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ABSTRACT: Along with process control, perception represents the main function performed by the Edge Layer of
an Internet of Things (IoT) network. Many of these networks implement various applications where the response time
does not represent an important parameter. However, in critical applications, this parameter represents a crucial aspect.
One important sensing device used in IoT designs is the accelerometer. In most applications, the response time of the
embedded driver software handling this device is generally not analysed and not taken into account. In this paper, we
present the design and implementation of a predictable real-time driver stack for a popular accelerometer and gyroscope
device family. We provide clear justifications for why this response time is extremely important for critical applications
in the acquisition process of such data. We present extensive measurements and experimental results that demonstrate
the predictability of our solution, making it suitable for critical real-time systems.

KEYWORDS: Real-time accelerometer; real-time sensing; Internet of Things; real-time wireless sensor networks;
predictable time-bounded accelerometer; real-time systems

1 Introduction

Wireless Sensor Networks (WSNs) provided the early stages for the design and development of the
Internet of Things (IoT) concept [1,2] which currently receives great attention from researchers. Being a
significant enhancement of WSNs, the IoT concept provided the enriched connectivity and management to
the high sensing and control capabilities of the WSNs [3].

The applicability domains for the IoT networks are extremely vast such as home automation and
control [4], smart city [5], agriculture [6,7], healthcare [8] and also in the general environment monitoring
and control [9]. A particular use case for IoT is represented by time critical applications implemented by
real-time systems. In such systems, an accurate result provided by the system is equally important as the
response time of the system [10]. Critical hard real-time (HRT) systems to IoT networks aim to implement
applications especially in industrial systems [11] but also in critical healthcare systems [12] or environment
monitoring and security [13].

Real-time constraints are usually applied only for the Edge Layer and on the interface with the
Fog Layer. In this paper we concentrate on real-time sensing in the Edge Layer and more particular on
applications requiring the use of accelerometers. Such applications are numerous in various fields where
accelerometers represent the key sensing components in fields such as real-time health care for critical patient
monitoring [14], real-time human activity monitoring [15], human wearables [16], agriculture [17] or even
safety critical applications for monitoring structural integrity [18].
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In most of the studied applications, authors concentrate on the application itself while not including the
accelerometer data acquisition in a proper real-time analysis. The methodology on how the accelerometer
is handled by the firmware running on the microcontroller unit (MCU) does not take the lack of software
predictability into account.

In this paper, the design of a hard real-time driver for a popular accelerator module from the MPU
product family manufactured by TDK Corporation [19] is presented. Such devices have the main advantage
that their communication interface is usually based on I2C, which offers highly predictable communication.
Using this advantage accordingly, a HRT driver for such accelerometer modules can be achieved in order to
provide time-bounded accelerometer data for critical applications. The main contributions described in this
paper are the following:

o adetailed fully predictably HRT design and implementation of an I2C communication

o adetailed design and implementation for an accelerometer sensor of the MPU product family having
the real-time I2C implementation as basis

« an evaluation for the proposed solution and a detailed real-time analysis

The reminder of this paper continues with a related work part in Section 2 where a study for the need
of such as a solution is provided along with an analysis of existing implementations of significant drivers
for these modules. The core of this paper is presented in Section 3 which is experimentally analysed and
demonstrated through extensive measurements in Section 4. We finally present our conclusions in Section 5.

2 Related Work

The MPU product series offer accelerometer and gyroscope on-chip solutions which may be easily
integrated as a sensing part of IoT nodes. The MPU accelerometers represent a key component for projects
that are usually concentrated on specific applications such as Human Activity Recognition (HAR) [20],
navigation [21] or even very particular domains such as wave study and detection [22]. Such applications are
usually non-critical, thus they do not require real-time constraints.

On the other hand, the MPU devices are significantly used to implement specific medical applications
such as patient monitoring or human fall detection [23,24] or applications such as building structure integrity
monitoring [25] or even earthquake detection [18]. This type of application tends to need time bounded
implementations. However, the solutions presented by the authors are focused on the task at hand using
software libraries to handle the MPU accelerometers that do not offer any real-time guarantees.

