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ABSTRACT
Hardware specialization is seen as a promising venue for improv-
ing computing efficiency, with reconfigurable devices as excellent
deployment platforms for application-specific architectures. One
approach to hardware specialization is via the popular RISC-V,
where Instruction Set Architecture (ISA) extensions for domains
such as Edge Artifical Intelligence (AI) are already appearing. How-
ever, to use the custom instructions while maintaining a high (e.g.,
C/C++) abstraction level, the assembler and compiler must be mod-
ified. Alternatively, inline assembly can be manually introduced
by a software developer with expert knowledge of the hardware
modifications in the RISC-V core.

In this paper, we consider a RISC-V core with a vectorization and
streaming engine to support the Unlimited Vector Extension (UVE),
and propose an approach to automatically transform annotated C
loops into UVE compatible code, via automatic insertion of inline
assembly. We rely on a source-to-source transformation tool, Clava,
to perform sophisticated code analysis and transformations via
scripts. We use pragmas to identify code sections amenable for
vectorization and/or streaming, and use Clava to automatically
insert inline UVE instructions, avoiding extensive modifications of
existing compiler projects.

We produce UVE binaries which are functionally correct, when
compared to handwritten versionswith inline assembly, and achieve
equal and sometimes improved number of executed instructions,
for a set of six benchmarks from the Polybench suite. These initial
results are evidence towards that this kind of translation is fea-
sible, and we consider that it is possible in future work to target
more complex transformations or other ISA extensions, accelerat-
ing the adoption of hardware/software co-design flows for generic
application cases.

CCS CONCEPTS
• Software and its engineering → Source code generation;
Development frameworks and environments; Compilers.
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1 INTRODUCTION
There is an increased demand for power efficient computing, which
has driven a resurgence in hardware/software co-design approaches.
However, hardware acceleration in reconfigurable architectures typ-
ically requires expert knowledge on hardware design, and several
approaches have been used to bridge this gap. For example, the
recent investment in High-Level-Synthesis (HLS), which has found
most of its use cases in HPC, where PCI-Express boards with Field-
Programmable-Gate-Array (FPGA) act as GPU-like accelerators
[15, 17, 25]. In contrast, in the edge/embedded domains, devices
with a single custom core are more promising solutions. The RISC-
V ecosystem has occupied this space due to its paradigm of user
definable ISA extensions, a concept with a long history of study
[6], experiencing renewed interest.

Implementing ISA extensions presents several challenges: firstly,
new hardware must be designed to implement the functionality
which we wish to abstract into new assembly instructions; secondly,
compiler modifications are needed in order to use the new instruc-
tions; finally, for faster design cycles, functional verification of the
co-design must be performed efficiently [9]. Extensions can be ap-
plication specific, or target a domain where common operations
can be reused by several software applications. One such case are
applications where data streaming and vectorization may provide
significant gains. Streaming is a method of performing memory
accesses based on pre-configured memory patterns, with benefits
such as improved data prefetching, reduced memory access latency,
and simplified application of vectorization.

The Unlimited Vector Extension (UVE) [5] is a custom extension
to the RISC-V instruction set that implements data streaming and
vectorization through a new set of instructions that pre-configure
the loop memory access patterns, thus reducing the loop overhead
associated with access loading and storing. The extension shows
significant performance benefits [5] compared to similar cases, such
as the ARM’s Scalable Vector Extension (SVE) [26], and is a more
compact alternative to RISC-V’s “V” Vector Extension (RVV) [22]. In
the implementation of UVE [5], the authors manually insert inline
assembly in C programs. This process can be error-prone when
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developing more complex programs. However, this is a common
approach for use of ISA extensions, as we alluded to previously. In
[10], an early implementation of a RISC-V supporting the official
RVV also employs this method.

In summary, to attain more robust testing and deployment of
extensions, compiler support is needed, i.e., forks of established
compilers (e.g. Clang, gcc) are required. This can have a high im-
plementation and maintenance cost, as compilers have complex
code bases, with a high learning curve. Also, by implementing sup-
port for a specific compiler, the implementation becomes vendor
locked, and because updating the implementation to a new compiler
version might not be trivial, it may also become version locked.

We explore how to reduce the development and verification
efforts of extensions early, by using source-to-source compilation
to automatically insert the assembly instructions in the source code.
For this purpose, we employed the existing Clava compiler [4],
which applies transformations based on scripts written by the user.
Given this, our contributions in this paper are as follows. We:

(1) present a workflow to support early ISA extension develop-
ment and testing

(2) propose an approach that transforms standard imperative C
loops into a streaming paradigm

(3) automatically transform unmodified C loops into inlined
UVE assembly as a use-case

(4) add partial UVE support to the known Spike [23] simulator
for functional validation

(5) validate the automatic generation of inline UVE assembly
for a set of six benchmarks

The approach allows for a more nimble hardware/software co-
design flow for application specific system architectures. Most of
the transformations we developed are generic, and can be reused to
support other custom ISA extensions and speedup the deployment
onto reconfigurable platforms, without the need for forking or re-
designing compiler passes or in-depth knowledge of the hardware
by the software developer.

