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Abstract—To overcome the programmability issue in multicore1

microcontrollers and to allow seamless portability of parallel2

programming libraries across the embedded computing contin-3

uum, in this paper we discuss the modifications required to the4

operating system and runtimes to support OpenMP and SYCL5

on microcontrollers. We compare the performance of parallel6

OpenMP and SYCL code on an emerging embedded kernel ar-7

chitecture: the fluid kernel. Experiments running on the RP20408

dual-core microcontroller using standard benchmarks achieve9

an average speedup of 1.64x (maximum 1.90x) for SYCL and10

1.65x (maximum 1.89x) for OpenMP compared to the equivalent11

single-core code. To the best of our knowledge, we present the12

first results of running SYCL code on microcontrollers.13

Index Terms—SYCL, OpenMP, embedded systems, microcon-14

trollers, real-time operating systems15
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I. INTRODUCTION AND RELATED WORK23

In traditional single-core microcontrollers, Real-Time Op-24

erating Systems (RTOSes) enable the use of threads for the25

purpose of multi-tasking and temporal isolation between real-26

time and non-real-time tasks. The steadily increasing algo-27

rithmic complexity of embedded software is however pushing28

the semiconductor industry to deliver higher and higher per-29

formance in microcontrollers. As a result, just like in High-30

Performance computing (HPC) and desktop computing, multi-31

core microcontrollers are expected to soon become prevalent,32

and thus leveraging parallelism becomes a new relevant use33

of multi-threading in this field. Therefore, embedded program-34

mers will increasingly need programming models facilitating35

algorithm parallelization.36

The major programming models for parallelization are37

OpenMP, OpenCL, CUDA and SYCL [1], [2]. However,38

CUDA and OpenCL are focused on SIMD parallelism as39

found in GPUs, and are thus unsuitable for multicore micro-40

controllers which exploit CPU-based MIMD parallelism.41

OpenMP is the dominant parallel programming API for42

multicore CPUs [3], available as a pragma-based extension of43

C, C++ or Fortran. The reliance on pragmas forces OpenMP to44

be implemented at compiler-level, and the underlying runtime45

calls emitted by each compiler (LLVM or GCC) are not46

standardized. OpenMP has been extended to support hetero-47

geneous systems [4], [5], and Linux-capable high-end embed-48

ded systems with Memory Management Units (MMU) [6]–49

[8]. OpenMP has also been ported to the Texas Instruments50

TMS320C64x+ [9] Digital Signal Processor (DSP). However, 51

the authors do not explore multicore-aware RTOSes, opting to 52

run separate OS instances on each DSP core instead. 53

On the other hand, SYCL targets both CPUs and GPUs and 54

is increasingly popular in edge-computing applications. It is 55

a single-source parallel programming model based on C++, 56

that does not require language extensions such as OpenMP’s 57

pragmas. As a result, SYCL support can be implemented as 58

library-only [10]–[12], with compiler support only necessary 59

when targeting GPUs. Multiple implementations of SYCL 60

exist, such as AdaptiveCpp and DPC++ [13]. SYCL has been 61

used in HPC for both CPU and GPU parallelism, and even 62

for programming clusters of accelerators [14]. However, its 63

adoption in the embedded world is currently in its infancy. 64

There is a group working on the standardization of SYCL in 65

safety critical applications [15], but its current focus is high- 66

end heterogeneous embedded systems based on Linux. To the 67

best of the authors’ knowledge, we are the first to target SYCL 68

for microcontrollers and RTOSes. 69

While microcontrollers have traditionally been programmed 70

using unikernels, which provide no separation between ker- 71

nelspace and userspace code, the rise in complexity of modern 72

microcontroller hardware promotes support for high-level pro- 73

gramming models, like POSIX compliance and the abstraction 74

of processes. This scenario has driven the recent introduction 75

of embedded Real-Time Operating System (RTOS) archi- 76

tectures such as the fluid kernel [16]. Fluid kernels unify 77

the embedded computing continuum by enabling the use of 78

standard APIs also supported by Linux in RTOSes, supporting 79

both kernel-space applications (unikernel-like) and user-space 80

applications through processes. Therefore it is a relevant 81

research challenge to extend other high-level APIs standard 82

such as parallel programming models to microcontrollers. 83

In this work we introduce SYCL and OpenMP support on 84

MMU-less multicore microcontrollers running a fluid kernel 85

RTOS, Miosix1, with the goal to allow writing parallel code 86

using standard programming models across the whole embed- 87

ded computing continuum. 88

II. PARALLEL PROGRAMMING ON MICROCONTROLLERS 89

Multicore microcontroller support in RTOSes, despite being 90

envisioned as far back as 2005 [17], is only becoming relevant 91

now that Symmetric MultiProcessing (SMP) microcontrollers 92

are commonly available. These microcontrollers are designed 93

to run a single instance of an operating system on all the 94

available cores, and provide the required hardware support 95

to do so efficiently. A multicore-aware RTOS provides the 96

1https://github.com/fedetft/miosix-kernel
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1 //Full code in:
2 //kernel/scheduler/priority/priority_scheduler.cpp
3 Thread * running[CPU_NUM_CORES]; //global
4 FifoQueue<Thread *> ready[NUM_PRIORITIES]; //global
5 List<Thread *> notReady; //global
6

7 void scheduler() {
8 // Deschedule previous thread
9 auto prev=running[getCoreId()];

10 if(prev->isReady()==false) notReady.push_back(prev);
11 else ready[prev->getPriority()].push_back(prev);
12 // Find next thread to run
13 int i=NUM_PRIORITIES-1;
14 for(;i>=0;i--)
15 if(ready[i].empty()==false) {
16 running[getCoreId()]=ready[i].front();
17 ready[i].pop_front();
18 computePreemption(i);
19 break;
20 }
21 // Check other cores schedule
22 int minRunPrio, coreIdRunMinPrio;
23 tie(minRunPrio,coreIdRunMinPrio)=minPriority(running);
24 for(;i>minRunPrio;i--)
25 if(ready[i].empty()==false) {
26 invokeSchedulerOnCore(coreIdRunMinPrio);
27 break;
28 }
29 }

Listing 1. Miosix simplified scheduler algorithm.