The MPU sensors provide a stable and predictable communication interface with the host CPU by using
the I2C protocol, which provides a fully predictable, synchronous and stable communication interface based
on the master-slave paradigm, making them critical systems [26]. Considering this aspect, we may state that
the hardware support for real-time applications is provided, thus a software solution taking advantage of this
characteristic is needed.

Being one of the most popular accelerometer product families, the MPU devices have a lot of support
from developing and research communities, thus they are extremely easy to integrate into new designs.
However, most of the solutions available are developed in a blocking manner without the proper algorithms
adapted to provide a time-bounded real-time functionality.

One important implementation for the MPU6050 sensor is tailored for the Robot Operating Systems
(ROS) [27] provided by the Brazilian Institute of Robotics [28] who also provides the I2C implementation
as a dependency. Given the fact that ROS is practically a middleware based on a Linux operating system,
the real-time behaviour is extremely limited, while it only provides a software library, leaving the actual
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implementation of tasks to the developer. The I12C in this case is implemented in a blocking manner, thus no
real-time restrictions can be applied in order to obtain a predictable behaviour.

Other important projects offer C/C++ implementation for the MPU sensors which are also designed
in a blocking manner but with a series of timeout thus making them suitable for soft real-time applica-
tions [29,30]. Dedicated libraries for platforms such as STM32F401RE Nucleo, [31], ESP platforms [32] or
TivaC from Texas Instruments [33], even if they offer extremely detailed implementations for the MPU
sensors they still use the same blocking approach which limits their use in critical real-time projects.

Most of these solutions are written in C or C++ but a popular Go implementation is also available for
the Golang Powered Robotics framework [34].

The existing driver solution presented so far, and summarized in Table 1, has mostly limited or no
real-time support even if they are tailored for embedded systems. As we stated before, such approaches are
unsuitable for critical real-time applications.

Table 1: Solution comparison

Solution Real-time aspects Hardware/software Programming
platform language
MPU Driver for No real-time support ROS package for Linux C++
ROS [28] Implemented using
busy-wait loops
LibDriver Soft real-time - Blocking Platform independent C
MPU6050 [29] busy-loop with timeouts
Relies on external 12C driver
implemetation
Adafruit Soft real-time - Blocking Arduino Platform C/C++
MPU6050 [30] busy-loop with timeouts
MPU6050_driver [31] No real-time support STM32F401RE Nucleo board C
Implemented using
busy-wait loops
ESP-IDF Components No real-time support ESP-IDF C
library [32] Implemented using
busy-wait loops
Sensorlib [33] No real-time support Texas Instruments TivaC C
Implemented using
busy-wait loops
MPU driver for No real-time support GOBOT supported GO
GOBOT Go, Robot, Implemented using platforms
Go ! [34] busy-wait loops
Our solution Hard Real-Time Support MPU Real-Time Driver C

Layer - platform
independent I2C Real-Time
Driver Layer - platform
dependent
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Software design and programming paradigms for critical real-time systems use significantly different
approaches from classical systems. While in real-time systems, time is a crucial parameter, implementing
critical software modules usually relies on Finite State Machines (FSM) or other event-driven techniques [35].
Using such approaches enables critical software modules, especially in industrial applications [36], to be
scheduled for execution [37] by using real-time operating systems specialized for critical Internet of Things
applications [38].

While the real-time support for the software libraries is currently limited or unavailable, in this paper we
present a HRT design, tailored for ARM-based MCU, which implements a predictable communication and
driver for the MPU sensors thus offering a solution to fill the gap presented earlier. The main issue that this
solution tackles is the lack of execution predictability found in the existing driver for the MPU device family.
As it is discussed throughout this paper, a deterministic and jitter-less execution for the driver acquiring
MPU measurement data is crucial in real-time applications for critical Internet of Things. Most of the existing
critical applications presented in the literature, even if they are tailored for real-time applications, do not
take the deterministic aspect of the driver into consideration, thus introducing a non-predictable component
into the system. The solution presented in this manuscript aims to provide the necessary missing software
module design needed for a fully predictable system.