This workflow can be used as a first stage for development and
testing, prior to committing to the mentioned efforts of compiler
modification, postponing this decision when it becomes clear that
the use case justifies the effort. At the time of writing, the authors
of UVE have adopted this approach [16], via Low Level Virtual
Machine (LLVM) [13] integration, although a comparison is out of
the scope of this paper.

2 RELATEDWORK
We propose fast development and prototyping of custom ISA exten-
sions via source-to-source. As a use case, we focus on the domain of
streaming and vectorization. This section summarizes approaches
regarding the abstraction of streaming computation models onto a
higher-level, and existing C/C++ source-to-source tools.

• The OXiGen [18] tool uses C written programs and separate
configuration files, which specify optimization opportuni-
ties. Although standard code C can be processed by OXiGen,
the user must manually analyze each source file to identify
optimization opportunities, and add this information to the
separate configuration files.

• The SARA [30] compiler uses Spacial [11], a domain-specific
language, as a frontend language to explore optimization
opportunities before generating code. This approach does
address the issue of preventing extra configuration work
when working from project to project. However, we are re-
quired to write the kernel algorithm in the Spacial language,
compromising portability.

• The FAST [8] language, based on C99, is an imperative lan-
guage used to describe dataflow models that create high-
performance designs. The code is transformed using aspect-
oriented programming to produce dataflow code. This work
introduces the possibility of performing source-to-source
compilation targeting a custom runtime. This workflow ad-
dresses all previously pointed issues. We can use the written
scripts across different projects without having to configure
them and use existing programs as inputs since the conver-
sion tool accepts C/C++ programs. However, the approach
is specifically geared for generating hardware/software par-
titioned designs targeting FPGAs, and is locked to the use of
the MaxCompiler [27] to produce the partitioned design.

• The StreamIt approach [7] explicitly expresses streaming
computation at high-level source code. Several methods rep-
resent and operate on abstractions which represent data
streams. This allows the programmer to have control of the
configuration of the dataflow and explore design variants.
It is implemented in Java, meaning it benefits from mature
language features. However, as the authors state, there is
room for improvement regarding clarity of the syntax.

Approaches for source-to-source transformations have also been
studied at some length for multiple purposes, e.g., testing code
variations for performance improvements, or applying optimiza-
tions for specific domains. The following are significant works on
source-to-source compilers:

• The ROSE [21] compiler supports C/C++ and FORTRAN,
and supports generic AST-based transformations by directly
extending the compilation framework, which is written in
C++. Examples of already provided transformations are auto-
parallelization of loops, as well as optimizations such as loop
fissioning and fusion.

• Cetus [2] is written in Java and also supports AST-based
generic transformations. However, it supports only ANSI
C, and needs to be extended in order to implement custom
transformations.

• The Artisan approach [29] is focused on source-to-source
compilation for heterogeneous platforms. It accepts analysis
and transformations implemented as Python scripts, and its
main use case is hardware/software partitioning targeting
CPU + FPGA systems.

Like Clava, Artisan can be extended using scripts, without the
need to change the compiler, although it mainly focuses on trans-
formations targeting HLS-based application specific accelerators.
While Cetus and ROSE are more generic and mature source-to-
source compilers, both approaches require using their respective
code bases as libraries by the developers, thus not allowing users
to define new transformation strategies as an input to the com-
piler. In contrast, Clava allows new transformations to be specified
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as interpreted Javascript code, easily allowing for (among other
transformations) insertion of inline assembly for any custom ISA
extension under development.

Finally, there have been many works on ISA customization [6]
that due to the RISC-V are being re-adopted. As our scope is on the
flow for testing, we only briefly list some cases of RISC-V exten-
sions: bit-level manipulation instructions are implemented in [12],
common cryptography operations in [28], graphics rendering is
addressed in [31], in [1] AI inference is targeted, and in [24] another
recent extension for streaming computing is introduced.

From our literature review, we find our approach viable for quick
use and development of custom extensions. Clava allows for the
user to specify their desired transformations as input using only
pragmas (similarly to FAST ). This syntax is already part of the
C/C++ language, it is supported by IDEs, and is familiar to software
developers. Since compilers ignore unknown pragmas, standard
compilation is not hindered.

3 UVE ARCHITECTURE AND CODE
TRANSFORMATION

As mentioned, we use the UVE developed by Domingos et al. [5] as
a use case for the viability of fast deployment of custom instructions
without manual effort. The extension is a good use-case for our
approach, as it is significantly complex to exploit manually.

Besides the difficulty of designing the hardware capable of sup-
porting ISA extensions, realizing their potential also requires com-
pilers capable of identifying opportunities from arbitrary C/C++
code. When such compilers are unavailable (e.g., yet nonexistent,
under-development, or sub-optimal), inline assembly is an alterna-
tive, but requires expert knowledge of the extension and hardware.

