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Chapter 1

Introduction

Real-time systems span over many sectors of industry. They can be found in
automotive industry, space and defense systems, medical equipment, network
devices, etc. Probably the most known characteristic of real-time systems is that
they have to response to the given event in a specific time. They are usually used
in systems, where the results of computation depends on the time when these
results are produced. Many real-time systems are embedded as integral parts of
electronic devices, therefore such a component is called an embedded system. The
most known examples of real-time embedded systems are ABS and airbag in cars,
manufacturing robots, multimedia systems for video processing, weapon systems.

Real-time systems have many characteristics and are thoroughly studied. Em-
bedded and real-time systems course’s goal is to introduce students into the world
of real-time systems. During this course, students should acquaint themselves
with the basics of real-time system design, scheduling, synchronization, commu-
nication, become familiar with definitions, characteristics and classification of
real-time systems.

To gain hands-on experiences with real-time systems, students come in con-
tact with multiple real-time systems during labs, where they create small real-time
applications. One of the application that students have been creating is a punch
press robot. It is programmed using RTEMS operating system. Created appli-
cation runs in a simulated environment using QEMU, which is an open source
machine emulator and virtualizer. RTEMS operating system is chosen specifically
because it is able to run in x86 QEMU simulator. Another application developed
during labs is the line following robot using nxtOSEK operating system and Lego
Mindstorms NXT robotic kit. Using real hardware, students will become more
aware of real hardware constrains, such as computation speed or memory size.
They will also experience the impact of physical constrains, for example: motor
has some momentum and can not be stopped at once, if robot wants to turn to
follow the line, turn will take time and will move robot into different position
relative to the followed line, than it will return to the followed line more steeply,
etc.



1.1 Goals and structure of the thesis

Since necessary NXT hardware is already obtained and used during labs, stu-
dents could develop their RTEMS real-time applications for NXT hardware. At
this time, punch press is the only application developed using RTEMS during Em-
bedded and real-time systems course. RTEMS running on NXT hardware would
widen possibilities of creating many different applications using variety of sensors
and motors. Since NXT is primarily destined for young children, it has rugged
design, sensors and motors are easily connectable, building frames for variety of
modeled systems is only a question of imagination.

The thesis is aimed to meet following requirements:

e discuss suitable way of porting RTEMS to NXT: RTEMS already
has a support for boards with ARM processor. For RTEMS applications to
run on NXT, suitable way of porting RT'EMS should be found.

e provide basic means for application compilation, deployment and
debugging: Means for development RTEMS application is already pre-
pared, since Eclipse IDE is already used during the labs. Building environ-
ment must be put together, because NXT is using ARM, therefore cross-
compiler toolchain should be chosen. For created applications to be de-
ployed, easy way of uploading application into the NXT should be provided.
Also simple way of debugging RTEMS applications should be available.

e provide support for basic peripherals: Once RTEMS application is suc-
cessfully running on NXT brick, at least support for basic sensors, e.g. touch
sensor, color sensor (HiTechnic), ultrasonic sensor and motors must be pro-

vided.

e create API for accessing peripherals: nxtOSEK operating system al-
ready have API called ECRobot, that is well documented and students
already use it during labs, it would be appropriate to use the same API. It
would eliminate the necessity of students learning different API and they
would be able to access devices in the same way and create applications
faster.

The thesis is divided into ten chapters:

e The Chapter [2|introduces RTEMS as real-time operating systems, defines
used terms, presents RTEMS architecture.

e The Chapter (3|describes NXT and its internal hardware and architecture,
address space and memory mapping. Also presents constrains and require-
ments that are caused by choice of application management.

e The Chapter [4] discusses suitable solutions for each part of the RTEMS
to NXT porting process.

e The Chapter [5| provides information on porting RTEMS on NXT plat-
form, in detail discusses most crucial parts of implementation, describes
basis of used drivers, system initialization and added startup screen.
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e The Chapter [6] shows instruction to prepare building environment and
discuss options that can be used in RTEMS application.

e The Chapter (7| zooms in on debugging RTEMS applications.

e The Chapter (8| evaluates memory requirements and memory usage of
RTEMS application running on NXT.

e The Chapter [9] gives overview of related systems.

e The Chapter concludes the thesis.

Sample RTEMS applications should be provided. Therefore multiple small ap-
plications, like line following robot, example mutex and semaphore usage, are
enclosed on DVD.

ECRobot API is enclosed on DVD in form of a web page, which sums up all
available methods.

11



Chapter 2

RTEMS

The Real-Time Executive for Multiprocessor Systems or RTEMS is a open source
fully featured Real-Time Operating System or RTOS that supports a variety of
open standard application programming interfaces (API) and interface standards
such as POSIX and BSD sockets. It is used in space flight, medical, networking
and many more embedded devices across a wide range of processor architectures
including ARM, PowerPC, Intel, Blackfin, MIPS, Microblaze and more.

Following chapters will explain basic terminology, provide overview of RTEMS
internal structure and describe architecture of RTEMS application.