3 Real-Time MPU Driver

In this section, we present our solution as a real-time driver for the MPU devices using a predictable
approach. The driver is structured on two layers: the I2C Real-Time Driver and the MPU Real-Time Driver

as presented in Fig. 1.
User
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MPU Real-Time Driver
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12C Real-Time Driver
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Figure 1: Real-time MPU driver stack architecture diagram

The 12C Real-Time Driver represents the software module that interacts with the 12C Controller in the
MCU interfacing with the I2C bus. Being closest to the hardware, this layer has the most impact on the
functionality of the whole driver stack in terms of time predictability. Furthermore, implementing the whole
communication transport layer, this module also offers an abstract access to the MPU module for the upper
layer of the driver, represented here by the MPU Real-Time Driver. This latter module is responsible for
implementing all the operations specific to the MPU module, in a real-time, predictable manner, such as
register access, data collection and module configuration.

In our perspective, we designed both of these modules, the I2C Real-Time Driver and the MPU Real-Time

Driver, respectively, to function independently while being isolated. Using this approach facilitates adapting
this driver stack for the situation where the I2C bus is replaced with an SPI bus, as supported by many of the
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MPU devices in the same product family. This is easily accomplished by only replacing the I2C Real-Time
Driver with a similar module for interfacing with the SPI bus, without interfering with the upper layer, the
MPU Real-Time Driver at all. The communication between these two modules can be implemented either by
using simple message passing or through shared memory. For this solution, we have chosen the latter.

In order for the whole stack to offer real-time guarantees each component of the stack must operate
in a real-time manner. This can only be accomplished by designing the implementation to use predictable
code, avoiding infinite busy loops and relying on other techniques such as a Finite State Machine (FSM).
Regarding I12C Drivers, as we discussed in Section 2, in most of the MCU SDKs, the implementation is done
using busy-loops which has a negative impact on the predictability of the upper layer modules. Also, in order
to respect the real-time constraints our solution requires the use of an embedded real-time operating system.

We will continue to describe each of the two components of our solution separately in the following
subsections using a top-down approach.

3.1 The MPU Real-Time Driver

The top level component of our driver stack is the MPU Real-Time Driver which configures and reads
accelerometer and gyroscope data from the MPU sensor. This layer is isolated from the I2C Real-Time Driver
which handles the data transport through the I2C bus. Using a FSM approach, the main flow of the MPU
Real-Time Driver is depicted in Fig. 2.
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Figure 2: Real-time MPU driver main flow
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The flow begins with the MPU_IDLE state where the MPU module is considered to be uninitialized and
practically unusable but the application layer. The MPU_INIT state is responsible for configuring the MPU
device while the MPU_READ continuously reads the accelerometer and gyroscope data from it.

The MPU device family offers a register-based API over the transport bus where registers, accessed
via a specific address, provide the configuration, status check and data access interfaces [39]. Usually, there
are basically two methods to access these registers through the transport bus, in our case I2C: either
register by register or in mode where the start register address is provided and auto-incremented after each
read/write operation.

In order to obtain optimal access time, we adopted the burst operation mode for reading the data
contained in registers. This way, we avoid repetitive operations through the transport bus (such as too many
start conditions, stop conditions or addressing, ...).

In order to facilitate burst mode communication, related registers are placed at consecutive addresses.
On the other hand, burst write operations are not supported thus writing configuration registers needs to
be done register by register. This, however, cannot be considered an overhead because the module is only
configured once or at user request, thus it is not part of a normal driver operation.

The flow begins with the initialization procedure, which is contained in the MPU_INIT state. The config-
uration registers are written in burst mode with values stored in memory accordingly, which may be modified
by the user through dedicated API. Any such change will trigger a re-initialization procedure by restarting
the state machine thus re-entering this state. A successful initialization will switch the FSM of this layer
into the MPU_READ state. On the other hand, if an error is received then the underlying communication
transport interface driver (in this case I2C) is reconfigured and the whole process is restarted.