We developed and tested a sequence of transformations to auto-
matically generate inlined UVE code from arbitrary C/C++, using
the Clava tool [4]. For context, we briefly present the UVE extension
and Clava in this section.

3.1 The Unlimited Vector Extension (UVE)
Figure 1 shows a RISC-V pipeline modified with a vector and stream-
ing engine, and vector registers, which are utilized by the UVE ISA
extension. Proper use requires knowledge of the underlying hard-
ware, and of streaming and vectorization paradigms in general.

Vector architectures use long and sequential registers to exhange
data with the main memory, and the actual size of the registers is
implementation dependent. The UVE extension allows for flexibility
regarding register sizes, and populates these registers in conjuction
with the streaming paradigm, by prefetching data using stream
descriptors and predicates.

The UVE is composed of approximately 80 instructions (450 if
including variations), including streaming and vector computation,
predicate manipulation, and branch control. The UVE extension
allows for 32 configurable vector/streams registers (u0 to u31) and
16 predicates registers (p0 to p15). The computation instructions
only interact with UVE registers, so operations over data and stream
manipulation must be mapped to them. To configure streams, a
descriptor tuple of the offset address, size and stride is used. Tuples
can be chained to configure complex multi-dimensional patterns.

locality wastes cache capacity, imposes higher energy con-
sumption, and hurts the performance. At the hardware level,
and to avoid significant changes in the memory hierarchy
infrastructure, this can be simply achieved by issuing the
corresponding read requests as non-cacheable loads on all
lower levels Ly, with y < x. For example, when streaming
from the L2 cache (the considered default case), non-cacheable
requests are first sent by the CPU to the L1. As they likely
result in an L1 cache miss, they are forward to the L2, where
they are treated as a normal (cacheable) L2 load. On the other
hand, a stream configured for direct memory access will issue
the corresponding input requests as non-cacheable at all levels
(avoiding cache pollution), likely resulting in a direct memory
load (as the requests will probably result in a miss at all cache
levels).

In what concerns the output streams, the considered imple-
mentation forces stores to be issued to the L1 cache. However,
a solution similar to the one that was adopted for the stream
loads could also be considered, by simply forcing a write-no-
allocate write-through policy on lower-level caches, attaining
direct stream stores to any cache level or even to the main
memory.
Memory Coherence. Coherence is ensured through two
distinct mechanisms:

• On the core, stream and non-stream operations are kept
coherent by matching the stream load/store state with the
core load/store queues and by solving possible stream
load/store dependencies through typical request delay,
replay, or squash mechanisms . Hence, data written by the
conventional pipeline can be immediately read by a newly
configured input stream, and data written by an output
stream can be loaded using a conventional load instruction.
This ensures a reliable transition between sequential code
and stream loops.

• On the caches, coherence is ensured through a con-
ventional MOESI cache snooping protocol. Naturally,
directory-based approaches could equally be used.

CPU Core

Main Memory

Execution Pipeline

L2 Cache

L1 Cache

Load
Store
Units

Streaming Engine

FIFOs

Configurable
streaming request
cache bypassing

Stream and
conventional
request merging
before cache access

Streaming Model
transparently 
embbeded in the
core pipeline

Fig. 6. System overview, depicting the Streaming Engine embedded in an
out-of-order core and its connections to the memory hierarchy.

Finally, it should be noted that the proposed mechanism does
not require any coherence mechanism at the level of the
stream FIFOs, as it is assumed that preloaded data is already
consumed by the core, similar to what would occur with
loop unrolling and register pre-fetching (this will be further
detailed in Section IV-B – Load/Store FIFOs). Naturally, a
different solution could also be adopted by extending the
coherence protocol to the (internal) stream buffers. However,
this alternative solution was left to future work, since data-
parallel kernels that are amenable to scalable vector extensions
usually do not impose read-after-write dependencies on the
same memory location. An exception to this case are some
iterative algorithms (e.g., k-Means). However, such cases
require stream reconfiguration at each algorithm iteration,
imposing synchronization.
Exception Handling. The main source of UVE-specific excep-
tions is page-faults. They are handled at the commit stage by
considering the first active faulting element whose access was
attempted (just as in ARM SVE [7]). Nevertheless, page-faults
have no consequence on the execution if they are a result of
a miss-speculation, if the stream terminates earlier, or if the
faulting element is otherwise inactive (i.e., predicated false).
Context Switching. The context of running threads can be
saved by suspending all active streams and then storing the
commit stream iteration state. As a stream iteration describes
a scalar access, resuming the execution (due to context switch
or upon recovering from an exception) is simply performed
by loading the saved iteration state and resuming from the last
commit point (naturally all pre-fetched data in internal buffers
is lost and must be re-loaded). The size of the saved stream
state depends on the considered data pattern and varies between
32-Bytes (for 1-D patterns) and 400-Bytes (for a maximum of
8-D patterns and 7 modifiers).