2.1 Real-time and embedded system

Real-time systems have a complex set of characteristics. Generally, they must
adhere to more rigorous requirements. The real-time system is usually defined as
a system where correct behavior depends not only on the value of the computation
but also on the time at which the results are produced .

Real-time application system must receive and respond to a set of external
stimuli within rigid and critical time constraints referred to as deadlines. Dead-
lines can be further characterized as either hard or soft. If hard deadline is missed,
it will result in a catastrophic event, e.g. airbag will not be inflated in time.
Missing a soft deadline may not have such a devastating consequences. Another
requirement of real-time application systems is the ability to coordinate or man-
age a large number of concurrent activities. Sometimes the activities - tasks are
spread over a set of processors instead of a single processor.

Real-time operating systems or real-time executives serve as a cornerstone on
which to build the application system. A real-time multitasking executive allows
an application to be cast into a set of logical, autonomous processes or tasks which
become quite manageable. Each task is internally synchronous, but different tasks
execute independently, resulting in an asynchronous processing stream. Tasks
can be dynamically paused for many reasons resulting in a different task being
allowed to execute for a period of time. The executive also provides an interface to
other system components such as interrupt handlers and device drivers. System
components may request the executive to allocate and coordinate resources, and
to wait for and trigger synchronizing conditions.
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RTEMS, Real-Time Executive for Multiprocessor Systems, is a real-time ex-
ecutive (kernel) which provides a high performance environment for embedded
military applications including the following features:

e multitasking capabilities

e homogeneous and heterogeneous multiprocessor systems

e event-driven, priority-based, preemptive scheduling

e optional rate monotonic scheduling

e intertask communication and synchronization

e priority inheritance

e responsive interrupt management

e dynamic memory allocation

e high level of user configurability
By using RTEMS;, the real-time applications developer is freed from the problem
of controlling and synchronizing multiple tasks, does not need to develop, test,
debug, and document routines to manage memory, pass messages or provide mu-
tual exclusion. The developer is then able to concentrate solely on the application.

The time and cost required to develop sophisticated real-time applications is then
significantly reduced.

Embedded systems bear their name, because they are usually embedded as
a part of a bigger product, dedicated to specific task. They can be optimized for
specific functionality, which can increase their performance and rentability.

2.2 RTEMS application architecture

One important design goal of RTEMS was to provide a bridge between two critical
layers of typical real-time systems. As shown in the following figure, RTEMS
serves as a buffer between the project dependent application code and the target
hardware. Most hardware dependencies for real-time applications can be localized
to the low level device drivers.
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Figure 2.1: RTEMS application architecture

2.3 RTEMS internal architecture

RTEMS can be viewed as a set of layered components that work in harmony
to provide a set of services to a real-time application system. The executive in-
terface presented to the application is formed by grouping directives into logical
sets called resource managers. Functions utilized by multiple managers such as
scheduling, dispatching, and object management are provided in the executive
core. The executive core depends on a small set of CPU dependent routines. To-
gether these components provide a powerful run time environment that promotes
the development of efficient real-time application systems. The following figure

illustrates this organization:
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Timer
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Rate Monotonic
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Multiprocessing
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Dual Ported
Memory
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Figure 2.2: RTEMS internal architecture
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Chapter 3

NXT

Lego Mindstorms NXT 2.0 is the second set from LEGO’s Lego Mindstorms se-
ries. Main component is a programmable brick computer that controls the system.
A set of modular sensors, e.g. color, light, ultrasonic, touch sensor, gyro and ac-
celeration sensor, motors can be connected to the brick. Main building blocks to
create various structures for mechanical systems are parts from the Technics line.
LEGO Mindstorms NXT 2.0 may be used to build a model of an embedded sys-
tem with computer-controlled electromechanical parts. Many kinds of embedded
systems may be modeled, for example: line following robot, robot balancing on
the ball, segway, image scanner...

Figure 3.1: Lego Mindstorms NXT, from
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3.1 Hardware

Lego Mindstorms NXT 2.0 consists of the following hardware:

e 32-bit Atmel AT91SAM75256 main microcontroller (256 KB flash memory,
64 KB RAM), built on ARM7TDMI core (ARMvAT architecture). It is the
heart of the NXT brick.

e 8-bit Atmel AVR ATmega48 microcontroller at 4 MHz (4 KB flash memory,
512 Bytes RAM) is also present. It manages the pulse width modulation
(PWM) of the motors, can shut down the brick.

e 100x64 pixel LCD Screen

e Loudspeaker - 8 kHz sound quality, 8-bit resolution, 2-16 kHz sample rate
e Bluetooth Class II V2.0

e USB Port

e four 6-pin input ports (ports 1-4)

e three 6-pin output ports (ports A-C)

e four Push Buttons

e NXT 2.0 is powered by six AA batteries or the NXT Rechargeable DC
Battery

3.2 Communication architecture

Following Figure provides a graphical overview of Lego Mindstorms NXT 2.0
system architecture according to LEGO MINDSTORMS NXT Hardware Devel-
oper Kit.

