lim26¢].

def : Pat<(truncstorei8 W:$rt, S:$rn),
(STRB S:$rn, W:Srt, (164 0))>;

def : Pat<(store W:S$rt, AddrFI:S$rn),
(STURW AddrFI:Srn, W:Srt, (164 0))>;

Listing 3.4: Example of an 8-bit truncating and non-truncating store patterns for the
A Arch64 specification.

Generating patterns only for the declared register class would require the specification
author to additionally define a separate variant for every super-register a value might
actually be held in, which defeats the purpose of deriving this behavior automatically from
the specification. Instead, the patterns from Listing 3.4/ are automatically extended to W’s
super-register, S, as shown in Listing 3.5, without requiring any additional information
from the specification.

def : Pat<(truncstorei8 S:$rt, S:5rn),
(STRB S:$rn, (EXTRACT_SUBREG S:S$rt, SUB_32), (164 0))>;

def : Pat<(truncstorei32 S:$rt, AddrFI:S$rn),
(STURW AddrFI:Srn, (EXTRACT_SUBREG S:$rt, SUB_32), (i64 0))>;

Listing 3.5: Truncating and non-truncating store patterns extended to W’s super-register
S.

These additional patterns allow a value held in S, the parent register of W, to be stored
to memory using the same STRB and STURW instructions, even if only the W case is
explicitly declared in the OpenVADL specification.

3.2 Immediate Type Mismatch between VADL and LLVM

As stated in section 2.2.2) [VADL| format fields can have arbitrary bit widths, while
TableGen and the C+4 code it generates only support power-of-two integer types
starting at 8 bits. The generator has to choose an LLVM type for every immediate
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present in a specification, and this type must be considered legal by LLVM’s SelectionDAG
type inference, as otherwise corresponding patterns using these immediates cannot be
selected or prevent a successful compilation.

Currently, this discrepancy between the type of an immediate as stated in an OpenVADL
specification and the generated LLVM type by the [LCB] either causes performance
problems or, in the case of the Xaarch64 specification, a build failure of the generated
compiler.

Gisy [Gis] independently encountered the same discrepancy and addressed it with a
temporarily implemented annotation in the RV64IM OpenVADL specification and left a
general solution to future work, which is addressed here. The annotation is not ideal, as
stated by Gisy [Gis], as it forces implementation details of the LCB|and LLVM onto the
specification author.

Listing 3.6 shows an example of an immediate generated for the MOVZXPos00 instruction,
a 16-bit move-with-zero-extend instruction in the Xaarch64 specification.

class AArch64Base_MOVZXPos00_imml6<ValueType ty> : Operand<ty>
{

let EncoderMethod = "AArch64Base_ MOVZXPos00_wrapper";

let DecoderMethod "AArch64Base_MOVZXPos00_imml6_decode_wrapper";
}

def AArch64Base_MOVZXPos00_imml6AsIntl6
: AArch64Base_MOVZXPos00_imml6<il6>
, ImmLeaf<il6, [{ return AArché64Base_MovFormat_immlé6_predicate (
Imm); }1>;

© 00 O Ui Wi+

Listing 3.6: Example of a generated immediate for the Xaarch64 specification before this
work, using a 16-bit immediate type

The immediate’s LLVM type is derived from the width of the underlying field, 16 bits,
and emitted as 116. The Xaarch64 specification has no register narrower than 64 bits,
so 116 was never registered as a legal type for this target. TableGen’s type inference for
zext requires the source type to be among the target’s legal types [Proi]. This is not
the case for the Xaarch64 specification, which results in an error while compiling the
generated compiler.

To fix this, immediates are no longer typed by the width of their underlying field, but
by the smallest register width actually present in the architecture. In the case of the
Xaarch64 specification, this is 64 bits. Listing|3.7|shows the same immediate with the
changes implemented in this work.

1 def AArch64Base_ MOVZXPos00_imml6AsInt64
2 : AArch64Base_MOVZXPos00_imml6<i64d>

19
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, ImmLeaf<i64, [{ return AArché64Base_MovFormat_immlé6_predicate (
Imm); }1>;
Listing 3.7: Example of a generated immediate after this work, using the architecture’s
minimum register width as the immediate type

The immediate still encodes the same 16-bit value, but its LLVM type changed from 116
to 164, which is a legal type for the Xaarch64 specification. This resolves the TableGen
type inference failure without requiring any change to the VADL|specification. With this
heuristic, the annotation mechanism introduced by Gisy as a temporary workaround is
no longer needed.

