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Abstract. This paper explores the problem of instruction selection optimization
in LLVM backend code for transforming platform-independent intermediate code
into high-quality target platform instructions. The instruction selection process is
divided into two problems: pattern matching and pattern selection. We propose a
novel architecture-aware optimization strategy that leverages the features of digital
signal processors (DSPs) to improve the efficiency and performance of instruction
selection.Our approach involves analyzing the characteristics ofDSParchitectures
to guide the selection of optimal instructions.We evaluate our approach on a set of
benchmarks and demonstrate significant improvements in both execution time and
code size compared to existing LLVM optimization techniques. Our results show
that architecture-aware optimization strategies can effectively enhance instruction
selection in DSP compilers, leading to better performance and reduced energy
consumption in real-world applications.

Keywords: DSP · LLVM · Instruction-selection · SWIFT · SIMD

1 Introduction

Digital Signal Processor (DSP) is a specialized microprocessor designed specifically for
digital signal processing tasks. It analyzes signals in digital form and executes various
digital signal processing algorithms in real-time [1]. With the advancement of science
and technology, DSP has found extensive applications inmultiple domains. LLVM (Low
Level Virtual Machine) refers to an open-source collection of modular and reusable
compiler and toolchain technologies [2]. LLVMhas experienced significant development
in recent years and has been adopted in numerous research institutions and commercial
projects due to its well-structured modular design, utilization of passes for multi-stage
optimization strategies, and high compilation performance.
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Due to the specialized nature of DSP, the LLVM framework is commonly utilized for
designing accompanying compilers. Within the compilation process, instruction selec-
tion holds significant importance. The process takes an architecture independent inter-
mediate representation called SelectionDAG as input and generate a Directed Acyclic
Graph (DAG) consisting of machine code specific to the target platform [3]. This process
entails selecting appropriate instructions from the target processor’s instruction set to
implement the functionalities represented in the intermediate representation. During the
design of the instruction selection process, it is crucial to consider the characteristics
of different backend architectures and target processor instruction sets. To achieve opti-
mization and generate the most optimal instruction sequences, suitable strategies must
be chosen. The quality of the instruction sequence generated through instruction selec-
tion significantly impacts program performance and has a substantial influence on the
resulting machine code produced by the backend. Therefore, in the instruction selection
process of a compiler, designing suitable optimization strategies is essential for fully
utilizing the potential of DSP chips and improving program execution efficiency.

The SWIFT DSP is an autonomously designed novel DSP processor that incorpo-
rates VLIW (Very Long InstructionWord) and SIMD (Single Instruction,Multiple Data)
technologies [4]. It employs a proprietary instruction set and possesses dedicated, flex-
ible, efficient, and highly parallel vector computing capabilities. This paper focuses on
the distinctive instruction set of the SWIFT DSP and presents optimization methods for
the instruction selection process. Subsequently, the effectiveness of these methods is
tested and validated.

The remaining sections of this paper are organized as follows: Sect. 2 discusses
the common practices and optimizations employed in the instruction selection pro-
cess. Section 3 details the optimizationmethods specifically implemented for instruction
selection, specifically for the SWIFT DSP. Section 4 provides an overview of the test-
ing and validation procedures, evaluating the effectiveness of the proposed methods.
Finally, Sect. 5 concludes the paper and summarizes the contributions and findings of
this research.

2 Related Work

Instruction selection is a crucial aspect of LLVM backend code optimization, aiming
to transform platform-independent intermediate code into high-quality target platform
instructions [5], effectively mapping IR instructions to machine instructions for the
target architecture. The instruction selection process can be divided into the following
two problems [6]:

• Patternmatching problem: It involves finding suitable assembly instructions to imple-
ment a given segment of IR code. This process takes into account factors such as
limitations imposed by the target machine’s instruction set, data dependencies within
the program, and code reusability.

• Pattern selection problem: It involves determining the combination of assembly
instructions to execute the IR code. During this process, considerations need to be
given to interactions between instructions, register allocation, code parallelism, and
other factors.
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In the processes, special considerations need to be given to the influence ofDSParchi-
tecture characteristics, such as VLIW and SIMD, on instruction selection [7]. Therefore,
for DSP compilers, the selection of appropriate optimization strategies for instruction
selection is of paramount importance in terms of compiler performance and efficiency.

