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Abstract—In recent years, the Internet of Things (IoT) has
become widespread across a broad range of systems. Embedded
processors used in such IoT devices have tight constraints
on area, energy budget, and other resources. As a processor
architecture for embedded systems, Very Long Instruction Word
(VLIW) is one of the useful methods for implementing embedded
systems. In VLIW processors, a dedicated compiler statically
schedules instructions according to the design, thereby achieving
high Instruction Level Parallelism (ILP) without requiring a
complex internal structure. In addition, the RISC-V compressed
instructions set are well suited to embedded processors. However,
compressed instructions have the problem that they must be used
in combination with basic instructions. To solve the problem,
a translator that converts basic instructions to compressed
instruction has been proposed. Furthermore, a VLIW processor
focusing on compressed instructions have also been proposed,
with parameterizable numbers of functional units (e.g., ALUs).
However, there is no VLIW compiler for RISC-V compression
instructions, so instruction schedules must still be managed
manually to use the processor. Furthermore, because this VLIW
architecture supports varying the number of functional units via
a configuration file for automated design, the scheduler must
adapt its scheduling decisions to the VLIW configuration. To
address the lack of a VLIW compiler supporting the RISC-
V compressed instruction and the need to perform instruction
scheduling for VLIW architectures whose configurations vary
according to a configuration file, we propose a VLIW instruction
scheduler for the RISC-V compressed instruction that supports
configuration file defined VLIW architectures, and we validate its
functional correctness and evaluate its performance. As a result,
we verified that the scheduler performs correctly under varying
VLIW configurations and operates with low overhead relative to
hand scheduling.

Index Terms—RISC-V, compressed instruction set, computer
architecture, VLIW, compiler, instruction scheduling.

I. INTRODUCTION

In recent years, the Internet of Things (IoT) [1]-[5] has
become widespread across a broader range of systems. The
proliferation of IoT is extending to a diverse array of sys-
tems, ranging from conventional electrical devices to those
that have traditionally operated without electricity. Embedded
processors used in such IoT devices that have tight constraints
on area and energy budget. But the increasing complexity of
IoT applications has made it difficult to meet performance,
area and energy efficiency targets, increasing interest in those
budgets [6]. Consequently, general purpose processors are
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typically tend to be avoided in such designs because they incur
larger silicon area and higher energy consumption.

As a processor architecture for embedded systems, Very
Long Instruction Word (VLIW) has been the subject of ex-
tensive research and is regarded as an effective approach [7]-
[11].

In a VLIW processor, the slots where specific instructions
can be executed are determined during the architecture design
phase, and the dedicated compiler statically reorders instruc-
tions according to the design. As a result, VLIW processors
can achieve high Instruction Level Parallelism (ILP) without
complex internal structure. Meanwhile, RISC-V is an open-
source and free to use instruction set architecture (ISA) that
has attracted significant attention from both academia and
industry [12]. Owing to its open specification, a wide range
of RISC-V processors such as BOOM [13], Rocket Chip
[14], RVCoreP [15], and PicoRV32 [16] has been proposed.
The RISC-V compressed instructions, one of the standard
ISA extensions, can reduce code size by supplying 16-bit
encodings for common instructions. Therefore, the RISC-V
compressed instructions are well suited to embedded proces-
sors. As one of the implementations of VLIW processor based
on RISC-V, RVC-VOI is proposed [17]. One of the features
of this processor is that it adopts only compression (16bit)
instructions. In addition, to support RVC-VOI, a translator has
been developed that converts RISC-V base-ISA instructions
into their compressed instructions. Furthermore, this processor,
which targets compressed instructions, also has the capability
to parameterize the number of functional units (e.g., ALUs).
Given the characteristics of VLIW execution and the com-
pressed instructions, RVC-VOI is a promising candidate for
embedded processors.