3.3 Predicate Function Generation

As described in section 2.2.2, every immediate of a given instruction is validated by
an associated predicate function in the generated compiler, which is deduced from the
instruction’s definition in an OpenVADL specification.

LLVM’s generated instruction selector encodes its matching logic as a compact bytecode
table [Proc]. Predicate checks within this table reference their corresponding predicate
function through a single byte index into a generated array of function pointers. Since a
single byte can only address 256 entries, the generated matcher cannot reference more
than 256 predicate functions. The AArch64 specification currently generates 505 predicate
functions, which exceeds this limit.

Since a single instruction format is typically shared by many instructions, many of them
require the same predicate function. Currently, the LCB| generates a predicate function
separately for every instruction, regardless of whether an identical one has already been
generated for another instruction sharing the same format and field access. As a result,
the number of generated predicate functions scales with the number of instructions
referencing an immediate, not with the number of actually distinct functions needed.
Because of these duplicated generated predicate functions, the compiler generated by the
A Arch64 specification fails to compile.

Listing [3.8 shows an excerpt of two predicate functions generated for the instructions
ADDXLSTL and ADDXLSR of the AArch64 specification. Both instructions use the same
format in the specification, but generate two identical functions.

static bool AArché64Base_ADDXLSL_immé6_predicate (uint64_t imm6) {
return (
VADL_and (
VADL_sgeq(imm6, 6, ((inte4d_t) Oxffffffffffffffel0 ), 64),
ll
VADL_sleqg(imm6, 6, ((inte64_t) Ox1f ), 64),
1)
? ((bool) 0x1 )
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9 : ((bool) 0x0 ));

10 }

11 static bool AArch64Base_ADDXLSR_imm6_predicate (uint64_t imm6) {
12 return (

13 VADL_and (

14 VADL_sgeq (immé6, 6, ((int64_t) Oxffffffffffffffel ), 64),

15 1,

16 VADL_sleq(imm6, 6, ((inte64_t) O0x1f ), 64),

17 1)

18 ? ((bool) 0x1 )

19 : ((bool) 0x0 ));

20 }
Listing 3.8: Excerpt of two identical generated predicate functions of the AArch64
specification.

To circumvent this, predicate functions are no longer generated per instruction, but
deduplicated per format and field access. Since two immediates sharing the same format
and field access always produce an identical predicate function, only one such function is
generated and reused by every instruction referencing it, instead of generating one per
referencing instruction. This reduces the number of generated predicate functions for the
A Arch64 specification from 505 to 31, allowing the generated compiler to be compilable
again.

3.4 Machine-Instruction Label Classification

As discussed in section 2.2.1, there is a semantic gap between the specification of an
architecture in OpenVADL and LLVM. Information present in the [VADL) specification
needs to be interpolated to fit LLVM’s target model.

One such case is the procedure call. All procedure calls share the same defining behavior:
control is transferred to a target address by writing to the program counter, and the
address to resume execution at afterwards is preserved so that it can be returned to
later [HP94a]. The return address may be stored in a dedicated link register, as on
AArch64 [Lim26d] and RISC-V [AW], or in a location on the call stack, as on x86 [Cor24].
Architectures additionally differ in how the target address itself is computed, e.g., as a
plain register value, or as the sum of a register and an immediate offset. LLVM needs
this behavior made explicit for a given target before it can translate an indirect function
call present in some LLVM-IR|into that target’s instructions.

Another case concerns conditional-select operations. LLVM’s SelectionDAG represents
these with an explicit condition code attached to a target-independent select node [Proe].
A target implementation has to provide the actual instructions to which these condition
codes are translated.

Both cases raise the same need: instructions defined in OpenVADL have to be classified
and labelled, so that the LCB| can handle them separately and emit the patterns LLVM
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requires.

3.4.1 Indirect-Call Lowering

Because the structure of a call instruction (where the return address goes, how the target
address is computed) varies across architectures, a single generic label cannot capture
every architecture’s call instruction. Instead, the [LCB| defines one label per structurally
distinct variant. JALR and JAL cover RISC-V-style calls, where the target address is
computed from a register plus an immediate (JALR) or from the program counter plus
an immediate (JAL), and the return address is written to a register file. J and JR are
the corresponding immediate- and register-based jumps without linking.

AArch64’s BLR instruction [Lim26d] extends this set. It is structurally identical to the
RISC-V-style JR in that the program counter is written directly from a register read,
with no immediate involved. However, unlike JR, it additionally writes the return address
to a register file.