required scheduling and synchronization primitives for exploit-97

ing shared memory, which is the prevalent paradigm used for98

parallel application code.99

A. Adding multicore support to the Miosix fluid kernel100

Originally, Miosix used a priority-based preemptive sched-101

uler [18], enforcing the hard real-time invariant that the ready102

thread with the highest priority should always be executing.103

If multiple threads with the same priority exist, they are104

scheduled in round-robin fashion with a configurable pre-105

emption time quantum. The multicore scheduler enforces the106

same invariant (it guarantees no core is running a thread107

with lower priority than one waiting in the ready queue)108

using a distributed approach. The scheduler’s algorithm is109

shown in Listing 1. Each scheduler invocation only updates the110

running thread on the current core (lines 8-20 in the listing),111

and then checks that the schedule is globally respecting the112

invariant, invoking itself on another core if needed (lines 22-113

28). Note that although the scheduling algorithm is distributed,114

it operates on a shared ready queue (the global array ready).115

This queue is protected by a spinlock (not shown in the listing)116

while the scheduler is in execution.117

For implementing synchronization primitives, current mi-118

crocontrollers provide a fixed number of hardware spinlocks119

(32 in the RP2040). Miosix uses them to implement two global120

locks, the Global Interrupt disable Lock (GIL) and the Global121

Preemption disable Lock (GPL). The GIL protects threads or122

interrupt handlers from other threads or interrupt handlers, and123

is used by the scheduler and device drivers. The GPL only124

protects threads from other threads, and is used to implement125

POSIX and C++11 mutexes and condition_variables,126

which ensure that a waiting thread is put to sleep. These127

objects cannot be implemented as hardware spinlocks to128

prevent, for instance, starvation issues if a waiting thread is 129

preempted [19]. 130

B. OpenMP & SYCL Support for Miosix 131

OpenMP and SYCL implementations were originally de- 132

veloped for HPC, thus not taking into consideration the 133

limitations of embedded hardware. However, once multicore 134

support for POSIX threads was added to Miosix, we found 135

out that existing parallel runtimes can run on microcontrollers 136

with minimal modifications. Specifically, we performed opti- 137

mizations to reduce memory usage, and removed the use of 138

thread-local storage (currently not supported on Miosix). For 139

what concerns OpenMP, we adapted both the libgomp [20] 140

runtime for GCC, and the libomp [21] one for LLVM clang, 141

in the versions shipped together with GCC 9.2.0 and LLVM 142

18.1.8 respectively. For what concerns SYCL, C++ support 143

is also needed, which for Miosix was not a concern as the 144

kernel provides native support for the C++ standard library on 145

microcontrollers. Amongst several SYCL runtime alternatives 146

we chose AdaptiveCpp [22] for its library-only CPU-based 147

implementation which currently uses OpenMP as backend. 148

This choice allowed us to reuse the work already done for 149

OpenMP. The runtimes, once adapted, had a resulting memory 150

overhead of 8KB for libgomp, 14KB for libomp, 11KB for 151

AdaptiveCpp compiled with GCC/libgomp, and 23KB for 152

AdaptiveCpp compiled with LLVM clang/libomp. Our mod- 153

ifications to the OpenMP and SYCL runtimes are available 154

in this repository: https://github.com/HEAPLab/embedded 155

parallel programming. 156

III. EXPERIMENTAL EVALUATION 157

To measure the effectiveness of OpenMP and SYCL on 158

microcontrollers, we selected two benchmark suites: Poly- 159

Bench/ACC [23] for OpenMP, and SYCL-bench [13] for 160

SYCL. PolyBench/ACC is a version of PolyBench/C [24] ac- 161

celerated with OpenMP. SYCL-bench is a standard for SYCL 162

benchmarking, and it is based on a port of PolyBench/ACC 163

to SYCL, allowing a direct comparison between the suites. 164

A. Experimental Setup 165

The experimental evaluation in this paper has been per- 166