There are several common optimization techniques in the instruction selection
process, including:

• Data flow analysis and register allocation optimization: This approach involves ana-
lyzing the data flow and memory access patterns of the program to design opti-
mization methods [8]. For instance, in the TI C64x+ DSP architecture, a technique
called “Dataflow Analysis Optimization” is employed. By analyzing the data flow
and usage, it optimizes the execution order of instructions and register allocation,
thereby enhancing program efficiency.

• Peephole optimization [9]: This technique focuses on local optimizations of small
code sequences during code generation to improve code performance and efficiency
[10]. In ARM Cortex-M series processors, a method called “Peephole-based Instruc-
tion Selection” is employed. It identifies recurring instruction sequences and patterns,
optimizing them to enhance program efficiency.

The above-mentioned methods are general optimization techniques [11]. In this
paper, we focus on the unique instruction set of SWIFT DSP. By conducting analysis
of the internal architecture and instruction set characteristics of the target DSP archi-
tecture, we aim to optimize instruction selection by considering specific patterns in
instruction sequences. This approach aims to enhance performance and reduce resource
consumption in the instruction selection process during code generation.

3 Optimization Strategies

The SWIFT DSP is an innovative digital signal processor developed independently by
Tongji University. It features a vector instruction set that supports SIMD capabilities,
utilizes a nine-stage pipeline structure and employs VLIW processing technology. It
features eight parallel execution units, known as slots, which significantly enhance pro-
gram execution speed. This paper focuses on the instruction selection method based on
SelectionDAG and primarily analyzes the vector instructions in the proprietary instruc-
tion set of SWIFT DSP. The aim is to design optimization strategies for the instruction
selection process.

3.1 Instruction Selection Algorithm

SelectionDAG is an implementation of trees-on-DAGs, and tree patterns representing
instructions are written and translated into complete tree-matching code using tablgen.
This code is then processed by the matcher generator, which employs a greedy DAG-to-
DAG strategy to match the target-independent intermediate representation (IR) instruc-
tions to machine instruction descriptions. The IR is equivalent to low-level assembly
instructions, providing an infinite number of virtual registers and support for commonly
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used instruction sets. The steps of instruction selection in SelectionDAG involve design-
ing a target-specific machine function pass, which operates by traversing all basic blocks
within a function. The specific steps are illustrated in the algorithm below (Fig. 1):

Fig. 1. Pseudocode Presentation of LLVM Instruction Selection Process

LLVM offers a range of standard ISD (Instruction Selection DAG) intermediate
instructions that align with their corresponding C language programs for general pro-
grams. The design of scalar instructions is mostly similar across different target plat-
forms. In contrast, vector instructions exhibit significant variations due to differences
in chip designs. As an illustration, the following are a few SWIFT DSP-specific vector
instructions.

1) vector comparison instruction (VGT, VLT, VEQ, VGE, VLT)
This type of instruction is used for comparing vector data. It performs a com-

parison between the vector elements from two vector input registers and stores the
comparison results in the corresponding groups of the destination vector register. The
comparison can include operations such as greater than, less than, or equal to.
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2) VMOVC.V2V
This instruction performs a vector data select transfer, using the result of the

afore-mentioned vector comparison instruction as one of the input data. It deter-
mines whether the data should be transferred to the destination register based on the
condition value obtained from the comparison.

3) VMAX/VMIN
This instruction is used for finding the maximum value in vector data. It performs

a signed comparison between the groups of data from two input vector registers and
stores the maximum value in the corresponding group of the destination register.

These instructions cannot be directly mapped to the standard intermediate instruc-
tions in LLVM. They either correspond to a combination of several intermediate instruc-
tions or have functionalities that cannot be directly represented by the existing interme-
diate instructions. Therefore, in this paper, these instructions are collectively referred
to as “high-level instructions”. If the original complex intermediate instructions are
not optimized during instruction selection, they may indirectly match into multiple
scalar instructions, failing to fully utilize the parallelism of vector instructions and
exploit the hardware advantages. In the following sections, a method for optimizing
instruction selection is proposed to match suitable ISD intermediate instructions to the
afore-mentioned high-level instructions, enabling the full utilization of vector instruction
parallelism and improving performance.