BLR falls into a gap between the labels JR and JALR. It shares JR’s addressing mode
(a register read, no immediate) but, like JALR, also writes a return address. Because
no existing label covered a register-only call that also links, BLR matched none of them
before this work.

Labelling instructions whose behavior structurally matches BLR allows the LCB|to emit
branch patterns for these architectures, which in turn enables LLVM to translate indirect
function calls into target-dependent instructions.

3.4.2 Conditional Select Operations

The condition of a conditional select instruction is expressed as a boolean formula over
one or more of the architecture’s status flags. Either a single flag is tested directly
(e.g. Carry == 1), or two flags are compared against each other (e.g. Negative ==
Overflow). OpenVADL marks the registers such formulas may use with special anno-
tations [FHH"25al, e.g. [carry status register], which allows the generator to
determine which status flags a given instruction’s condition depends on. The annotations
provide the necessary information needed to deduce conditions based on the registers
used.

Table 3.1 lists the select-operation labels introduced as part of this work, together with
the status-flag formula each one captures.

As Table [3.1] shows, the labels for signed conditions mirror standard mathematical
relational operators directly, e.g., SGTH for signed greater-than. This is possible because
the Negative and Overflow flags are defined the same way on every architecture that
implements flag-based comparison [HP94b)].

The same is not true for unsigned conditions, because whether the carry flag is set
on subtraction is a convention each architecture chooses independently. x86 sets the
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Label Condition Status-flag formula

EQ Equal Zero =1

NEQ Not Equal Zero = 0

SLTH  Signed Less-Than Negative # Overflow

SGEQ  Signed Greater-or-Equal Negative = Overflow

SGTH  Signed Greater-Than Negative = Overflow and Zero = 0
SLEQ  Signed Less-or-Equal Negative # Overflow or Zero = 1
Cs Carry Set Carry = 1

cC Carry Clear Carry = 0

NS Negative Set Negative = 1

NC Negative Clear Negative = 0

VS Overflow Set Overflow = 1

vC Overflow Clear Overflow = 0

Table 3.1: Status-flag formulas for the conditional-select classification labels
(CSEL_<Label>). Ten of the twelve labels, all except EQ and NEQ, were introduced as
part of this work. Each label exists as a 32-bit and a 64-bit register-width variant.

Carry flag on a borrow [Cor24]. The operator unsigned-less-than would be implemented
by comparing the Carry flag with one. AArch64, in contrast, sets the Carry flag on
the absence of a borrow [Lim26¢], so the same flag value instead expresses unsigned
greater-or-equal. A label such as ULTH (unsigned-less-than) would therefore assert a
comparison result that only holds under one of the two conventions.

For this reason, unsigned comparisons are not expressed as labels but as the flag tests
themselves (e.g. carry-set (CS) or carry-clear (CC)).

Correctly identifying an architecture’s conditional select instructions allows the LCB
to generate the necessary patterns for LLVM to translate from its own [LLVM-IR] to
target-dependent instructions, as can be seen in listing [3.9, which shows the generated
patterns for the AArch64 specification.

switch (CC) ({
case ISD::CondCode: :SETEQ:
return SDValue (DAG.getMachineNode (aarch64temp: :CSELEQX, dl, MVT::
i64, Tval, FVal, ConditionFlag ), 0);

case ISD::CondCode: :SETNE:
return SDValue (DAG.getMachineNode (aarch64temp: :CSELNEX, dl, MVT::
i64, Tval, Fval, ConditionFlag ), 0);

case ISD::CondCode: :SETLT:
return SDValue (DAG.getMachineNode (aarch64temp: :CSELLTX, dl, MVT::
ie4, Tval, FVal, ConditionFlag ), 0);

case ISD::CondCode: :SETGT:

23
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return SDValue (DAG.getMachineNode (aarch64temp
i64, Tval, Fval, ConditionFlag ), 0);

case ISD::CondCode::SETGE:
return SDValue (DAG.getMachineNode (aarch64temp
i64, TVal, FVal, ConditionFlag ), 0);

case ISD::CondCode: :SETLE:
return SDValue (DAG.getMachineNode (aarch64temp
i64, Tval, FVal, ConditionFlag ), 0);

default:
1lvm_unreachable ("unimplemented _operand") ;

}

Listing 3.9: Example of the generated C++ code to map from LLVM’s target-independent

to AArch64’s conditional select instructions.