Communication between the main ARM7TDMI processor and Sensors/Servo
Motors is done via the ATMEL AVR co-processor. Exception is the Ultrasonic
Sensor and acquisition of Servo Motor revolutions.

To access Sensors/Servo Motors, processor communicates with the co-processor
via [2C serial bus. This system architecture influences the software run-time envi-
ronment. The main ARM7TDMI processor accesses Sensors (to read sensor A /D
- analog-to-digital converter value) and Servo Motors (to set PWM duty ratio
and break mode) through a 1 ms periodical interrupt service routine of periodical
timer interrupt. Servo Motors revolutions are directly captured by pulse trig-
gered interrupt service routine of motor driver. Ultrasonic Sensor has its brain
to directly communicate with the main ARM7TDMI processor via another 12C
communication channel.
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3.3 Address space

Lego Mindstorms NXT 2.0 has a 32-bit processor, which allows 32-bit memory
addresses. Memory address space starts at 0x0000 0000, ends at address OxFFFF
FFFF. Processor can address 232 = 4,294,967,296 bytes of memory. Flash and
SRAM memories are mapped at the beginning of the address space. NXT has
256 Kbytes of Flash Memory, single plane, 1024 pages of 256 bytes, Protection
Mode, lock bits to secure contents of the Flash. Memory has 10,000 write cycles,
10-year data retention capability. Fast SRAM memory has capacity of 64 Kbytes
and single-cycle access at full speed.

Internal peripherals, such as power management controller, interrupt con-
troller, display, real time clock are mapped at the end of address space. Following
Figure describes NXT memory layout, presents memory addresses of internal
devices and shows their internal memory mapping. Flash and SRAM memory ad-
dress mapping can be change using Remap command. Memory address mapping
of Flash and SRAM memories will be characterized in Section [3.3.1]
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Internal Memory Mapping

Note:
(1) Can be Flash or SRAM

0x0000 0000 depending on REMAP.
(1)
Flash before Remap 1 MBytes
SRAM after Remap
0X000F FFF
0x0010 0000
Internal Flash 1 MBytes
0x001F FFF
0x0020 0000
Internal SRAM 1 MBytes
0x002F FFF
0x0030 0000
Address Memory Space
0x0000 0000
Reserved 253 MBytes
Internal Memories | 256 MBytes
OXOFFF FFFF
OXOFFF FFFF [
0x1000 0000
System Controller Mapping
OxFFFF FO00
) . AIC 512 Bytes/
Peripheral Mapping 128 registers
_ 0xF000 0000 I OXFFFF F1FF
Undefined 14 x 256 MBytes EEE OXFFFF F200
(Abort) 3,584 MBytes OXFT:II::IT:%FFFF
OXFFFA 0000 [0 161, TC2| 16 Kbytes DBGU 512 Bytes/
OXFFFA 3FFF 128 registers
OxFFFA 4000
Reserved OxFFFF F3FF
OxFFFA FFFF OxFFFF F400
OXFFFB 0000 16 Kbytes
OXEFFB SFEF UubP (Reserved on PIOA 512 Bytes/
X
OXFFFB 4000 SAM7S32/16) 128 registers
R (REEEmEE OXFFFF F5FF
OXFFFB 8000 — o OXFFFF F600
16 Kbytes
OXEFFF FFFF OXFFFB BFFF Reserved
0xF000 0000 OXFFFB C000 | zocorved OXFFFF FBFF
OXFFFB FFFF OxFFFF FCO0
O0xFFFC 0000 USARTO 16 Kbytes PMC 256 Bytes/
OXFFFC 3FFF 64 registers
Internal Peripherals | 256M Bytes OxFFFC 4000 16 Kbytes OxFFFF FCFF
OXFFFC 7FFF USART1 (Reserved on OXFFFF FDOO RSTC 16 Bytes/
X SAM7S32/16 4
OXFFFC 8000 | mroemrens ) OxFFFF FDOF 4 registers
OXFFFF FFFF OXFEFC BFFF Reserved
0xFFFC C000 PWMC 16 Kbytes OxFFFF FD20 RTT 16 Bytes/
OXI;FFF;% FFFF OxFFFF FC2F 4 registers
OXFFFD 0000 [ pogerved OXFFFF FD30 - 16 Bytes/
OXFEFD 3FFF OxFFFF FC3F 4 registers
O0xFFFD 4000 ssC 16 Kbytes OxFFFF FD40 WDT 16 Bytes/
OxI'::F;I'::[[)) 7FFF OxFFFF FD4F 4 registers
Ox 8000
ADC 16 Kbytes
o o0 [
X
X Reserved VREG 4 Bytes/
OXFFFD FFFF OXFFFF FC6F 1 register
OxFFFE 0000 spI 16 Kbytes OXPFFRFDT0 I oserved
OXFFFE 3FFF OxFFFF FEFF
OxFFFE4000 [ o " OXFFFF FFOO
eserve
256 Bytes/
OxFFFF EFFF MC 64 reg¥sters
OxFFFF FO0O svsc
OXFFFF FFFF OxFFFF FFFF

Figure 3.3: Address space mapping, from

3.3.1 Flash-SRAM memory mapping

The AT91SAMT7S256 has a capability to remap its internal Flash and SRAM
memories to the different memory addresses. At any time, the Flash memory is
mapped to address 0x0010 0000. It is also accessible at address 0x0000 0000
after the reset and before the Remap Command is used.