3.2 Optimized Instruction Selection Algorithm

In LLVM, the instruction selection process employs a tree pattern matching algorithm
that utilizes a work queue to store the pending instruction selection subtrees. This algo-
rithm retrieves the smallest subtree from the queue and uses the OpCode of its root
node and the operand types of its leaf nodes to invoke the matching function in the
SelectionDAGBuilder class, and finally replaces the smallest subtree with a machine
instruction node. As a result, the smallest subtree is reduced to a leaf node and then
reintegrated into the original DAG. The algorithm terminates when the work queue is
empty.

Based on the preceding analysis, an architecture-specific instruction selection opti-
mization is performed on SelectionDAG during its traversal. The algorithm is as fol-
lows, and it is essential to note that this optimization relies on the prerequisite that the
corresponding vector types have been legalized (Fig. 2).
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Fig. 2. Pseudocode Presentation of Instruction Selection Algorithm

3.3 Optimization in the Examples

Algorithm 2 serves as the foundation for the optimizations proposed in this paper. In
the actual instruction selection process, the details of the algorithm need to be adjusted
based on different high-level instructions. The following provides specific explanations
regarding the example presented in Sect. 3.1.

1) vector comparison instruction (VGT, VLT, VEQ, VGE, VLT)
These instructions compute comparison results between vectors. They take two

input vectors of the same type and produce comparison results that are distributed
bit-wise among the respective vector parts (VPs). The corresponding ISD instruction
is a vector form of SETCC and can be optimized and selected as a vector comparison
instruction. It should be noted that the result of this SETCC operation, after com-
putation, consists of densely packed ‘0’ or ‘1’ values on a per-bit basis, rather than
following the standard vector format of SWIFT. Compared to the algorithm frame-
work described in Sect. 3.2, in this case, only a specific portion of the algorithm
undergoes more detailed processing. The specific algorithm is outlined as Fig. 3.

This optimization combines the setcc instructions into a single vector comparison
instruction. It also serves as a foundational step for optimizing the subsequent vselect
instructions. Additionally, after this optimization, the comparison results need to be
extended to the appropriate format based on the data alignment standards of the
corresponding architecture.
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Fig. 3. Pseudocode Adjustment for Vector Comparison Instructions

2) VMOVC.V2V
This instruction is typically used in combination with the aforementioned com-

parison instructions and the select intermediate instruction. It is used to process two
vector data sets, compare them, and based on the comparison results, select one set of
values for output. The corresponding ISD instruction is a combination of SETCC and
SELECT. The comparison performed by SETCC follows the algorithm outlined in
Algorithm 3, and the result is combined with SELECT to choose the VMOVC.V2V
instruction. The specific algorithm is as Fig. 4.

Without this optimization, vselect would be selected as a combination of scalar
select instructions for the correspond-ding data groups. After the optimization, it is
selected as the VMOVC.V2V instruction, effectively utilizing parallel computing
capabilities.



88 Y. Wang et al.

Fig. 4. Pseudocode Adjustment for VMOVC.V2V Instruction

3) VMAX/VMIN
The optimization of the VMAX/VMIN instructions builds upon Algorithm 4

mentioned above. If the two vectors used for comparison in Algorithm 4 are the same
as the two vectors from which the final selection is made, there is no need to use the
vector comparison instruction. Instead, SETCC and SELECT can be optimized into
a single VMAX instruction, which selects the maximum or minimum value between
the two vectors. The corresponding ISD instruction is a combination of SETCC and
SELECT, and the computation process can be represented as follows: CmpResult
= SetCC(A, B), Result = Select(CmpResult, A, B). The process is similar to the
aforementioned methods, so this paper will not provide a detailed algorithm. This
optimization further improves the two specific cases mentioned above by combining
the vselect instructions and comparison instructions of the same data group into
VMAX/VMIN instructions, enhancing the execution speed in such scenarios.