: :CSELGTX,

: :CSELGEX,

: :CSELLEX,

dl, MVT::

dl, MVT::

dl, MVT::



CHAPTER

Evaluation

This chapter showcases the evaluation of the changes and implementations from section
3. Section 4.1] introduces the setup used to evaluate the impact of the changes done in
this work. Sections 4.2, 4.3, 4.4, and 4.5 show the impact of the respective sections in |3,
while 4.6/ demonstrates the overall impact of all changes.

4.1 Setup

The AArch64 and Xaarch64 specifications were used as a basis for all evaluations and
implementations, as mentioned in section 3. Furthermore, other specifications present in
the OpenVADL repository were used to verify that no regressions were introduced.

Implementations and changes to the [LCB| were tested and evaluated with the following
setup: OpenVADL was used to generate an LLVM compiler artefact, the source code
of the generated compiler. This generated compiler was then compiled using its own
generated build files. For problems that prevented the generated compiler from being
built at all, successfully compiling it constituted the entire evaluation.

If the generated compiler was successfully compiled, a set of C source programs, repre-
senting the test suite, was used for further evaluation of the compiler’s capabilities. An
attempt was made to compile each individual C program without specific optimizations
enabled. If the compilation succeeded, the resulting executable was executed inside a
Linux virtual machine based on the AArch64 architecture to evaluate the correctness of
the compiled program.

Table |4.1) lists the test files used, along with information on whether the specific test
file makes use of the C standard library 1ibc, and a description of the capability it is
intended to test [Opec] [Oped]. Most of the test files are kept simple and focus on one
specific capability the generated compiler should support. The test files were already
part of the OpenVADL repository before this work and were not created in this work.
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Filename Uses Libc  Description
add.c No Add two constants and verify the result.
sub.c No Subtract two constants and verify the result.
mul.c No Multiply two constants and verify the result.
mulub4.c No Perform multiple multiplications and
additions with large unsigned-64-bit
integers and verify the result.
geq.c No Compare two constants with the
greater-than-or-equal operator.
gt.c No Compare two constants with the
greater-than operator.
leq.c No Compare two constants with the
less-than-or-equal operator.
lt.c No Compare two constants with the
less-than operator.
global.c No Index a globally defined array
and verify the indexed element.
indirect__call _min.c No Call an identity
function referenced through a pointer.
indirect__call.c No Call an comparison function
referenced through a pointer.
large__constant__with__compare.c No Add a large constant to a
given variable and verify the result.
large__constant.c No Compare two large constants with each other.
rem.c No Use the modulo operator to compute the
remainder of a division and verify the result.
simple.c No Return a constant from the main function.
switch.c No Define an array of function pointers
(jump table) and call the appropiate
functions.
binaryFirst.c Yes Binary search for the first (leftmost) index of
a target value in a sorted array, using a
comparator function pointer, and verify the
result.
binaryLast.c Yes Binary search for the last (rightmost) index
of a target value in a sorted array, using a
comparator function pointer, and verify the
result.
insertionSort.c Yes Implementation of insertion sort, additionally
allowing partial sorts.
rotate.c Yes Rotate the values in an array.

Table 4.1: Table of test files used for the implementation and evaluation.



4.2. Register and Subregister Hierarchy

4.2 Register and Subregister Hierarchy

Reworking the register-subregister hierarchy as described in section 3.1 affected the most
test files of all implemented topics and especially allowed more complex test files, like
binary search or insertion sort, to successfully compile and execute correctly.

As described in the respective implementation section, before this work, LLVM could not
correctly extend or truncate a register to its super- or subregister. The exact compile
error LLVM panicked with is shown in listing |4.1.

Assertion failed: (RC && "No legal register class for VT supports
that SubIdx"), function ConstrainForSubReg, file InstrEmitter.cpp,
line 493.
Listing 4.1: Excerpt of the error LLVM panicked with, while compiling the test file
indirect__call.c, before this work.

As partially stated in the error in listing 4.1, LLVM was unable to select a register of
register class W given a register of register class X, as no subregister-index was defined for
this non-existent register class relationship.

Table 4.2 shows the results of compiling and executing a subset of the mentioned test
files, namely test files that were affected by the change.

i ‘ Before ‘ After
ilename
‘ Compilable Correct ‘ Compilable Correct

global.c No - Yes Yes
indirect _call _min.c No - Yes Yes
indirect__call.c No - Yes Yes
large__constant__with__compare.c No - Yes Yes
large__constant.c No - Yes Yes
switch.c No - Yes Yes
binaryFirst.c No - Yes Yes
binaryLast.c No - Yes Yes
insertionSort.c No - Yes Yes
rotate.c No - Yes No

Table 4.2: Table of affected files by the introduced changes, comparing the compilation
and execution status before and after this work.