B. Streaming Engine

The Streaming Engine is responsible for managing all input
and output streams. As depicted in Fig. 7.A, its architecture
consists of: (i) a Stream Configuration module, which is
responsible for re-ordering the stream configuration requests;
(ii) a Stream Table, which holds the information regarding
the configuration of each stream on its multiple dimensions,
as well as the information regarding current speculative and
committed iteration states; (iii) a Stream Scheduler, responsible
for the selection of a set of n (load/store) descriptors to be
iterated by the Stream Load/Store Processing Modules (see
Fig. 7.B); and a set of queues (Memory Request, and Load and
Store FIFOs), which are used for buffering purposes. These
modules operate as follows:
Stream Configuration. Whenever a new stream configuration
reaches the rename stage of the processor pipeline, it is
registered (in order) on the SCROB, where it awaits until
all data dependencies are satisfied. Instructions are retrieved
in order (one per clock cycle), validated, and used to write the
data pattern configuration into the Stream Table.
Stream Processing. The stream processing is managed by the
Stream Scheduler (see Fig. 7.A). At each cycle, it selects a set

8

Figure 1: RISC-V with UVE Streaming Vector Engine [5].

In summary, the complexity of vectorization is not particular to
this extension, but is an inherent characteristic of any ISA which
intends to configure and execute vector based computation, i.e.,
a Single-Instruction Multiple-Data (SIMD) paradigm. Therefore,
adapting existing code to streaming and/or vector implementations
is not trivial or universally applicable.

3.2 The Clava Source-to-Source Compiler
Clava [4] is a C/C++ source-to-source compiler built on top of the
LARA engine [19], which enables the specification of complex code
analyses and transformations via JavaScript scripts. Clava relies
on an unmodified version of Clang’s parser to generate a C/C++
Abstract Syntax Tree (AST) [14] that is very similar to Clang’s,
but extended to allow for transformations to be applied directly
to the AST, which is kept in memory. Valid C/C++ is only emitted
after all transformations are applied, unlike FAST, which emits and
re-parses the code after each transformation.

We developed Clava scripts to select, analyse, and transform
imperative style loops into the streaming paradigm compatible
with UVE, while maintaining its operational behaviour. We believe
the transformations can be generalized to target development of
other extensions, and we are currently working in this direction.

4 PROPOSED APPROACH
Figure 2 summarizes the flow for automatic analysis, transforma-
tion, and production of UVE compatible code, starting from un-
modified source, requiring only the insertion of pragmas to identify
which loops should be targeted. In this section we exemplify the
C/C++ code that is consumed by the transformation flow, and respec-
tive desired output of a functionally equivalent kernel implemented
manually with UVE instructions. We then detail the sequence of
transformation steps that automatically achieve the same result.

4.1 Input C/C++ and Desired Inline UVE Output
Clava receives user input via the #pragma clava data directive
[4]. This data tag uses JSON syntax, which we used to hard-code
some aspects such as the UVE stream registers to use (e.g., u0,
u1, etc) as JSON input, allowing for incremental development and
debugging. As the implementation matured, external input was no
longer required, and only a single boolean value indicating uve:
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true is required to apply the transformation sequence into UVE
code to the tagged loop. Currently, the #pragma is only applicable
to for loops. Also, since pre-processors ignore unknown pragmas,
annotating the code in this manner does not break compatibility
with existing compilers (i.e., the annotated source code could be
compiled with a standard RISC-V compiler).

Listing 1 exemplifies this #pragma applied to the single loop
within the saxpy kernel from the Polybench benchmark suite [20],
which we will use to illustrate transformations (not all transforma-
tions are applicable to this kernel, so we use others when necessary).

1 void saxpy(uint32_t* dest , uint32_t* src ,
2 uint32_t size , uint32_t A) {
3 #pragma clava data uve: true
4 for (uint32_t i = 0; i < size; i++)
5 dest[i] += src[i] * A;
6 }

Listing 1: saxpy function with the Clava pragma applied

Regarding the output to produce, expressing vectorization and
streaming in UVE has the advantage of following a simple pattern.
Specifically, prior to the loop body, the source and destination
stream registers are configured. This includes specifying the total
size and stride, as previously explained. Variants of each compute
operation also allow for definition of the vector element widths,
or to populate registers with constants. This is followed by the
computation section, typically composed of a loop label, a sequence
of vector operations, and a final conditional backwards branch.
All explicit memory access operations within the loop body are
abstracted away, and innermost loops which operate on individual
data elements are replaced by the vector instructions.

1 ss.st.d u0, dest , size , stride // Config. store stream
2 ss.ld.d u1, dest , size , stride // Config. load stream
3 ss.ld.d u2, src , size , stride // Config. load stream
4 so.v.dp.d u3, A, p0 // Replicate "A" on all lanes of u3
5 loop: // Loop label
6 so.a.mul u4, u2, u3, p0 // Compute u2 * u3, predicated on p0
7 so.a.add u0, u1, u4, p0 // Compute u1 + u4, predicated on p0
8 so.b.nc u0, loop // Branch condition

Listing 2: UVE which implements the 𝑠𝑎𝑥𝑝𝑦 kernel

Listing 2 contains a manually written example pseudo-code we
aim to generate when processing the code of Listing 1. We now
illustrate how the same result is automatically achieved by applying
our sequence of tranformation steps.