SRAM is always accessible at address 0x0020 0000. If Remap Command was
used, SRAM is also accessible at address 0x0000 0000.

Remap Command switches Flash — SRAM memory at address 0x0000 0000.
Remap Command is used during RTEMS startup to map SRAM memory to ad-
dress 0x0000 0000, where interrupt vectors table will be stored. SRAM memory

18



has to be remapped, because processor always jumps at address 0x0000 0000
to 0x0000 001C, according to the occurred exception. In Flash memory, these
addresses and also the beginning of the Flash memory are used by NXT BIOS.
To be able to use NXT BIOS for uploading RTEMS applications, interrupt vec-
tors table must be located in SRAM memory, therefore it must be remapped to
address 0x0000 0000. More information on NXT BIOS usage can be found in
Section 3.4

Following Figure illustrates memory mapping, when NXT is turned on:

Y T
SRAM after Remap I MBytes
0x000FFFFF_____ — =™~ ——"% |
0x0010 0000
Internal Flash 1 MBytes
256 MBytes| i ——————
Internal SRAM 1 MBytes
OXO02FFFFF|____
0x0030 0000
Undefined areas 253 MBytes
YosoppFRPPEL |

Figure 3.4: NXT memory remapping

3.4 nxtOSEK NXT BIOS

nxtOSEK @ is an open source operating system for LEGO MINDSTORMS
NXT platform. nxtOSEK consists of device driver of leJOS NXJ C/Assembly
source code, TOPPERS/ATK (Automotive Kernel, formerly known as TOP-
PERS/OSEK) and TOPPERS/JSP Real-Time Operating System source code
that includes ARM7 (ATMEL AT91SAMT7S256) specific porting part, and glue
code to make them work together. Part of the nxtOSEK is the nxtOSEK NXT
BIOS. Is an application which allows to upload nxtOSEK application to the
NXT. Using NXT BIOS, max. 224Kbytes single nxtOSEK program can be up-
loaded and stored to Flash memory. NXT BIOS is located at the beginning of the
Flash memory. It is the place where processor jumps to read instructions after
NXT is started. Therefore RTEMS application will be always started from NXT
BIOS. Usage of NXT BIOS also created a constrains for the memory addresses for
building RTEMS application and necessity of memory remapping when RTEMS
application is started, see Section [3.3.]]

To install NXT BIOS, follow and [15].
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Chapter 4

RTEMS to NXT porting analysis

To be able to run RTEMS on NXT platform, it is necessary to analyze main steps
that will be needed to successful execution of RTEMS applications on the NXT,
such as:

e building environment, building process
e application deployment
e application management in RTEMS

e support for CPU and internal/external peripherals in RTEMS, RTEMS
porting

e API for accessing peripherals

e debugging methods

All of these steps will be described in following chapters.

4.1 Building environment

When porting to NXT platform, first thing to do is to create an environment
for building application. NXT contains ARM processor, therefore it will be nec-
essary to use some cross-compiling toolchains to compile on non-ARM worksta-
tions. Multiple toolchains are available, for example GNU ARM toolchain [20],
YAGARTO [21], CrossWorks for ARM [22]. RTEMS provides pre-built environ-
ments for some hosts and also provides guidelines, how to build RTEMS us-
ing GNU ARM, therefore GNU ARM toolchain is chosen. Toolchain built from
sources using Linux host will be discussed, due to usage of Linux hosts environ-
ment during labs in Embedded and real-time systems course. Process of preparing
environment and building RTEMS is described in detail in Chapter [6]

For application development, Eclipse CDT with RTEMS plugin can be used.
Eclipse is already used during Embedded and real-time systems course. Tutorial
for simple project creation is enclosed in Appendix [C]
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4.2 Application deployment

Built RTEMS on NXT application has to have a specific structure. After start,
NXT starts to execute code from the beginning of the Flash memory. Therefore
it is usually the place where small assembly code, which starts with board basic
initialization is located. This should be the place where RTEMS on NXT is lo-
cated. Using this approach, RTEMS on NXT itself should have some BIOS-like
utility to handle uploading of new applications. Uploading must consist of two
parts: tool for sending compiled program running on the computer and receiver
running on the NXT, which will save received data into Flash memory.