4.3 Immediate Type Mismatch between VADL and LLVM

As stated in the accompanying implementation section [3.2, the immediate type mismatch
between OpenVADL and LLVM caused the generated compiler for the Xaarch64 speci-
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fication to be uncompilable. Listing |4.2 shows an excerpt of the error LLVM panicked
with.

Type set is empty for each HW mode:
possible type contradiction in the pattern below (use —-print-records
with llvm-tblgen to see all expanded records) .

vtInt: (vt:{ *:[Other] })

Generated from record:

vtInt { // SDPatternOperator PatFrags PatFrag PatLeaf
1list<SDNodeProperty> Properties = [];
dag Operands = (ops);

Listing 4.2: Excerpt of the compilation error for the generated compiler of the Xaarch64
specification, before this work.

As stated in the reported error in listing 4.2, LLVM ran into a contradiction because the
intersection set between the set of legal types and the set of types defined for the specific
immediate responsible for the error was empty. The set of legal types was {i64}, while
the set of types of the immediate was {il6}.

As the error prevented the compiler from compiling, no changes to specific test files are
shown. With the changes to immediate typing introduced in this work, the generated
compiler successfully compiles.

4.4 Predicate Function Generation

As stated in the accompanying implementation section 3.3, the number of generated
predicate functions prevented the generated compiler for the AArch64 specification from
compiling. Listing |4.3| shows an excerpt of the error that LLVM panicked with.

openvadl/output/lcb/llvm-final/build/lib/Target/aarch64temp/
aarch64tempGenDAGISel.inc:7787:34: error: constant expression
evaluates to 256 which cannot be narrowed to type ’"unsigned char’
[-Wc++ll-narrowing]
7787 | /* 12105%/ OPC_CheckPredicate, 256, //
Predicate_AArch64Base_CCMNICCX_ immXAsInto64

| A

Listing 4.3: Excerpt of the compilation error for the generated compiler of the AArch64
specification, before this work.

The reported error in listing |4.3| shows an excerpt of LLVM’s bytecode table used for
instruction selection. As more than 256 predicate functions were defined before this work,
LLVM could no longer store an index to the excess functions, and compilation failed.

This work reduced the number of generated predicate functions from 505 to 31.
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Similar to section 4.3, no changes to specific test files are shown, as the error prevented
the generated compiler from compiling. With the reduction of the number of generated
predicate functions introduced in this work, the generated compiler successfully compiles.

4.5 Machine-Instruction Label Classification

4.5.1 Indirect-Call Lowering

Introducing the necessary labeling and classification logic for instructions resembling
BLR’s behavior allowed the necessary indirect call instruction patterns to be generated,
as described in [3.4. This in turn allowed test files making use of function pointers and
indirect calls to successfully compile and execute correctly.

As described in the respective implementation section, before this work, LLVM could
not match a SelectionDAG node representing a procedure call to an address stored in a
register to AArch64’s native BLR instruction. This can be seen in the listing 4.4 which
depicts the error LLVM panicked with when trying to compile the test file indirect_call.c.

fatal error: error in backend: Cannot select: tl19: ch,glue =
aarch64tempISD::CALL tl17, tl1l0, RegisterMask:Untyped, indirect_call.
c:17:10
t10: i64,ch = load<(dereferenceable load (s64) from %$ir.f_sub)> t9,
FrameIndex:164<1>, undef:i164, indirect_call.c:17:10
t7: 164 = FrameIndex<l>
t2: 164 = undef
t18: Untyped = RegisterMask
In function: driver
Listing 4.4: Excerpt of the error LLVM panicked with, while compiling the test file
indirect__call.c, before this work.

Table |4.3| shows the results of compiling and executing a subset of the mentioned test
files, namely test files that were affected by the change.

As can be seen in table 4.3 the listed test files are still uncompilable after the introduced
changes. This is caused by the missing implementations of the register-subregister
hierarchy adaptation, as described in 3.1, and the introduction of conditional select labels,
as described in 13.4.

Together with the mentioned changes, these test files are compilable and are partially
correctly executed, as can be seen in section 4.6.