4.2 Developed Transformations
The entry point for the transformation of input C/C++ code anno-
tated with the uve pragma is shown in Listing 3. It is a JavaScript,
which loads the existing libraries for code analysis, along with our
UVEContext package which holds information about the ongoing
sequence of transformations for each run.

1 laraImport("Globals"); laraImport("LoadKernel");
2 laraImport("UVEContext"); laraImport("LoopFinder");
3 kernelName = laraArgs.kernelName ?? "memcpy";
4 compFlags = laraArgs.compFlags ?? "";
5
6 // Load all wanted transformations
7 var transformations = getTransformations ();
8 loadBenchmark(kernelName , compFlags );
9
10 // Find all loop candidates -> apply all transformations
11 var $loops = getUVECandidates ();
12 for (var i = 0; i < $loops.length; i++) {
13 var context = new UVEContext(i);
14 for (var func of transformations)

15 func($loops[i], context );
16 }
17
18 // Store produced code into separate file
19 Clava.writeCode("output/" + kernelName );

Listing 3: Top-level JS file for Clava, to apply the sequence of
transformations

The target kernel is passed externally to the script, along with
any Clava flags. The getTransformations call simply returns a list
of all transformations to apply. The getUVECandidates call parses
the entire code, and returns a list of all innermost loops, $loops. A
single pragma at the outer most level suffices for this depth search
of innermost candidates. Finally, a nested loop (lines 14 and 15)
applies the transformation sequence to each candidate loop.

These transformations remove some of the syntactic variances
seen in the C language. We can iteratively replace a few expressions
with equivalent ones that produce code closer to our intended target.
Each transformation should unify expressions with similar meaning
into a form that will make sequential steps easier to process, as we
can expect less expression variance. The transformations we employ
progressively transform the code into a format that resembles a
classical compiler intermediate representation (such as SSA).

Table 1 summarizes all implemented transformations, their func-
tion, and why they are required to achieve the final UVE compliant
code. The next paragraphs describe each of the transformations we
developed, in the sequence they are applied, and we provide the
respective input and output for some of them. Each one is imple-
mented as a separate JS script, which is available as open-source1.

4.2.1 Compound Assignment Unfolding. C and C++ offer some
compound assignment operators to reduce verbosity (e.g., +=),
which applies the operator to the left hand side value of the ex-
pression and the result of the right hand side expression (itself
potentially a composition of several expressions). However, the
compound assignment obscures the read operation that is per-
formed. Decomposing these assignments exposes this operation
and simplifies the next steps.

1 for (int i = 0; SIZE > i; i++)
2 dest[i] += src[i] * A;

1 for (int i = 0; SIZE > i; i++)
2 dest[i] = dest[i] + src[i] * A;

Listing 4: 𝑠𝑎𝑥𝑝𝑦 before and after assignment simplification

4.2.2 Comparison Operator Switching. The UVE extension set does
not have instructions to express a "greater than" (>) nor the "less
than or equal" (<=) comparison operators. This decision usual in
RISC architectures, including the RISC-V core specifications, as
these operators can easily be synthesized by switching the argu-
ments and using other operators.

1 for (int i = 0; i < SIZE; i++)
2 dest[i] = dest[i] + src[i] * A;

Listing 5: 𝑠𝑎𝑥𝑝𝑦 after comparison operator switching

1Miguel Henriques, 2022, “Clava Based Transforms for UVE Code Insertion”, Github
Repository, https://github.com/MiguelPedrosa/Dissertacao
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Removes declared but unused variables Simplifies output of our code
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Figure 2: Flow describing the applied transformations. The Clava front-end [4] parses the C/C++ code, and the LARA engine
[19] applies the transformations. Clava re-emits valid C/C++ code only after all transformations have been applied.

Table 1: Transformations to convert C/C++ imperative code into a streaming and vector paradigm using UVE inline assembly

Transformation Description Reason for Implementation

1 Replaces compound operators with equivalents Exposes the implicit access and creates a direct mapping to UVE streams/constants

2 Replaces comparisons by switching operand order UVE instructions only support lesser than comparisons

3 Replaces the ternary operator with if-else Simplifies a complex expression and removes conditional syntatic variance

4 Replaces variable accesses with temporary variables eases mapping of variables to vector UVE registers prior to compute

5 Simplifies computations with more that 2 operands UVE supports up to 2 vector input operands; produced instructions become easily translatable

6 Prefixes expression with && execution predicate UVE uses predicates instead of branches; if statements are removed to map to this behaviour

7 Removes declared but unused variables Simplifies output of our code

8 Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment
7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

Replaces each statement with a UVE instruction inserting inline UVE and removing original kernel

4.2.3 Conditional Operator Simplification. In a ternary operation,
E1?E2:E3, the target variable is assigned E2 if E1 is true, and E3
otherwise. We transform this operator into an if-else, with E1 as the
if condition. Depending on the result, either E2 or E3 are stored in
a newly declared temporary variable of the matching type. After
the if statement, we write the value of the temporary variable into
the original target variable of the ternary operator.