For NXT part, existing systems for NXT platform usually have a BIOS-like
firmware, which represents operating system, through which an applications can
be uploaded, managed and executed. To get rid of implementing application
management in RTEMS on NXT, firmware from nxtOSEK is used to handle
application management. nxtOSEK uses NXT BIOS, which can upload and run
nxtOSEK applications. With NXT BIOS, students can upload RTEMS on NXT
and nxtOSEK applications the same way, which simplifies environment prepara-
tion for Embedded and real-time systems course and students are already familiar
with uploading process. Usage of NXT BIOS impose specific requirements, which
are discussed in Section [4.2.1] for location of the application in the memory and
therefore to the application structure. NXT BIOS jumps to the beginning of the
RTEMS on NXT, which than takes complete control over the entire NXT.

nxtOSEK already provides tools for application uploading. nxtOSEK expects
to use appflash.sh script, which uses NEXTTool, to upload applications in con-
junction with NXT BIOS. Though it is working fine in Windows operating system,
they had troubles working in Linux environment, therefore JAVA-based uploader
for 64-bit Linux platform is enclosed. It is compatible with NXT BIOS and ap-
plications can be uploaded via USB cable. Uploader implementation is described
in the Section (.11

4.2.1 Imposed memory requirements

RTEMS application is expected to be uploaded and run via NXT BIOS, which
means that memory layout of RTEMS application must be compatible with nx-
tOSEK application. RTEMS application is uploaded to address 0x0010 8000,
which is ensured by using enclosed uploading application. When NXT BIOS
starts, it checks whether it should run uploaded application or go into mode,
where new application can be uploaded. It also checks NXT BIOS version record,
whether it has changed. NXT BIOS version is stored at address 0x0010 7F00,
which is the last NXT BIOS containing page in memory.

To check whether new application should be uploaded, address 0x0010 7E00
is checked. That is the last but one BIOS containing page in memory. Flash new
application mode is entered, if value at specified location is set to

"Jumpin’ Jack Flash"

Address 0x0010 8000 is the place where BIOS stores uploaded application and
also it is the starting point of nxtOSEK applications. If application should be
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run, processor jumps to address 0x0010 8000 and starts executing instructions.
In case of RTEMS on NXT application, system initialization routines should be
stored at this address and from this point, uploaded application will take complete
control over NXT.

Following Figure displays location of NXT BIOS and nxtOSEK or RTEMS

application in the memory.

Flash memory (256Kbytes)

0x0010 0000
NXT BIOS
(max. 32Kbytes)

0x0010 8000

nxtOSEK App

or

RTEMS App
(max. 224Kbytes)

Figure 4.1: Application stored in memory using NXT BIOS

nxtOSEK SRAM application starts with copying itself into SRAM memory. This
mechanism restricts the size of a nxtOSEK SRAM application up to 64Kbytes. It
is not necessary to copy entire application into SRAM, only some specific parts
will be copied. RTEMS on NXT application code stays in the Flash memory, only
the .data and .bss segments, IRQ routines and a routine which sets flags into
memory for NXT BIOS to flash new application are copied into the SRAM. This
way, application size can be much bigger.

4.3 RTEMS on NXT application management

To be able to flash new RTEMS on NXT application, shutdown and also to
comfortably connect to the remote computer screen for debugging purposes, it
will be necessary to provide simple user interface. In different systems running
on NXT, this functionality is included in firmware. RTEMS on NXT implements
startup screen, which enables user to connect to the remote screen application,
shutdown NXT, run application or set new application flash mode via pressing
buttons. Ability to shutdown and set new application flash mode should also be
present when RTEMS on NXT application is executed. This can be achieved via
separate task or as part of some periodically occurring handler, such as clock
tick handler. Solution using clock tick handler is used, because it does not need
application programmer to include special tasks, it is transparent and also this
way it can not be forgotten to include this special task.
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4.4 Porting RTEMS

RTEMS is designed to be portable to a variety of computer architectures and
boards. NXT is using ARM processor, which is already supported by RTEMS.
With processor supported, only NXT board with its peripherals will need to be-
come operational. In RTEMS, support for specific board is added in form of BSP
- Board Support Package. BSP holds specific implementations of board initializa-
tion and device drivers for particular board. A minimal Board Support Package
includes device drivers for a clock tick, console 1/O, startup and miscellaneous
support code.

In BSP, RTEMS on NXT execution starts with small assembly script which
initializes internal devices, such as clock generator, sets processor mode, initializes
stack for each operating mode, sets interrupt handlers and interrupt controller,
copies necessary parts of code into SRAM memory. Then all RTEMS internal
structures are initialized together with drivers for internal and external devices.

BSP package, together with implementation details for RTEMS on NXT cru-
cial parts and functionality is described in Chapter [5l Interrupt handling possi-
bilities are discussed in Section £.4.1]

4.4.1 Handling interrupts

Interrupt handling on NXT is done in a following manner: as soon as exception
occurs (e.g. data abort, undefined instruction, IRQ), NXT processor jumps to the
corresponding instructions situated at addresses from 0x00 to 0x1C. From there,
RTEMS on NXT jumps to the standard interrupt handler. RTEMS on NXT uses
single point of entry for interrupts, where it reads AIC_IVR (Interrupt Vector
Register) to get an interrupt number. This number is expected to be the number,
which determines the position in the table, where all registered interrupt handlers
are stored. Interrupt vector numbers are set during advanced interrupt controller
initialization.