However, there is no VLIW compiler for RISC-V compres-
sion instructions. VLIW differs from superscalar, which per-
forms instruction scheduling on hardware, in that the compiler
performs instruction scheduling. Therefore, in order to use the
hardware, it is currently necessary to schedule instructions by
hand. Furthermore, because this VLIW architecture supports
varying the number of functional units via a configuration file
for automated design, the scheduler must adapt its scheduling
decisions to the VLIW configuration.

To solve the above problems, we develop a VLIW in-
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Fig. 1. 4-issue VLIW structure.

struction scheduler for RISC-V compression instruction that
supports configuration file defined VLIW architectures and ex-
amine instruction scheduling methods. The scheduler receives
an assembly codes composed of compressed instructions and
converts the received instructions into VLIW instructions
consisting of a memory access instruction, a control instruc-
tion, and two ALU instructions. In this process, the current
scheduler inserts no-operation instructions to avoid register
dependencies.

As part of the verification process, we actually performed
the instruction conversion and confirmed the operation of the
program using the converted instructions for VLIW processors
with varying numbers of slots.

II. BACKGROUND

RISC-V is one of the ISAs that has attracted the most
attention recently [12]. While most commercial ISAs require
license fees, RISC-V is an open-source ISA and free to
use. By its openness, RISC-V has attracted interest not only
from academia but also from industry. Consequently, many
companies and universities are currently entering the devel-
opment of RISC-V. Additionally, RISC-V consists of a 32-bit
basic integer instruction that enables the minimal processor
operation and several selectable extension instructions. These
extensions can be selectively implemented during processor
design, depending on the type of applications the processor
is intended to run. Examples of extensions include integer
multiplication and division instruction set extension, single
and double precision floating-point instruction set extension,
atomic instruction set extension, and compressed instruction
set extension. Particularly, compressed instructions reduce
certain frequently used basic instructions to 16-bit. Therefore,
the implementation of this extension is expected to be used as
embedded processors because it reduces code size.

As a processor architecture for embedded systems, VLIW
is one of the useful methods for implementing embedded
systems. In a VLIW processor, the slots where specific instruc-
tions can be executed are determined during the architecture
design phase, and the dedicated compiler statically reorders
instructions according to the design. Figure 1 describes the
example of architecture of a 4-issue and 4-stage pipeline
VLIW processor. While superscalar processors, which are
common processor architecture in recent years, depend on
complex internal scheduling algorithms to dynamically deter-
mine which instructions can be executed in parallel, VLIW

processors perform this task with the compiler. This allows
VLIW processors to have simpler internal algorithms, reducing
the circuit area. As a result, VLIW processors can achieve high
Instruction Level Parallelism (ILP) without complex internal
structure. However, while RISC-V offers extensive support for
superscalar processors, its support for VLIW processors is
limited. This is due to the fact that RISC-V was not originally
designed as a foundation for VLIW architectures. Although
the current RISC-V provides VLIW encoding through several
alternative approaches, the technique for encoding instructions
longer than 32-bit is not fixed. Furthermore, compressed
instructions cannot be used independently and need to be com-
bined with basic instructions. As a result, the implementation
of compressed instructions has led to an increase in hardware.

However, while RISC-V offers extensive support for super-
scalar processors, its support for VLIW processors is limited.
This is due to the fact that RISC-V was not originally designed
as a foundation for VLIW architectures. Currently, RVC-
VOI is proposed as VLIW hardware for RISC-V compression
instructions. Still, because there is no dedicated compiler that
accounts for VLIW configurations specified by a configuration
file, the instructions must be hand-scheduled.

III. RELATED WORKS

As a VLIW based on the RISC-V ISA, Qui, Lin and Chen
propose the RVCoreP-32IC, a 256-bit VLIW processor with a
dynamic scheduler [18]. This processor scheduler detects the
dependencies of eight instructions fetched at the same time
and generates VLIW instructions within the processor. This
method enables the execution of VLIW instructions without
the need for a dedicated compiler. However, this processor
can’t fully utilize ILP, because it only detects the dependencies
of eight fetched instructions. Additionally, the scheduling
method increases the amount of hardware.