1 path[i][j] =
2 path[i][j] < path[i][k] + path[k][j]
3 ? path[i][j] : path[i][k] + path[k][j];

1 float u0;
2 if(path[i][j]<path[i][k]+path[k][j])
3 u0 = path[i][j];
4 else
5 u0 = path[i][k] + path[k][j];
6 path[i][j] = u0;

Listing 6: 𝐹𝑙𝑜𝑦𝑑-𝑀𝑎𝑟𝑠ℎ𝑎𝑙𝑙 before and after cond. simplification

4.2.4 Variable Access Decomposition. Every variable access is as-
signed a new temporary variable in this transformation, similar to
single-static assignment. This results in a separation between mem-
ory accesses and computations. This includes array accesses and
values that remain constant throughout their usage in the loop’s
body. For memory operations, we declare the temporaries as point-
ers (e.g., u0 in Listing 7), which aids in mapping the operations to
stream instructions during the next lowering steps. This also cre-
ates a quick method to assert if the equivalent stream corresponds
to a read or, in this case, a write operation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i]; // Variable access decomposition
3 float u1 = dest[i]; // aids in mapping operands ,
4 float u2 = src[i]; // results , and intermediate
5 float u3 = A; // values into UVE registers
6 *u0 = u1 + u2 * u3; // during register assignment

7 }

Listing 7: 𝑠𝑎𝑥𝑝𝑦 after access decomposition

4.2.5 Expression Decomposition. This is the most complex trans-
formation, since many different types of compound expressions
can be composed in C/C++. However, the computation instructions
in UVE support up to two input vectors and one output vector. This
transformation step decomposes all types of compound expressions
into statements with only one output and two inputs, declaring ad-
ditional variables as required. This includes compound expressions
within if statements, replacing them with a single predicate. This
simplifies the implementation of the next transformation.

1 for (int i = 0; i < SIZE; i++) {
2 float *u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 u4 = u2 * u3; // Expression decomposition aids in
8 *u0 = u1 + u4; // matching operations to UVE instructions
9 }

Listing 8: 𝑠𝑎𝑥𝑝𝑦 after expression decomposition

4.2.6 Predicate Decomposition. To abstract away if-else statements
and simplify streaming, UVE relies on the use of predicates to per-
form conditional assignments to target registers. Predicate registers
contain boolean values in separate lanes which act as write enables
to the individual elements in a target vector register. The number
of lanes depends on the configured vector register size (i.e., predi-
cates, as with data, can be evaluated at byte width, word width, etc).
Values are assigned to predicates using any operation producing
booleans, i.e., comparisons. Predicate register p0 is read-only, and
is always true. To implement this behaviour, we use C’s short-circuit
operator, &&. When applied to the left-hand-side of an assignment,
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the assignment will not occur if the short-circuit evaluates to false,
e.g., 𝑎 && 0 = 2; will not assign 2 to a as the logical operation on
the left-hand-side is false. Use of the && operator is thus a very
close representation of UVE’s predication behaviour, making this
transformation particularly useful for later lowering to assembly.

1 for (uint32_t i = 0; i < size; i++) {
2 float* u0 = &dest[i];
3 float u1 = dest[i];
4 float u2 = src[i];
5 float u3 = A;
6 float u4;
7 int p0 = 1;
8 p0 && (u4 = u2 * u3);
9 p0 && (u0 = u1 + u4);
10 }

Listing 9: 𝑠𝑎𝑥𝑝𝑦 after predicate decomposition

4.2.7 Unused Variable Removal. This transformation removes extra
variables and declarations if they are not used in the body’s scope.
It filters any unused variables that might be found at this stage,
before the final transformation.

4.2.8 UVE Generation. At this stage, almost all instructions in
Listing 9 can be directly translated into the inline assembly shown
in Listing 10, replacing the original kernel.

1 asm volatile(
2 "ss.st.d u0, %[ RENCWJ], %[ LNWHEG], %[ VLXSSS] \n\t"
3 "ss.ld.d u1, %[ RENCWJ], %[ LNWHEG], %[ VLXSSS] \n\t"
4 "ss.ld.d u2, %[ NOBGQU], %[ LNWHEG], %[ VLXSSS] \n\t"
5 "so.v.dp.d u3, %[ CEFWVY], p0 \n\t"
6 ".uve_loop_0_0_ %=: \n\t"
7 "so.a.mul.fp u4, u2, u3, p0 \n\t"
8 "so.a.add.fp u0, u1, u4, p0 \n\t"
9 "so.b.nc u0, .uve_loop_0_0_ %= \n\t"
10 :: [RENCWJ] "r" (dest), [LNWHEG] "r" (128),
11 [VLXSSS] "r" (1), [NOBGQU] "r" (src), [CEFWVY] "r" (A));

Listing 10: Generated code for saxpy after all transformations.
Equivalent to the manual implementation in Listing 2.