4.5.2 Conditional select operations

Extending the necessary labeling and classifying logic for instructions implementing
conditional select operations allowed the necessary mapping between LLVM’s target-
independent and target-dependent conditions to be generated, as described in (3.4. This
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Before ‘ After

Filename ‘ Notes

‘ Compilable Correct ‘ Compilable Correct

indirect__call _min.c No - No - additionally
requires the
changes
introduced in (3.1
indirect__call.c No - No - additionally -
requires the
changes
introduced in 3.1
switch.c No - No - additionally -
requires the
changes
introduced in (3.1
binaryFirst.c No - No - additionally -
requires the
changes
introduced in 3.4
binaryLast.c No - No - additionally -
requires the
changes
introduced in (3.4
insertionSort.c No - No - additionally -
requires the
changes
introduced in 3.4

Table 4.3: Table of affected files by the introduced changes, comparing the compilation
and execution status before and after this work.

resulted in test files making use of conditional select operations with a variety of conditions
becoming compilable.

As described in the respective implementation section, before this work, LLVM could
not match various conditions, including signed greater-than or signed less-than, to their
target-dependent counterpart, resulting in the compilation failure of test files. LLVM
panicked with the error message unimplemented operand.

Table |4.4 shows the results of compiling and executing a subset of the mentioned test
files, namely test files that were affected by the change.

Similar to the results of section 4.5.1, the compilation status of the affected test files did
not change, as the changes to the register-subregister hierarchy, introduced in 3.1, are
additionally needed.
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4.6. Overall Results

Before ‘ After

Filename ‘ Notes

‘ Compilable Correct ‘ Compilable Correct

binaryFirst.c No - No - additionally
requires the
changes
introduced in (3.1
binaryLast.c No - No - additionally -
requires the
changes
introduced in 3.1
insertionSort.c No - No - additionally -
requires the
changes
introduced in (3.1
rotate.c No - No - additionally -
requires the
changes
introduced in 3.1

Table 4.4: Table of affected files by the introduced changes, comparing the compilation
and execution status before and after this work.

Together with the mentioned changes, these test files are compilable and are partially
correctly executed, as can be seen in section [4.6.

4.6 Overall Results

As most test files required multiple changes to the implementation to be compilable
and correctly executable, table |4.5 shows all test files, as introduced in 4.1, and their
before-and-after compilation, as well as execution status.

As can be seen, the first 8 test files were already compilable and were not affected,
nor targeted, by the changes made in this work. Additionally, mulu64.c and rem.c
are still uncompilable after the implemented changes. The necessary changes to the
implementation are out of the scope of this work and mentioned in |5.1.

The remaining 10 test files successfully compile and execute now, except for rotate.c,
which, too, is out of scope for this work.

While rotate.c compiles correctly, it crashes with a segmentation fault at runtime.

This is caused by the |LCB| incorrectly handling certain negative 64-bit integer constants,
which results in a corrupted value in the generated assembly, triggering the crash. This
is an open bug in the |LCBL
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i ‘ Before ‘ After
ilename

‘ Compilable Correct ‘ Compilable Correct
add.c Yes Yes Yes Yes
sub.c Yes Yes Yes Yes
mul.c Yes Yes Yes Yes
geg.c Yes Yes Yes Yes
gt.c Yes Yes Yes Yes
leqg.c Yes Yes Yes Yes
lt.c Yes Yes Yes Yes
simple.c Yes Yes Yes Yes
mulub4.c No - No -
rem.c No - No -
global.c No - Yes Yes
indirect__call _min.c No - Yes Yes
indirect__call.c No - Yes Yes
large__constant__with__compare.c No - Yes Yes
large__constant.c No - Yes Yes
switch.c No - Yes Yes
binaryFirst.c No - Yes Yes
binaryLast.c No - Yes Yes
insertionSort.c No - Yes Yes
rotate.c No - Yes No

Table 4.5: Compilation and execution status of every test file, before and after this work.
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Future Work

5.1 Missing Extension Patterns

5.1.1 Register Extension Patterns

As can be seen in section 4.6), after the changes made in this work, there are still two test
files that do not compile. One reason is missing zero-extension patterns for subregisters
to their respective super-registers. Section 3.1 introduced any-extension patterns (see 2.1
for an explanation) for register-subregister hierarchies. Similar patterns are needed for
zero- and sign-extension operations.

In contrast to any-extension, zero- and sign-extension cannot simply be mapped to
INSERT_SUBREG operations. Any-extension leaves the upper bits of the extended
register unconstrained, so it is sufficient to tell LLVM to treat the subregister as its
superregister, regardless of what value the upper bits hold. Zero- and sign-extension
do constrain these upper bits, requiring them to be zero-filled or to repeat the sign bit.
Satisfying this constraint requires an instruction that actually sets the upper bits, rather
than simply reinterpreting the subregister as its superregister. Since these instructions are
target-dependent, these patterns cannot be generated without taking the architecture’s
available instructions into account.