Another approach to interrupt handling supported by the NXT is called inter-
rupt vectoring. The interrupt handler addresses corresponding to each interrupt
source can be stored in the registers. This way, the processor will be able to
jump to the interrupt handler in a single instruction. Since AIC_IVR is at ad-
dress OXFFFF F100, the interrupt vector for interrupt handler stored at address
0x0000 0018 will contain following instruction:

LDR PC, [PC,# -&F20]

This instruction will read AIC__IVR register, which at that time will store address
for particular interrupt handler and jump to the appropriate handler. Though this
approach is a bit faster, it is more memory consuming, because each interrupt
handler must have a logic for saving registers, interrupt nesting, context switch-
ing... For a specific tasks, which should be serviced very fast, such as voice/video
buffers or some peripheral readings, this approach should be suitable and effective.

RTEMS does not have support for interrupt vectoring. Interrupt vectoring is
a hardware specific feature and RTEMS is expected to be multi-platform, there-
fore it handles interrupt in a way that can be used on various platforms. nxtOSEK,
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which is destined to run solely on NXT utilizes interrupt vectoring for handling
interrupts.

4.5 API for accessing peripherals

nxtOSEK has built-in C/C++ API, which is called ECRobot. ECRobot C API
was originally designed to develop a MATLAB&Simulink based Model-Based
Design environment (called Embedded Coder Robot) for LEGO MINDSTORMS
NXT. To make NXT internal and external devices accessible to the programmer
in RTEMS on NXT, ECRobot-like interface is used. ECRobot-like API is chosen,
because during the Embedded and real-time systems course, students meet with
nxtOSEK, create nxtOSEK applications, therefore they will be familiar with this
API and won’t need to explore new one. In comparison with nxtOSEK ECRobot
API, nxtOSEK specific functions are omitted and newly created RTEMS specific
functions are added.

4.6 Debugging methods

Traditionally it is quite hard to debug embedded systems. Usually, after making
any change in code, application has to be compiled, linked, uploaded and executed
to determine whether change was successfully applied. It is a quite time consuming
activity. There is also a problem with examining state changes in program. Usually
if developers don’t want to open up the device, solder connections or simply don’t
have hardware debugger, they have to suffice with simple techniques, such as some
debug output on LCD screen, playing different sounds, etc. For low-level control
of hardware, hardware debugger is necessary. Some of the development systems,
for example RobotC, provide another approach. They generate instructions for an
intermediate virtual machine rather than direct instructions for the NXT CPU.
This way developer can connect to the virtual machine using USB or Bluetooth
and remotely debug running application using debugger build in into development
environment IDE.

With RTEMS, it would be difficult to use an intermediate virtual machine for
debugging. Goal of this thesis is to run RTEMS on NXT as is, not with such a huge
RTEMS functionality change. Usage of hardware debugger is possible, since NXT
is capable to utilize JTAG interface, but hardware modifications of NXT brick
are necessary, see Section [7.2.1] Debugging via JTAG is further described in
Chapter [7]

leJOS operating system has ability to use computer as a remote console to
display tracing statements generated in NXJ program. It has capability to write
to the remote computer screen using Bluetooth or USB connection in conjunction
with nxjconsoleviewer application. On the computer side, nxjconsoleviewer
Java application is used to display output on the screen. Instead of implement-
ing new communication protocol and application to display outputs from NXT,
existing leJOS solution was reused. RTEMS on NXT is able to utilize the same
application and provide this simple debugging feature.
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Chapter 5

RTEMS on NXT platform

In following text, this chapter will describe necessary steps that were under-
taken during porting RTEMS to NXT platform. The most significant parts of
the RTEMS on NXT initialization, NXT board initialization, interrupt handling
and drivers implementation will be discussed. In the end, startup screen and
application uploader implementation will be presented.

This chapter can also be viewed as a tutorial for porting to NXT platform.

5.1 NXT Initialization

RTEMS on NXT execution starts with assembly code, that should be located in
BSP’s start/start.S file. It is the starting point for every BSP. It sets stacks for
different processor modes (IRQ, FI(Q), Abort mode, Supervisor) and set processor
back to Supervisor mode. Than interrupt vectors, handlers and clock have to be
put into operation.

Processor starts its execution in Supervisor mode with disabled interrupts. Pro-
cessor named ARM7TDMI has more operating modes:

e User: The normal ARM program execution state

e FIQ: Designed to support high-speed data transfer or channel process

IRQ: Used for general-purpose interrupt handling

Supervisor: Protected mode for the operating system

Abort mode: Implements virtual memory and/or memory protection

System: A privileged user mode for the operating system

Undefined: Supports software emulation of hardware coprocessors

Current processor mode is set in CPSR register. It holds information about most
recently performed ALU operation, controls the enabling and disabling of in-
terrupts and sets processor operating mode. RTEMS on NXT applications do
not utilize all operation modes. Applications do not utilize protection that can
be achieved via using multiple processor modes, therefore initialization and also
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RTEMS on NXT applications run in Supervisor mode. Processor changes mode
to IR() when interrupt occurs.