Fujitsu developed the FR500 as a VLIW processor for
commercial products [19]. This processor can be installed in
small circuits and features user-defined instructions. However,
since the compiler design is proprietary and and the official
download of the compiler has been discontinued, so the
method of scheduling instructions is unknown.

Intel and Hewlett-Packard jointly developed IA-64 as an
ISA similar to VLIW [20]. This ISA adopts an architecture
called EPIC architecture, which is an improved version of
VLIW. EPIC architecture has the feature of being able to
change the instruction width by using identification flags.
However, the design of the dedicated compiler is proprietary,
so the method of scheduling instructions is unknown.

IV. SCHEDULING METHODS FOR COMPRESSION
INSTRUCTIONS

During scheduler development, the choice of instruction
scheduling method has a substantial impact on performance.
Accordingly, Section IV describes several instruction schedul-
ing strategies commonly employed in VLIW architectures.
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A. List Scheduling

List scheduling is a standard instruction scheduling tech-
nique widely employed by compilers [21]. This algorithm
proceeds as follows:
a) For each instruction, assign execution latency, depen-
dency information, and a scheduling priority,

b) From the ready set, place instructions into the available
VLIW slots in descending order of priority,

c¢) Update dependencies and priorities; if no instruction is
schedulable, advance to the next cycle (padding any
remaining slots with NOPs),

d) Repeat steps b) and c) until all instructions are scheduled.

The list sheduling algorithm described above schedules in-
structions quickly and efficiently while incurring low compile-
time overhead.

B. Trace Scheduling

Trace scheduling is a method of extracting the traces (in-
struction execution paths) of the instructions most likely to
be executed and performing instruction scheduling on those
traces [22]. This algorithm proceeds as follows:

a) Using profiling data or programmer-supplied annotations,
determine the most probable branch outcomes and, based
on this information, select the most likely execution trace.

b) Perform list scheduling of the instructions along the
selected trace.

¢) Generate compensation code at control-flow split and join
points to reconcile discrepancies in register and memory
state.

d) Repeat until no unscheduled instructions remain.

Trace scheduling has advantages that are well suited to VLIW,
which is strong in static optimization. However, these tech-
niques incur substantial compiler complexity owing to profile
analysis and the need to insert compensation code.

V. PROBLEM AND OUR IMPLEMENTATION METHOD
A. Problem

RVC-VOI is a VLIW architecture targeting the RISC-V
compressed instruction. However, because no compiler is
available to automatically schedule compressed instructions
for this architecture, it cannot be utilized effectively. More-
over, because the slot configuration varies according to the
configuration file, the scheduler must adapt its scheduling
decisions accordingly. To solve this problem, this section
describes a scheduler that reorders code consisting exclusively
of RISC-V compressed instructions into instruction bundles
for a VLIW architecture with a configurable number of slots.
Consequently, as illustrated in Fig. 2, even when executing
the same program, different VLIW slot configurations would
each require a separate compiler tailored to that configuration,
which is problematic. To solve this problem, this section
describes a scheduler that reorders code consisting exclusively
of RISC-V compressed instructions into instruction bundles for
a VLIW architecture with a configurable number of slots.

Config File A VLIW Generator VLIW Design A
Run
Dedicated Execute File
Compiler for A for A
Source Code
Dedicated Execute File
Compiler for B for B
Run
Config File B VLIW Generator VLIW Design B

Fig. 2. Relationship Between Different Slot Configurations of RVC-VOI and
the Compiler.