The first four UVE instructions configure the start addresses,
stride, and size of the input and output data vectors to access. Next,
it defines a branch target (.uve_loop), implementing the original loop
over the incoming streaming data via the following three vector
instructions, namely a floating-point vector multiply so.a.mul.fp,
a floating-point vector addition so.a.mv, and a conditional branch
instruction so.b.nc back to the defined tag. We can observe how
the produced output is equivalent to the manually written code
presented as the desired output in Listing 2.

5 RESULTS AND DISCUSSION
We now describe our experimental setup and results, and how the
available tools influenced the results we could obtain.

5.1 Experimental Setup
We used a subset of the Polybench [20] benchmark suite, which
contains C/C++ implementations of general purpose mathematical
algorithms. Some cases include complex memory access patterns,
which we do not yet support. Therefore, we selected the following
kernels: saxpy, memcpy, gemm, 3mm, gemver and bicg.

In [5], the UVE is validated by forking the gem5 simulator [3],
adding the additional emulated hardware components, and support
for a subset of the proposed extension. In our validation we did
not rely on gem5, as it lacked support for the UVE instructions our

approach introduced via source-to-source, and adding this support
proved too complex. Instead, we added partial UVE support to a
fork of the Spike simulator[23], which proved easier to modify2.
Modifying Spike entailed adding the opcode masks of the UVE
instructions (which make use of the RISC-V’s free opcodes for cus-
tom instructions) and one C++ function per added instruction, to
implement the respective functional behaviour (e.g., vector oper-
ations, stream accesses, etc.). We added support for all the UVE
instructions produced by our process, some of which were not used
in the handwritten UVE of our reference approach [5].

The instructions added to the simulator include one-dimensional
and multi-dimensional load and store stream configuration instruc-
tions, various static descriptor modifiers, and arithmetic instruc-
tions, such as add, and themove instruction. During this process, we
modified the simulator to output the expected incoming/outgoing
data-stream values, to ensure correctness, which was verified with
simple cases for different vector sizes (outputting of the values was
later removed to avoid slower simulation times). Finally, we added
one of UVE’s branch instructions.

The efforts necessary for these modifications (which are out-of-
scope of this paper) illustrate how this component of the eco-system
should also be the focus of future work, e.g., by passing new instruc-
tions to existing simulators as external definitions. Additionally,
since our focus is on verifying the functional behaviour of manually
inserted UVE code versus automatically inserted code, we did not
address aspects such as accuracy of low-level execution details (e.g.
estimation of the application execution time).

5.2 Experimental Evaluation
The objective of our experiments was to generate code that was
functionally equivalent to the original C kernel section while ex-
ploiting streaming and vectorization in a similar way to the hand-
written UVE version. Therefore, we performed two main experi-
ments. Firstly, we compared the instruction counts when executing
the kernels on a baseline RISC-V vs UVE (Section 5.3), and secondly,
we compared automatically generated UVE to the handwritten
version [5], for the cases where this was possible (Section 5.4).

Since multiple transformations are applied, we must validate that
each transformation produces valid C/C++ an does not change the
functionality of the code. Figure 3 illustrates the flow employed for
this process. The unmodified benchmark code is compiled normally,
producing a baseline executable. Then, we apply each transforma-
tion to the original C source code, and compile the result into a
second executable containing UVE instructions. Both programs
are then executed in our modified Spike simulator, to verify func-
tional correctness. After functional validation, we employed the
same flow to produce the total executed instruction count of the
baseline versus the UVE compatible code. Specifically, we used a
proxy-kernel that emits this instruction count. This requirement
limits the results we can showcase, but it estimates the amount of
work expected for each execution.

2Miguel Henriques, 2022, “Spike ISA Simulator Fork with UVE Support”, Github
Repository, https://github.com/MiguelPedrosa/riscv-isa-sim/tree/uve
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Figure 3: Flow for functional validation of manually inserted UVE code versus Clava driven transformations to annotated code