CPSR register in detail:

Condition
code flags Reserved Control bits

o —
~ —

31 30 20 28 27 26 25 24 23 6 5 4 3 2 10
‘NZCVo elo|eo e/ [le|lI|F|T M4M3M2M1MO
L ]
L Overflow - Mode bits
——— Carry or borrow or extend - State bit
Zero FIQ disable
Negative or less than IRQ disable

Figure 5.1: Overview of CPSR register, from

Some modes also have own Saved Program Status Register (SPSR), that holds
the CPSR of the task immediately preceding the raised exception. Number of
available registers differs between ARM and Thumb state, ARM state uses 32-bit
instruction set and Thumb uses 16-bit instruction set. Most of the RTEMS on
NXT code is compiled into Thumb instruction set because of size optimization.
IR() mode, which is set when exception occur, starts expecting ARM instructions.
For each mode, stack pointers have to be initialized. Segments .bss and .data
should also be initialized.

Interrupt vectors are expected to be at address 0x0000 0000 — 0x0000 001C.
These interrupt vectors should be stored in the program at the beginning of the
memory. Since this place in memory is occupied by NXT BIOS, interrupt vec-
tors are copied to SRAM during startup, then the SRAM memory is remapped.
Details on memory remapping can be found in Section [3.3.1] Interrupt vectors
can contain pointers to exception handlers or instruction to jump to the AIC
(Advanced Interrupt Controller). When pointers are used, each handler has to
find out what kind of interrupt occurred, what is the interrupt source and de-
termine correct handling. When instruction to jump to the AIC is used, NXT’s
AIC is able to determine interrupt source and set the interrupt source into spe-
cific register. When AIC jumps to the correct handler by itself, this feature is
called interrupt vectoring. RTEMS on NXT does not have support for interrupt
vectoring, therefore AIC contains exception handler number instead of exception
handler address. Interrupt vectoring as well as interrupt handling is reviewed in
Section [5.3] and Section [£.4.1] Each interrupt that wants to be raised, must be
registered in AIC. Settings for AIC can be found in Section [5.2.1

To be able to raise timer interrupt for scheduler periodically, Master clock has to
be set. Detail description of enabling and setting master clock is in Section [5.4]

At this point, low level initialization should be complete and initialization of
devices and RTEMS on NXT structures can continue in C language methods.
RTEMS on NXT internal initialization is discussed in Section
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Other devices that require interrupt registration should be registered before
interrupts are enabled. In RTEMS on NXT, it is done in bsp_predriver_hook,
see Section [5.7] It is also the place where initialization of drivers occurs. Drivers
for motors, sensors, internal devices are stored in BSP package. Some of the
NXT devices require to run handling routines periodically. For example, link
with AVR co-processor has to be sustained every lms, quadrature for motors
has to be decoded, USB connection must be invoked periodically, buttons state
should be checked, etc. In RTEMS on NXT, these specific routines are executed
every lms, from timer interrupt. It would not be right to oppress programmer
with creation of specific tasks for execution of this hardware specific routines. He
could also omit some of them, which will lead to installation of new NXT BIOS.
Drivers will be further discussed in Section 5.6l RTEMS already contains support
for ARM processors, therefore routines such as context-switch, nested interrupt
handler, register definitions do not need to be implemented.

If initialization is successfully completed, NXT is ready to start executing user
code.

When application is being executed on NXT, it is very useful to be able to shut it
down in a way other than pulling out batteries. NXT does not have on/off switch,
it has to be implemented in application. NXT shut down is initiated from AVR co-
processor. Details can be found in Section[5.5.4] In RTEMS, task execution can be
terminated from code via rtems_shutdown executive. It would be convenient to
be able to shut down NXT from outside the application, just by pressing buttons.
RTEMS on NXT implements this functionality together with setting NXT BIOS
into flash new application mode. From periodical timer interrupt, buttons state
is checked. If gray square button was pressed, NXT will shut down. If orange and
left-arrow buttons were pressed, NXT BIOS application flash mode will be set,
see Section 510

5.2 Interrupts

All interrupts of the system are managed by the AIC - Advanced Interrupt Con-
troller. Every interrupt source must register itself in AIC to be able to raise
interrupts and also has to register its interrupt handler. In following chapters,
process of initializing interrupt controller, registering interrupts and interrupt
handling will be described.

5.2.1 Advanced interrupt controller

In the following text, initialization of the advanced interrupt controller (AIC) will
be presented.

For each interrupt source, a particular interrupt handler can be set, i.e. a function
which is called when the corresponding interrupt occurs. Interrupts can also be
individually enabled or masked, and have eight different priority levels.

To initialize the AIC, first thing to do is to disable and clear all interrupts.