B. Our proposed method

As a compiler strategy for RVC-VOI, it is not practical to
implement a separate compiler for each possible slot config-
uration. To resolve the issue illustrated in Fig.2, we adopt
the approach shown in Fig.3, in which the compiler reads
the RVC-VOI configuration file, obtains the slot configuration
from it, and schedules instructions based on that information.
Given the time constraints of this study, our current scheduler
reads a configuration file, determines the VLIW slot config-
uration from it, and employs a simple instruction scheduling
method based on that configuration. We describe the scheduler
algorithm as follows:

a) Read the slot configuration from the configuration file
and create the corresponding variables based on this
configuration.

b) The scheduler scans the code in program order and places
each instruction into the current issue bundle, while also
recording its associated register-usage information with
the bundle entry,

c) If the instruction cannot be placed in any slot, or if a
register-dependency hazard is detected from the recorded
register-usage information, the remaining slots of the bun-
dle are padded with NOP (no operation), and scheduling
proceeds to a new bundle,

d) Repeat steps b) and c) until all instructions are scheduled.

In Section V-C, we explain in detail, using pseudocode,
how the scheduler identifies instructions from the input code,
checks for register dependences and slot availability, and
places the instructions into the appropriate VLIW slots. To
illustrate the foregoing pseudocode, in Section V-D, we present
an example execution of the code.

C. Structure

This section uses pseudocode for identifying and scheduling
the RISC-V addi instruction to explain in detail how the
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Fig. 3. A Compiler Approach for RVC-VOI with Variable Slot Configurations.

scheduler recognizes the instruction, determines whether to
flush the current bundle, and inserts the instruction into an
appropriate slot. Listing 1 presents the scheduler pseudocode
that schedules the RISC-V addi instruction under the slot
configuration shown in Fig. 1, namely a four-slot VLIW issue
bundle with one memory-access slot, one control-flow slot,
and two ALU slots. In this pseudo-code, inst, reg_name,
and imm store the parsed instruction, register operand, and
immediate value, respectively. slotl-slot4 store the instruction
placed in each VLIW slot, while regl-reg4 record the register-
usage information associated with those slots. First, verify that
the instruction is addi, then parse its register operand(s) and
immediate value. Next, check that the target issue-bundle slot
is available and that the registers used by the operation do
not introduce any data-dependence hazards.. At this point,
if the target slot is unavailable or a register/data-dependence
hazard is detected, the scheduler writes the slot ~ s contents
to the output file and flushes the slot. After that, we store the
instruction together with its register-usage information and use
a continue statement to return to the loop and read the next
line. The actual scheduler code comprises similarly structured
handlers for other instructions, organized by operand formats.

Listing 1. Pseudo-code of scheduler routine that schedules the addi instruction

1 # Parse one line like: "<inst> <reg>, <imm>"

2 parsed = split(str, pattern = "<inst>_ <reg>,_<
imm>")

3 4 returns (inst, reg_name, imm) or None

4

5 if (parsed is not None) {

6 inst, reg_name, imm = parsed;

7

8 # Handle only the ’'c.addi’ instruction

9 if (inst == "c.addi") {

10

11 # Helper function: Fill the slot blanks

12 # with c.nop and flush the slot and

13 # state after output

14 def flush_slots () {

15 for (1 = 1; i < 5; i++){

16 if (sloti == ""){

17 output (c.nop\n) ;

18 }else(

19 output (sloti);

20

21 # blank line between bundles

22 output ("\n") ;

23 }

24

25 # Frush all slots

26 slotl = slot2 = slot3 = slotd = ""

27

28 # Frush all tracked destination

29 # registers

30 regl = reg2 = reg3 = reg4 = ""

31 }

32

33 # Condition to flush:

34 # 1. The target slot is not empty

35 # OR

36 # 2. Register hazard (source register

37 # matches tracked destination

38 # register)

39 if ((slotl != "" and slot2 != "") or

40 (reg_name == regl-4) {

41 flush_slots();

42 }

43

44 # Place the instruction into whichever

45 # of the two slots is currently free

46 if (slotl == ""){

47 # store the original text of the
instruction

48 slotl = str;

49

50 # remember tracked destination
register

51 regl = reg_name;

52 }else{

53 slot2 = str;

54 reg2 = reg_name;

55 }

56

57 # Go process the next input line

58 continue;