The normal operation state of the Real-Time MPU Driver layer is represented by the MPU_READ state.
In this state, the driver continuously reads the measured data from the MPU module (i.e., accelerometer data,
temperature and gyroscope data). The registers containing the measured data are being placed at consecutive
addresses which enables an optimal approach for transferring the data through a burst read operation.

After the data is read, the driver will then calculate the values according to the equations provided by
the manufacturer in the user manual. Next, the calculated values are validated against the limits provided
in the documentation. If errors are detected in the calculated values of either accelerometer, temperature
or gyroscope parameters the whole read process is being restarted and the data is discarded. If these
errors are detected consecutively then an error counter is being incremented and tested whether a certain
maximum number of consecutive errors has been reached. Such a situation is considered a serious failure
the whole driver stack will be reinitialized. The error counter is being reset to zero when correct data is read
and validated.

We designed the MPU Real-Time Driver layer to be platform independent and completely isolated from
the lower communication layer.

3.2 The I12C Real-Time Driver

As we stated before, the underlying transport protocol for the MPU devices is the I12C interface which
has the great advantage of being synchronous and predictable. This offers potential for using it in real-time
applications but only if the driver software is designed and implemented accordingly.

This layer of the driver stack is clearly platform-dependent as it interacts directly with the I2C peripheral
controller of the MCU. We designed this module to work independently and isolated from the rest of the
driver stack (i.e., the MPU Real-Time Driver). The communication between these two modules of the real-
time driver is implemented using shared memory.
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The main flow of the I12C Real-Time Driver is influenced by the READ and WRITE commands that are
received from the MPU Real-Time Driver through the shared data structure. This flow, as presented in Fig. 3,
must also respond to the situation when communication errors are detected.

12C Reset

12C_WRITE 12C_READ

71 12C_ERROR <

Figure 3: 12C real-time driver main flow

The I2C Real-Time Driver layer will only respond in the I2C_IDLE state to either a READ COMMAND
to initiate an 12C read operation or a WRITE COMMAND for an 12C write operation. These commands
will cause a transition to I2C_WRITE respectively I2C_READ states, where new commands from the MPU
Real-Time Driver layer will not be processed.

The 12C Real-Time Driver layer also needs to respond to the situation when either the READ or WRITE
operation ends with an error. In this case, in order for the driver to recover and restart its functionalities, an
I2C reset is triggered on both the software and hardware side.

The main operations supported by the I2C Real-Time Driver layer are READ and WRITE. The latter
is only used when initializing and configuring the MPU module while the READ operation is used
continuously after the module’s initialization.

As we stated before, burst write operations are not supported, thus a full optimization of these operations
cannot be implemented. However, by using the repeated start condition, we can include all the register write
operations in a single I2C transaction. This led to the design of the flow for the I2C WRITE operation as
presented in Fig. 4.

The flow begins with issuing an I2C START condition before sending the MPU device address on the
bus along with the WRITE flag. If an acknowledge (ACK) is received, then the address of the register is
sent on the bus, followed by the value to be written. Practically, 3 bytes are sent on the bus along with their
corresponding ACK. The flow then checks if the current written register was the last in the transaction. If
so, an I2C STOP condition is issued on the bus. On the other hand, if more registers need to be configured,
then the flow is restarted by sending another START condition (a repeated start condition) on the I2C bus.

The READ operation is supported using a burst approach, which may greatly improve performance
as well as CPU usage by reducing the execution time. Being slightly more complicated than the WRITE
operation, the READ register operation requires two steps in order to implement an I2C transaction which
practically involves both an I2C write transaction followed by an I2C read transaction. The write transaction
is needed in order to transfer the start register read address to the MPU device.
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Figure 4: 12C real-time driver-WRITE operation flow

As presented in Fig. 5, the flow naturally begins with an I2C START condition issued on the bus,
followed by the I2C address with the write flag being sent. When an ACK is received, the communication flow
continues by sending the register start address to the MPU device. After this transaction is again confirmed
by an ACK bit from the device, an additional START condition is being issued on the bus in order to trigger
the burst read operation. The 12C repeated START condition is then followed by the I2C device address
having the read flag set. After this request is confirmed by an ACK bit, the data byte from the start address is
being sent by the MPU device. If another byte needs to be requested from the next register address, an ACK
byte is being issued on the bus, which also confirms the validity of the transfer. On the other hand, if the
currently received byte is the last in the request, then a NACK bit is deployed on the bus in order to signal the
end of the burst transfer to the MPU device. The transaction is then terminated by issuing a STOP condition
on the I2C bus.