The LCB| has the ability to recognize necessary instructions with the help of machine
instruction label classification introduced in 2.2. Additionally, OpenVADL provides the
[overwrite source: ] annotation describing the effect of writes to subregisters
on their super-registers.

5.1.2 Memory Load Patterns

Section 3.1.3|introduced additional patterns for store and truncstore instructions,
which were deduced from existing store patterns and extended to available superregisters
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of the registers used in the patterns. A truncating-store pattern for an 18 stored in
a W register additionally generated a pattern for an 18 stored in an X register, W’s
superregister.

Similar additional patterns should be generated for load instructions, including load-with-
extension instructions such as zextload, extload and sextload.

Given a pattern that maps the instruction zextloadi8, loading and zero-extending a
byte to 32 bits, additional patterns for bit-sizes with the power of 2 should be generated.
Namely zext1loadi8 to 64-bits. Analogous patterns should be generated for sextload
and extload.

Listing [5.1| demonstrates this, with the first pattern being generated directly from the
OpenVADL specification, as implicitly written by the specification author, while the next
pattern is deduced by the LCB.

def : Pat<(i32 (zextloadi8 S:$rn)),
(LDRB S:Srn, (i64 0))>;

def : Pat< (164 (zextloadi8 S:Srn)),
(SUBREG_TO_REG (164 0), (LDRB S:$rn, (164 0)), SUB_32)>;

Listing 5.1: Generated patterns for the zext1loadi8 LLVM-IR|instruction. The first
pattern is currently generated by the LCB)|, while the second pattern is missing.

5.2 Machine-Instruction Labels

Section [2.2.1] introduced the concept of the semantic gap, while section 3.4 extended the
available machine instruction labels.

5.2.1 Multiple Labels

A current limitation of the machine instruction label classification is that a single
instruction can only be classified with a single label. This restricts the LCB| from taking
advantage of instructions that cover the behavior of multiple labels.

Allowing multiple labels per instruction would increase the flexibility of the LCB|in
generating necessary LLVM patterns.

5.2.2 Unsigned Comparisons

As described in section 3.4, labels for unsigned comparisons are not available. This is not
limited to conditional select instructions, but also to conditional branch instructions.

Because of the missing labels, necessary mappings between LLVM instructions using
unsigned comparisons (like unsigned-less-than, unsigned-less-or-equal) and associated
target-dependent instructions are not generated.



— =

— O © 00O Uk Wi -

5.3. Optimizations

5.3 Optimizations

As described in section |4, the C test files were compiled with no optimizations enabled.

LLVM provides several target-independent optimization passes, including tail duplication,
branch folding, and block placement [Prof] [Proh] [Prog]. To reason about a function’s
control flow, LLVM expects a target to implement the function analyzeBranch, which
analyzes the condition and target of a basic block’s terminating instruction.

As the function is target-dependent, it has to be generated by the [LCB|, which currently
assumes that branch instructions always follow the RISC-V-style shape, namely two
registers being compared, followed by a target.

This assumption fails under AArch64’s branch instructions, resulting in compiler crashes
as soon as specific optimizations are enabled.

The [LCB must analyze an architecture’s branch instruction shapes and generate the
analyzing function accordingly.

5.4 AArch64 Specification

5.4.1 Multiplication Patterns

AArch64 defines the instruction MADD [Lim23a)], which allows the multiplication of two
registers and adding a third register to the result, storing the final result in a fourth
register.

Listing 5.2| shows the definition of the MADD instruction in OpenVADL’s AArch64 spec-
ification. To improve readability, the listing shows the instruction with all macros
expanded.

format MulAddSubFormat: Instr = {

st [31],

op [30..21, 15],

rm [20..16] : Index,
ra [14..10] : Index,
rn [9..5] : Index,
rd [4..0] : Index}

instruction MADDW : MulAddSubFormat =
let result = VADL::add(W(ra), W(rn) = W(rm)) in
W(rd) := result

Listing 5.2: OpenVADL definition of the MADD instruction.