Table 2: Instruction count for baseline RISC-V vs. Clava-UVE

(a) with -O0
Benchmark Original Clava-UVE Reduction*

SAXPY 6001113 5997977 1.00052×
MEMCPY 5557966 5555834 1.00038×

GEMM 349272099 260101057 1.34283×
3MM 326896377 241769873 1.35210×

GEMVER 8773559 8013822 1.09480×
ATAX 5153083 4635125 1.11175×
BICG 4574025 4056061 1.12770×

Geometric Mean 18659273 16375187 1.13948×

(b) with -O2
Benchmark Original Clava-UVE Reduction*

SAXPY 5998825 5997977 1.00014×
MEMCPY 5556444 5555834 1.00011×

GEMM 278211475 260101057 1.06963×
3MM 256804682 241769873 1.06219×

GEMVER 7354326 8013822 0.91771×
ATAX 4290001 4635125 0.92554×
BICG 3546594 4056061 0.87440×

Geometric Mean 15983235 16375187 0.97604×
*Executed Instruction Count Reduction

5.3 Automatic UVE vs. Base RISC-V
Spike is deterministic in its executions. From our experience run-
ning these kernels multiple times, the results were the same if the
code did not change. As such, we did not perform multiple runs
to remove outliers. In our UVE reference paper, the vector width
was set to 64 bytes in order to directly compare performance with
the ARM SVE, where the vector registers are of this size. Since we
wanted to determine the functional correctness of our generated
code versus this reference, we chose the same vector register width.
Kernels gemm and 3mm were executed with 2D arrays of 128x128
elements, while kernels saxpy, memcpy, gemver, atax and bicg used
1D arrays of 128 elements. The tested values were doubles, meaning
they were 8-byte floating-point values.

Table 2a and Table 2b present the results using the -O0 and -O2
compilation flags. To isolate only the instruction count of the kernel
section, we executed the same binary without the kernel code of
the benchmark, to obtain an estimation of the instructions that
should be subtracted. In the last column, a number greater that 1
represents a reduction in the number of total executed instructions
of the kernel with UVE code.

These results show that we were able to generate code that
always presents a lower instruction count compared with the non-
UVE code. These are most noticeable in kernels gemm and 3mm that
showcase an instruction count reduction of over 1.3×. Even against
an optimising compiler running at the -O2 level of optimisation, we

Table 3: Instruction counts of handwritten and generated
UVE code, and handwritten UVE Speedup vs ARM SVE ([5])

Benchmark Clava Generated Handwritten Speedup [5]
SAXPY 5997977 5997979 ≈ 4.5×

MEMCPY 5555834 5555836 ≈ 1.2×

were able to produce similar instruction counts. Although kernels
gemmver, atax and bicg present increased instruction counts for
the UVE version, inspection of the generated code explains this
result. Since we only transform the innermost loops, the assembly
section is repeated for each outer loop iteration. The compiler
embeds these sections with multiple load operations to read each
requested variable. This is only necessary to ensure the correct
interface between the assembly section and the surrounding code.
If we could compile outer loops, these loads would be executed less
and the total instruction count would be further reduced.

A more precise execution time evaluation would require running
or simulating a hardware implementation, or using a cycle-accurate
simulator. As a reminder, note that the extension itself has already
been validated [5] on a cycle-accurate simulator that showed an
average 2.4× performance increase compared to ARM’s SVE. We
leverage these results for the analysis in the next section.

5.4 Automatic UVE vs. Handwritten UVE
Table 3 shows the comparison between the handwritten UVE code
and our automatically generated version. Unfortunately, with the
exceptions of saxpy and memcpy, we could not compare with hand-
written UVE kernels, as their implementations contain instructions
that are not currently supported in our modified Spike simulator.
Like-wise, the modified gem5 simulator does not support all UVE
instructions produced by our translation. For the kernels we could
execute, we show that we produce code with similar instruction
count as the handwritten version. Also, the handwritten version
contains redundant load operations, whereas we can detect identi-
fiers with the same value and reuse them, avoiding this overhead.

We were not able to execute most of our generated code in the
gem5 simulator, which is cycle-accurate, however the handwrit-
ten versions are supported, and these were compared against an
ARM SVE implementation [5]. Manual inspection of the gener-
ated code of saxpy and memcpy indicates that we would achieve
similar speedups for these two cases. Note that even if both exam-
ples obtained similar instruction counts to plain RISC-V (Table 2b),
they likely have performance improvements when compared with
vectorized code.
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6 CONCLUSION
This work presents an automated approach to generate code for the
UVE extension that is sufficiently flexible to adapt to changes in the
UVE specification. We explored the viability of using source code
transformations to apply techniques typically used at lower levels
of abstraction. We belive that future further extraction of streaming
paradigms from existing imperative style loops is possible.

Using the UVE extension and its implementation [5] as a case-
study, we presented a flow for testing ISA extensions based on
applying user defined transformations through the Clava tool. We
consider that this accelerates adoption of hardware/software co-
design, is less error-prone than handwritten inline assembly, frees
the software developer from hardware concerns, executes the ap-
plications without loss of performance, and avoids the need for
extensive modifications in established compilers.

We demonstrated, for set of 6 kernels, that automatically inserted
UVE assembly achieves a reduction in the number of executed in-
structions versus an unmodified RISC-V core. Additionally, we
demonstrated that, for the two supported cases, our method of au-
tomatic inline assembly insertion matches the instruction count of
manual insertion performed in [5], where speedups were attainable
versus an ARM core with the SVE extension. These are promising
results regarding the remaining cases that could not be compared.

Regarding future work, the entire UVE extension may yet be
added to Spike (or similar) to explore additional benchmarks, and
we are currently working on generalizing the developed transfor-
mations for other extensions. Support for transformation of nested
loops into a streaming paradigm is also important. Finally, we note
that efforts are also required regarding quick integration of the
extensions into existing ISA simulators, for faster design cycles.
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