It is crucial to mention that, in our design, both the READ and WRITE flows as presented in Figs. 4
and 5 are implemented without any blocking instructions thus, using a FSM approach in order to poll the
state of the I2C controller.
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Figure 5: 12C real-time driver-READ operation flow

4 Implementation and Experimental Results

We implemented our solution on a hardware platform based on the LPC2000 [40] MCU family,
specifically an NXP LPC2294 microcontroller [41]. In order to support the needed real-time constraints, we
used FreeRTOS [42] as the embedded real-time operating system. We implemented the MPU stack as two
separate and isolated tasks, one for the MPU Real-Time Driver and one for the I2C Real-Time Driver. We also
added an additional task that acts as a user application layer that commands and reads data from the MPU
device through our stacked solution. The full descriptions of the tasks running in the system are presented
in Table 2.

The main parameters of the test environment that we used to evaluate our solution are listed in Table 3.
As stated in the FreeRTOS documentation [43], the FreeRTOS tick is recommended to be configured with the
value of 1 kHz. However, even if the developers guarantee stability for this tick frequency, this value will limit
the periods of the tasks in the system to a value of 1 ms. In order to improve performance, we increased the
tick frequency to 10 kHz, thus obtaining a minimum task period of 100 ps. We evaluated our solution in both
of these situations and we used the following terms to distinguish the evaluation environment: FreeRTOS
Stable for the situation where the system tick has the frequency of 1IkHz and FreeRTOS Fast for the situation
where the system tick has the frequency of 10 kHz.
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Table 2: System running tasks

Task name Task short name Task description
Task_MPU_Driver TMPU Task for the MPU Real-Time Driver
Task_I2C_Driver TI2C Task for the I2C Real-Time Driver
Task_MPU_Application TAPP_MPU Task for the MPU Test Application
Task_APP_1 TAPP1 Other Application Task 1
Task_APP_2 TAPP2 Other Application Task 2

Table 3: Test case main parameters

Parameter Value Parameter Value

CPU Core Freq 58.9824 MHz  FreeRTOS Heap Size 6 kHz
CPU Peripheral Freq 14.7456 MHz  FreeRTOS Tick Stable 1kHz
CPU RAM Memory 32 kB FreeRTOS Tick Fast 10 kHz
CPU Flash Memory 128 kB 12C Clock Freq 367.647 kHz

Furthermore, in Table 4, we present the task priority that we have chosen for each task and the task
execution period for both tick value situations. We also added the measurements for the Worst Case
Execution Time (WCET), Average Execution Time (AET) and Minimum Execution Time (MET).

Table 4: Task time parameters

FreeRTOS Stable Test Case FreeRTOS Fast Test Case

Task Task Period WCET AET MET  Period WCET AET MET

priority us us us us us us us us

TMPU 6 3000 97.8 14.25 1.62 300 133.82  18.693 1.62
TI2C 7 1000 5.14 3.893 142 100 5.14 3.893 1.42
TAPP_MPU 3 950 114 374 2.83 5000 120 42.6 2.96

TAPP1 2 5000 189 114.3 8.5 5000 190 116.9 9.5
TAPP2 2 5000 684 368.7 294 5000 687 3721 323

We consider the following notations: Ty py—execution period of the TMPU task and Trpc—
execution period of the TI2C task. There are no real restrictions on the execution period for the TI2C task.
However, given the fact that in a best-case scenario, a minimum of 3 executions of the TI2C task are needed
in order to finish the shortest transaction, we applied the following restriction for the period of the TMPU
task: Trypu 2 3 - Trrzc. We considered this restriction when choosing the values of the periods in Table 4
for both test cases regarding the period of TMPU.