As described above, two registers are multiplied with each other (W indexed by rm and
rn), a third register is added to the result (W indexed by ra), and the final result is
stored in another register (W indexed by rd).
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Listing 5.3/ shows the associated patterns generated for the instruction’s behavior. Because
the instruction covers both addition and multiplication, the associated pattern in TableGen
covers these two operations in the same pattern.

def : Pat<(add W:$ra, (mul W:Srn, W:Srm)),
(MADDW W:S$ra, W:Srn, W:S$rm)>;

Listing 5.3: Generated LLVM patterns for the MADD instruction defined in listing 5.2

Because the MADD instruction covers multiplication with an additional addition, the LCB
never generates sole multiplication patterns. Therefore, a sole multiplication cannot be
mapped onto the MADD instruction.

To cover the case of a sole multiplication with no addition, OpenVADL’s specification
defines a pseudo-instruction for multiplication, as can be seen in listing 5.4 The format
field ra is hardcoded to the decimal value 31, representing the 32nd register of the W
register, which itself is a zero register. Therefore, this pseudo-instruction covers a single
multiplication.

pseudo instruction MULW (rd : Index, rn : Index, rm : Index) = {
MADDW{rd = rd, rn = rn, rm = rm, ra = 0bl’71111}

}

Listing 5.4: OpenVADL definition of the MULW pseudo-instruction, representing a sole

multiplication with a zero-addition.

Although the pseudo-instruction covers the case of a sole multiplication, no appropriate
patterns are generated by the LCB, which should recognize the zero addition as an
operation with no change to the behavior.

5.4.2 Shift Instructions and Patterns

OpenVADL’s AArch64 specification defines typical shift operations, like logical-shift-
left (LSL) or logical-shift-right (LSR), for both the 64-bit register-file X and the 32-bit
register-file W. Both instructions take two registers as operands, representing the value
and the shift amount.

In addition to the register-register shift instructions, shift-by-immediate instructions are
needed, which are, similarly to section |5.4.1, defined as pseudo-instructions, using the
instruction UBFM [Lim23b] internally. This can be seen in listing 5.5.

pseudo instruction LSLIX(rd : Index, rn : Index, shift : Bits6) = {
UBFMX {
rd = rd,
rn = rn,
immr = -shift,
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5.4. AArch64 Specification

imms = (Size::XSize - 1) - shift

}

Listing 5.5: OpenVADL definition of the LSL instruction, representing a logical-shift-left
with two registers.

Although the pseudo-instruction implements a logical-left-shift-by-immediate, the LCB
does not correctly recognize the operation and consequently does not generate patterns
for LLVM-IR’s 1s1 instruction.

5.4.3 Embench Performance Evaluation

The OpenVADL project provides a continuous benchmarking dashboard called Resselpark
[Opee], which provides performance evaluation for the OpenVADL frontend, Instruction
Set Simulator (ISS)| and LCB, using the benchmark Embench [Emb|. Other papers
working on OpenVADL also make use of Embench to evaluate the [LCBf's performance
compared to the upstream compilers [Gis] [Per25] [FHH™25b).

While this work extended the LCB| problems mentioned in this chapter prevent most of
the benchmark’s test files from compiling for the AArch64 specification yet. Making the
compilation and execution of Embench for the AArch64 specification possible would be a
big step in bringing the |[LCB|and A Arch64 specification closer to being production-ready.
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CHAPTER

Conclusion

OpenVADL’s LCB| was previously shown to be capable of handling a variety of specifica-
tions for different architectures. Nonetheless, each new specification highlights the LCB’s
abilities while also showcasing shortcomings and new challenges.

This work identified and fixed four such shortcomings that became apparent while gener-
ating a compiler for OpenVADL’s specification of a subset of the AArch64 architecture.
These concerned the handling of the register and subregister hierarchy, a type mismatch
between immediate operands in OpenVADL and LLVM, the generation of redundant
predicate functions, and the lack of classification for certain machine instructions. The
evaluation showed that most test files, which previously failed to compile or executed
incorrectly, now compile and execute correctly.

As OpenVADL currently ships only a subset of the AArch64 architecture, and the fixed
defects concerned the [LCB| in general, these fixes are a step towards supporting more
complete AArch64 specifications in the future.
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Overview of Generative Al Tools
Used

Claude Sonnet 5 [Ant] was used in this thesis to find inconsistencies in the writing format,
including miscapitalized headings and inconsistent use of text styling. Furthermore,
Claude Sonnet 5 assisted in the implementation of LaTeX [LaT] constructs, including
tables and graphics, while the actual content of these constructs was not generated.

Additionally, Grammarly |Gra] was used to find and correct grammatical and spelling
errors.

No text passages were generated by Al tools.
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