formed on the RP2040 [25] microcontroller from Raspberry Pi, 167

whose architecture is outlined in Figure 1. This microcontroller 168

is based around two ARM Cortex-M0+ cores running at 169

32x SPINLOCK
2x FIFO
CPUID

DMA

CORE0

Cortex-M0+

CORE1

Cortex-M0+

AHB-Lite crossbar

264KB SRAM 16KB CACHE Peripherals

2MB QSPI
FLASH GPIO

Fig. 1. Architecture of the RP2040 microcontroller.
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200MHz. Each core has one 32 bit memory access port, shared170

for both instruction and data accesses. A separate 32 bit port,171

mapped to a subset of the address space, is connected to a172

shared device providing hardware spinlocks and FIFO queues173

for inter-core synchronization, as well as a CPUID register174

allowing code to know on which core it is currently running175

on. The microcontroller provides an on-chip 264KB single-176

cycle SRAM divided in 6 striped banks. Cores can access177

different banks in the same clock cycle, while a round-robin178

arbiter is used when both cores attempt to access the same179

bank. Code execution is performed directly from an off-chip180

FLASH memory (eXecute In Place or XIP) connected through181

a 4 bit QSPI bus running at 100MHz. An on-chip 16KB182

cache, shared between cores, is used to compensate for the183

slow external memory speed. The code for all benchmarks is184

available at https://github.com/HEAPLab/embedded parallel185

programming.186

On the software side, the code for the benchmarks we187

are using for the evaluation (PolyBench/ACC2 and SYCL-188

bench3) was left unmodified in the parts related to the kernels189

themselves and the dataset initialization code. Only the sizes190

of the datasets were adjusted in order to fit in the RP2040’s191

available RAM memory, while keeping the same sizes for192

both PolyBench/ACC and SYCL-bench. The speedups were193

computed by comparing the execution times with the ones194

obtained by forcing the same benchmarks to run on a sin-195

gle core only. We measure the execution times through the196

facilities built-in to the benchmark suites. PolyBench/ACC197

uses gettimeofday while SYCL-bench employs the C++198

chrono API. On Miosix, both return a sub-microsecond-199

resolution time value. In the experiments we skipped bench-200

marks that did not exploit CPU parallelization. Additionally,201

some of the OpenMP benchmarks contained illegal pragmas202

for the latest version of the standard. These benchmarks203

were likewise skipped to avoid modifying their code, which204

would impair reproducibility. No outdated code was present205

in SYCL-bench, but only the benchmarks that were also part206

of PolyBench/ACC were tested. All the benchmarks were207

compiled with GCC 9.2.0 and LLVM clang 18.1.8 both, the208

two compilers supported by Miosix. This allows to compare209

the OpenMP implementations between GCC and LLVM.210

B. Sequential vs. parallel run times211

In Figure 2 and in Figure 3 the bars show the speedups212

obtained through OpenMP and SYCL respectively on the213

targeted subsets of PolyBench benchmarks on the RP2040.214

Both for OpenMP and SYCL we see a maximum speedup up215

to 1.9×, very close but lower than the theoretical maximum of216

2× for a two core architecture. This is due to synchronization217

overhead and intrinsic contention on the AHB-Lite crossbar218

due to the lack of per-core caches. For the same benchmarks,219

we see about the same speedups using either GCC or LLVM220

clang, with GCC being slightly more performant overall.221

We believe this is due to the GCC OpenMP runtime being222

more lightweight than the LLVM one. The speedups are also223

2https://cavazos-lab.github.io/PolyBench-ACC
3https://github.com/unisa-hpc/sycl-bench
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Fig. 2. Speedup of PolyBench/ACC benchmarks using OpenMP on the
RP2040 compared to serial (single core) execution. The dots represent the
speedups obtained on an Intel Core i7-9700K running Linux.
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Fig. 3. Speedup of SYCL-bench benchmarks on the RP2040 compared to
serial (single core) execution.