Regarding the task priorities, working directly with the I2C bus controller, we considered the TI2C task
having the highest priority (in this case 7) while the next lower priority was assigned for the TMPU task. The
MPU user application task, TAPP_MPU received a much lower priority but higher than the other user tasks
running in the system.

In order to measure the WCET, AET and MET values presented in Table 4, we used a classical approach
using GPIOs. A dedicated GPIO pin was used for each task. Before the beginning of the tasK’s job execution,
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we made a transition from LOW to HIGH and at the end of the job’s execution we made a transition back
to LOW. Measuring the resulting waveforms using a high precision logic analyzer [44], we could obtain the
values presented in Table 4.

In a real-time system, one of the most important parameters for a task is the CPU usage. Most of the
scheduling algorithms limit the CPU usage to a maximum value in the case of the WCET. Also, the CPU usage
needs to be analysed in order to establish the remaining CPU that may be used for additional tasks. Using
U[%] = % -100 and based on the value in Table 4, we calculated the CPU usage for each task, obtaining the
values in Table 5.

Table 5: CPU Usage

FreeRTOS stable test Case FreeRTOS fast test case

Task MAX CPU % AVG CPU % MIN CPU% MAXCPU% AVG CPU % MIN CPU %
TMPU 3.26 0.48 0.05 44.61 6.23 0.54
TI2C 0.51 0.39 0.14 5.14 3.89 1.42
TAPP_MPU 12 3.94 0.30 2.40 0.85 0.06
TAPP1 3.78 2.29 0.17 3.80 2.34 0.19
TAPP2 13.68 7.37 0.59 13.74 7.44 0.65
TOTAL 33.23 14.46 1.25 69.69 20.76 2.86

In a stable usage of FreeRTOS we can observe a low CPU usage for the TMPU and TI2C tasks while
in a fast and unstable case these value increase significantly. Such a behaviour is clearly expected, thus
performance is increased.

In Fig. 6, we provide a sample capture using the logic analyzer, demonstrating the task execution for
the FreeRTOS Stable test case. The execution of the two tasks, TI2C and TMPU, is represented by the first
two waveforms. The third waveform, designated as MPU Tans in the figure, represents the measurement of
the period and duration of a full accelerometer data reading (a full transaction) from the MPU device. This
parameter is extremely important for a real-time system, thus it represents the actual result and the time
needed to obtain this result. In the remaining of this section, we will continue to analyse and discuss this
parameter. Also, the remaining two waveforms in the diagram present the two lines of the I2C bus.
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Figure 6: Task execution capture diagram-FreeRTOS Stable
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In the diagram in Fig. 6, the measurement marker M0 displays the measurements for the TI2C task, M1
for the TMPU task, while M3, which is displayed over the I2C line waveforms, represents the measurements
for the MPU Transaction as we described earlier.

Considering the space limitation, we provided the full raw captures as supplementary materials accom-
panying this paper. These files can be opened and studied by using the Saleae Logic Analyzer software [44]
without the need for the capture device.

In order to better analyse the time parameters, we extracted the measured data and obtained the
graphical representation in Fig. 7. The two plots represent the execution time (red) and the execution period
(blue) of the TI2C task (Fig. 7a) and of the TMPU task (Fig. 7b), both for the FreeRTOS Stable test case. We
can observe the stability of the execution period of both tasks in this graphical representation.
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Figure 7: Graphical analysis of the execution time and period of the TI2C and TMPU tasks for the FreeRTOS Stable test
case. In the red plot each point represents the value of the execution time while in the blue plot each point represents the
value of the execution period (a) TI2C Task Execution Time and Period; (b) TMPU Task Execution Time and Period

The same measurements were performed for the FreeRTOS Fast test case. Even though the performance
was increased by 10 times the disadvantage here is represented by a lower degree of stability. In Fig. 8, we
can identify the jitter of the execution period for both tasks, especially in the case of the TI2C task. This
behaviour is expected due to the fact that the instability of FreeRTOS for the 10 kHz is reported by the
developer of FreeRTOS.