59 }

D. Example Trace

In this section, we illustrate the scheduler’ s operation using
the instruction sequence shown in Listing 2. First, because
the first three instructions have no data dependences, we
place them into the available slots together with their register-
usage information. Upon reading the fourth instruction, the
scheduler detects that the ALU-designated slot is unavailable.
Consequently, before placing the instruction, it emits the
current bundle and then inserts the instruction into the next
bundle. Because the fifth instruction has no data dependences,
we place it into an available slot. In this instruction sequence,
there is a RAW (read-after-write) dependence on rl between
the fifth and sixth instructions. Consequently, before placing
the sixth instruction, the scheduler emits the current bundle
and then inserts the instruction into the next bundle.

Listing 2. Instruction sequence used in the illustrative example

1 c.addi rl, 1
2 c.lw r2, 0(r3)
3 c.addi r4, 2
4 c.addi r5, 3
5 c.lw r6, 0(r7)
6 c.addi r8, r6, 4

VI. EVALUATIONS

In this section, to verify that our scheduler operates correctly
for different VLIW configurations, we perform instruction
scheduling under three slot configurations:

i) A three-slot configuration with one memory-access slot,

one control-flow slot, and one ALU slot,
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ii) A four-slot configuration with one memory-access slot,
one control-flow slot, and two ALU slots,

iii) A six-slot configuration with one memory-access slot,
one control-flow slot, and four ALU slots.

We then compare the resulting schedules with manually sched-
uled code and evaluate code size and execution time. For the
evaluation of code size and execution time, we used long-
running, highly parallel program shown in Listing 3. In this
paper, we refer to this program as High IPC (Instruction Per
Cycle) program. This program has been used as an evaluation
workload in previous studies on AnyCore (an automated
processor-design tool for superscalar architectures) [23]; we
adopt it here as well to ensure that our evaluation is conducted
under the same conditions and is directly comparable to the
previous results. Table I presents code size, whereas Table II
presents IPC.

Our evaluation confirms that the scheduler produces correct
executions across multiple VLIW configurations defined by
the configuration file. However, relative to the hand-scheduled
baseline, code size increases by up to 18.2% and IPC de-
creases by up to 0.64. We hypothesize that these results arise
because the schedules produced by our scheduler are not as
thoroughly optimized as hand-crafted schedules. Moreover,
since our current scheduling method is simple, we anticipate
that implementing the strategies outlined in Section IV would
narrow the performance gap with the hand-scheduled baseline.

Listing 3. High IPC program

1 int i, 7;

2 int arr[10];

3

4 for(i = 0; i < 10; i++){

5 for(j = 0; J < 10; J++){
6 arr[j] = 0;

7

8

9 for(j = 0; J < 4096; J++){
10 arr[0] = arr[0] + 1;
11 arr[1l] = arr[1l] + 1;
12 .

13 arr[9] = arr[9] + 1;
14 }

15 1}

TABLE I
HIGH IPC PROGRAM CODE SIZE (BYTES)

| Our scheduler | Hand-schduled

3-slot 4,425,462 4,425,402

4-slot 4,261,744 3,606,280

6-slot 4,426,008 3,934,488
TABLE I

HiGH IPC PROGRAM IPC

| Our scheduler | Hand-scheduled

3-slot 1.11 1.28
4-slot 1.54 2.18
6-slot 2.78 3.12

VII. CONCLUSION AND FUTURE WORK

In this paper, we develop a VLIW instruction scheduler
for RISC-V compression instructions, and evaluate its per-
formance. The results show that, compared with the hand-
scheduled baseline, code size increased by up to 18.2% and
IPC decreased by up to 0.64. Nevertheless, the proposed
method fully automates the scheduling workflow that previ-
ously required manual effort, even for VLIW processors whose
configurations vary according to a configuration file. Further-
more, incorporating techniques such as trace scheduling is
expected to narrow the gap to the hand-scheduled baseline. As
future work, we plan to implement the candidate scheduling
strategies in our scheduler and evaluate them.
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