consistent between SYCL and OpenMP, highlighting that the 224

per-thread overhead of SYCL is not much greater than the 225

one of OpenMP, despite the targeted implementation of SYCL 226

being based on OpenMP. 227

Some benchmarks exhibit poor speedup, in particular cor- 228

relation, covariance, durbin, gramschmidt, lu and trmm. This 229

is due to a limitation in how the benchmarks are written, 230

which poorly partitions the work amongst the available cores. 231

The partitioning can be significantly improved by using the 232

schedule(static, 2) OpenMP pragma in the inner 233

loops of the affected benchmarks, although we opted to present 234

results for unmodified benchmarks. Poor speedups on the 235

same benchmarks can be reproduced on a desktop platform, 236

independently of the data size. For instance, on a Intel Core 237

i7-9700K CPU running at 4.8GHz, running Ubuntu Linux 238

24.04 LTS, using OpenMP limited to two threads, we see 239

similar speedups as with Miosix (dots in Figure 3), with the 240

only exception of symm. Considering that the inner loop of 241

symm accumulates over the same elements of an array in all 242

worker threads, the lack of a speedup is attributable to cache 243

coherency effects [26] which are absent on the RP2040. 244

C. Energy measurements 245

We measured the energy consumption during the execution 246

of the benchmarks in order to evaluate the impact of using 247
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both cores. The measurement was performed using a Tele-248

dyne T3DSO1104 oscilloscope, measuring the current draw249

as sensed by a 0.01Ω shunt resistor pre-amplified by a factor250

of 50×. The resulting trace, multiplied by the supply voltage,251

results in a power trace. Integrating the power trace within252

the time frame when each benchmark was executing results253

in the benchmark’s energy measurement. We observed that254

the increased power consumption due to parallelization on255

two cores is compensated by the reduced time-to-solution,256

resulting in comparable energy consumption for the single-257

core and parallel executions. Indeed, the greatest difference258

in power consumption across all benchmarks was a 6.92%259

increase for the parallel execution of syrk with SYCL using260

LLVM clang, which amounts to a difference of just 0.174J261

in absolute terms. Similar maximum figures were obtained262

for the other configurations: a 5.95% energy increase with263

SYCL using GCC, still running syrk; a 5.66% increase with264

OpenMP using LLVM clang, and 4.02% increase with SYCL265

using GCC running syr2k.266

D. Co-scheduling with real time threads267

To demonstrate the possibility to run code making use of268

parallel programming models alongside real-time application269

in the same hardware and operating system, we co-scheduled270

parallelized OpenMP and SYCL code with real-time threads.271

The real-time code is composed of two high-priority threads,272

each running a periodic computation occupying the CPU for a273

workload of 7ms with a period of 10ms, the period being equal274

to the deadline. Since the total real-time workload is 140%, it275

is not schedulable on a single core architecture. It is, however276

schedulable on the RP2040 dual-code microcontroller. In addi-277

tion to the two high-priority threads, the OpenMP and SYCL278

2mm benchmark was run concurrently utilizing the remaining279

CPU time. In both cases no deadline misses were observed.280

IV. CONCLUSION AND FUTURE WORKS281

In this paper, we explored the possibility to run parallel282

programming models on multicore microcontrollers. We dis-283

cussed the multicore extension to the Miosix fluid kernel, and284

the modifications to existing parallel runtimes to utilize mul-285

tithreading for exploiting parallelism in the underlying com-286

puter architecture. Thanks to the POSIX complicance of fluid287

kernels, the SYCL and OpenMP runtimes could run with min-288

imal modifications on the RP2040 platform, showing that the289

industrial adoption of these technologies on microcontrollers is290

within reach. As shown by the achieved speedup of up to 1.9×291

and the minimal energy overhead compared to single-core292

code, it is practical to run parallel SYCL and OpenMP code293

on microcontrollers. Thanks to preserving the same hard real-294

time invariant of the previous Miosix single-core scheduler,295

it is also possible to co-schedule higher priority real-time296

threads together with compute-intensive batch threads making297

use of parallel programming models. Future directions include298

providing extensions to said parallel programming models in299

order to make OpenMP and SYCL suitable for writing real-300

time code (as opposed to be run alongside existing real-time301

code).302
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