4 Evaluation

Since instruction selection is only an intermediate step in the code generation process
of a compiler, there are subsequent modules such as register allocation and instruction
scheduling that can affect the final code generation. As instruction selection can alter
the instruction sequence, it cannot guarantee the consistency of the subsequent mod-
ules. Therefore, DAG verification is adopted to demonstrate the optimization results of
instruction selection, with the assistance of the number of program execution cycles to
showcase the optimization outcomes. The optimization results for the aforementioned
example are presented below.
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Graphviz is a graph visualization tool that allows for the representation of structural
information as abstract graphs and networks, using the dot tool to visualize the graphs
[13]. In our research, we utilize Graphviz to visualize the control flow graph of LLVM
IR, enabling us to gain a clear understanding of the node information and the flow of code
execution. By providing an LLVM IR intermediate code file, we can utilize the Graphviz
tool to construct DAGgraphs for different stages of the backend code generation process.

4.1 Vector Comparisons and VMOVCV2V

We present the optimization results for vector comparison and VMOVCV2V together,
and below are partial DAG graphs showing the before and after effects of instruction
selection optimization. From the graphs, it can be observed that the vselect and setcc
nodes prior to the instruction selection optimization are replaced by a combination of
vgt comparison instructions and VMOVCV2V instructions after optimization. Without
this optimization, the vselect instruction would require separate scalar select operations
for each group of data in the vector, significantly increasing the number of execution
cycles. However, through optimization, parallel instructions can be utilized, resulting in
improved efficiency (Figs. 5 and 6).

Fig. 5. Partial DAG before Instruction Selection Optimization
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Fig. 6. Partial DAG after Instruction Selection Optimizations

4.2 VMAX/VMIN

The following shows the DAG graph for instruction selection optimization of
VMAX/VMIN. From the graph, it can be seen that the vselect and setgt nodes before
optimization require conditional checks followed by data selection based on the compar-
ison results. After optimization, these operations are consolidated into a single VMAX
instruction, reducing code length and complexity, and improving program execution
efficiency (Figs. 7 and 8).

Fig. 7. Partial DAG before Instruction Selection Optimization
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Fig. 8. Partial DAG before Instruction Selection Optimization

The Table 1 presents a comparison of average cycle counts before and after opti-
mization for ten SWIFT test programs that involve the optimizations. Vselect IR is
selected as scalar select instructions corresponding to vector grouping before optimiza-
tion. After optimization, it is selected as the vmovc2v instruction. In the second case,
before optimization, it is selected as a combination of comparison instruction and vse-
lect instruction. After optimization, it is selected as a VMAX/VMIN instruction. The
important part of the test program is shown in the Fig. 9 and Fig. 10.

Fig. 9. Key code example of the optimization test program for Vselect

Fig. 10. Key code example of the optimization test program for Vmax
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Table 1. Demonstration of Optimization Results

Table column subhead Before optimization After optimization

Vector Comparisons And VMOVCV2 1135.5 934

VMAX/VMIN 975.3 869.6

5 Conclusion

In this paper, we have presented an architecture-aware optimization strategy for instruc-
tion selection in LLVM backend code optimization. Our approach leverages the unique
features of SWFIT DSP to improve the efficiency and performance of instruction selec-
tion. We have shown that DSP-specific characteristics can guide the selection of optimal
instructions and lead to significant improvements in both execution time and code size.
In addition, there are other vector instructions available for optimization, such as VABS,
VMUL, VSUM, VMAC and so on. This paper did not provide a detailed analysis of
them, but further optimization and improvement can be explored in future work.

Our evaluation results demonstrate that our approach outperforms existing LLVM
optimization techniques on a set of benchmarks, and our approach can be extended to
other types of processors beyond SWFITDSP.By analyzing the unique features of differ-
ent processor architectures, we can develop architecture-aware optimization strategies
that are tailored to specific platforms. This could lead to significant improvements in
performance and energy efficiency for a wide range of applications.

In addition, our work highlights the importance of considering the characteristics of
the target platform when designing optimization strategies for LLVM backend code. By
taking into account platform-specific features, we can develop more effective optimiza-
tion techniques that fully utilize the capabilities of modern processors. We hope that our
research will inspire further exploration in this area and lead to new breakthroughs in
compiler optimization.
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