As we stated before, the most important time parameter that has the most impact for critical real-time
systems is the MPU transaction period. The MPU transaction in this context represents a full accelerometer,
temperature and gyroscope burst read operation. For a real-time system, we would expect this period to be
jitter-less. To provide a strong an accurate analysis we compared the MPU transaction period obtained using
our MPU Real-Time Driver Stack against a non real-time blocking implementation using busy-loops. Such
an analysis is presented in Fig. 9.

In Fig. 9a, we can easily observe the high instability of the non real-time implementation where the
jitter is extremely unpredictable and random. In contrast, by analysing the blue plot one can observe the
predictable MPU Transaction period of our MPU Real-Time Driver stack for the FreeRTOS Fast test case.

A similar comparison is presented in Fig. 9b where the exact same values were used to plot the MPU
Transaction period for the non real-time implementation of the MPU driver, represented by the red plot.
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On the other hand, the blue graph represents the plotted MPU Transaction period of our solution for the

FreeRTOS Stable test case.
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Figure 8: Graphical analysis of the execution time and period of the TI2C and TMPU tasks for the FreeRTOS Fast test
case. In the red plot each point represents the value of the execution time while in the blue plot each point represents the
value of the execution period (a) TI2C Task Execution Time and Period; (b) TMPU Task Execution Time and Period
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Figure 9: Graphical analysis of the full MPU data read transaction period. A comparison between the implementation
using our Real-Time MPU Driver stack (blue) and a non real-time busy-wait blocking implementation (red) - the same
for both test cases: (a) MPU Real-Time Driver Transaction period for FreeRTOS Fast test case; (b) MPU Real-Time
Driver Transaction period for FreeRTOS Stable test case

For a much more practical approach, in Fig. 10, we present the logic analyzer capture for the MPU
Transaction represented here by the MPU Tran waveform along with the 12C bus waveforms. We can easily
observe the unpredictable behaviour of the MPU Transaction period. Such behaviour is not compatible with

critical real-time applications

In terms of performance, we calculated and analysed the measurement acquisition rate based on the

captured data provided as Supplementary Materials accompanying this paper. The calculated values are
presented in Table 6 for each test scenario.
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Figure 10: MPU transaction capture diagram-non real-time implementation

Table 6: Performance analysis

Test case Acquisition rate [transactions/s]
FreeRTOS Stable 42
FreeRTOS Fast 417.17
Blocking non real-time 447.55

As expected, the non real-time blocking implementation offers the best acquisition rate but totally lacks
predictability as it is easily observed in Fig. 9. While the acquisition rate of the FreeRTOS Fast scenario is
extremely close to the non real-time situation but unstable due to the OS limitations, the most predictable
scenarios, the FreeRTOS Stable case, provide the expected result. However, in a real-time system, this result
is expected. In such systems, predictability always comes with the cost of performance thus the key aspect is
determinism [45-47].

5 Conclusion

In this paper we present a predictable real-time design and implementation of a driver stack for the
accelerometer and gyroscope MPU device family. These modules are frequently used in many IoT projects
as we analysed in the literature review of this paper. Many projects using accelerometers do not take the
response time of the software driver into account, even if some of these applications could be applied in
critical real-time systems.

We designed our real-time driver for the MPU device family as a driver stack having two independent
and isolated components: the I2C Real-Time Driver layer and the MPU Real-Time Driver layer. The latter
layer is perfectly isolated from the first layer, which provides much flexibility for adapting this driver for
other hardware platforms.

The solution we present in this paper is suitable for real-time applications and we demonstrated
its functionality by implementing it on a real hardware platform. Through extensive measurements, we
provided a detailed analysis regarding the predictability and real-time aspects of our solution. By comparing
the obtained results with a non real-time implementation using classical busy-loops, we demonstrate the
real-time effectiveness of our solution.
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The logic analyzer captures provided as supplementary materials offer not only a proof of stable
execution for thousands of measurement cycles but also the full behaviour of the 3 test cases that were
presented in this paper.
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