// Disable all interrupts
AT91C _BASE_AIC->AIC_IDCR = OxFFFFFFFF;
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// Clear all interrupts
AT91C_BASE_AIC->AIC_ICCR = OxFFFFFFFF;

NXT support fast interrupt. Fast interrupt (FIQ) can be used as higher priority
interrupt then a normal interrupt, for example for some very high priority task.
RTEMS disables this feature. The fast forcing feature redirects any internal or ex-
ternal interrupt source to provide a fast interrupt rather than a normal interrupt.
To disable fast interrupts, set Fast Forcing Disable Register (AIC_FFDR):

AT91C_BASE_AIC->AIC_FFDR = OxFFFFFFFF;

Next step in AIC initialization is to acknowledge any previous interrupt, so the
AIC will become idle, not handling any interrupt:

AT91C_BASE_AIC->AIC_EOICR = 1;

When AIC is being initialized, individual interrupt sources can be adjusted. In-
terrupt controller has 32 sources. Interrupt source 0 is reserved for fast interrupt.
Interrupt source 1 is always located at System Interrupt, such as System Timer,
Real Time Clock, Power Management Controller and the Memory Controller.
Another interesting interrupt sources are UDP (11), TWI (12), SPI (13).

For each interrupt source, priority and source type must be set. It is done via sep-
arate register AIC_SMR (Source Mode Register) for particular interrupt source.
During initialization, all AIC_SMR registers are set to 0 and each AIC_SVR is
set to its matching number, which will be used when resolving incoming inter-
rupts:

AT91C_BASE_AIC->AIC_SMR[interrupt_peripheral_id]
AT91C_BASE_AIC->AIC_SVR[interrupt_peripheral_ id] =
interrupt_peripheral_id;

0;

To install interrupt handler into AIC, interrupts must be disabled:
AT91C_BASE_AIC->AIC_EOICR = 1 << interrupt_peripheral_id;

For each interrupt source, set Source Mode Register with corresponding priority
and source type:

AT91C_BASE_AIC->AIC_SMR[interrupt_peripheral_id] = desired_value;

Detail of Source mode register structure is shown in Figure [5.2}
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Figure 5.2: Overview of SMR register, from

Priority in PRIOR field of SMR register can be set between 0 (lowest priority) to
7 (highest priority).

SRCTYPE field of SMR register can be set to the values displayed in the following
table:
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SRCTYPE Internal Interrupt Sources External Interrupt Sources

0 0 High level Sensitive Low level Sensitive
0 1 Positive edge triggered Negative edge triggered
1 0 High level Sensitive High level Sensitive
1 1 Positive edge triggered Positive edge triggered

The active level or edge is not programmable for the internal interrupt sources.
When AIC_SMR register is set, to enable interrupts, set

AT91C_BASE_AIC->AIC_IECR = 1 << interrupt_peripheral id;

Advanced interrupt controller initialization is located in irq/irq.c file.

In RTEMS on NXT, to register a particular interrupt, interrupt source and also its
handler method, device drivers use added function rtems_handler install nxt.

5.2.2 Advanced interrupt controller protect mode

To be able to read AIC registers via debugger, it is necessary to set the Protect
Mode, which permits reading the Interrupt Vector Register (IVR) without per-
forming the associated automatic operations. This is necessary, because debugger
might read AIC_IVR register and thus undesired consequences might occur, such
as:

e [f an enabled interrupt with a higher priority than the current one is pend-
ing, it is stacked.

e If there is no enabled pending interrupt, the spurious vector is returned.

When AIC_IVR is read while no enabled interrupt source is pending, AIC detects
a spurious interrupt. When this happens, the AIC returns the value stored by
the programmer in AIC_SPU (Spurious Vector Register). In RTEMS, default
exception handler is stored in AIC__SPU.

Accessing AIC_IVR changes system behavior and is not desired. To enable pro-
tected mode, set

AT91C_BASE_AIC->AIC_DCR = 1;

Spurious vector initialization and protected mode enabling is also located in
irq/irq.c file.

5.3 Interrupt handling

In following text, RTEMS on NXT interrupt handling will be presented.

As soon as exception occurs (e.g. data abort, undefined instruction, IRQ),
processor jumps to the corresponding instructions situated at addresses from
0x00 to 0x1C. Those are addresses of exception handlers, which were copied to
the SRAM memory after remap during RTEMS initialization:
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LDR PC, _ Reset_Addr /* Reset handler addressx*/

LDR PC, _ Undefined Addr /* Undefined instruction handler*/
LDR PC, __SWI_Addr /* Software interrupt */

LDR PC, _ Prefetch Addr /* Prefetch abortx/

LDR PC, _ Abort Addr /x Data abortx*/

NOP /* reserved */

LDR PC, __IRQ_Addr /* Interrupt handlerx*/

LDR PC, __FIQ_Addr/* Fast interrupt handler*/

Processor starts to execute IRQ interrupt handler in ARM state and is switched
to IRQ operating mode. Interrupt handler method _ARMV4 _Exception_interrupt
for ARM processor is already present in RTEMS. It saves registers, saves con-
text, switches from ARM to Thumb mode and calls bsp_interrupt_dispatch
method. This method determines the interrupt vector number of interrupt, that
caused the exception by reading AIC_IVR (Interrupt Vector Register) from AIC.
Reading AIC_IVR acknowledges interrupt. Current interrupt is determined ac-
cording to its priority at the time when AIC_IVR is read. If multiple interrupt
sources of equal priority are pending and enabled when the AIC_IVR is read,
the interrupt with the lowest interrupt source number is serviced first. Interrupts
with higher priority can be handled during the service of interrupt with lower
priority.

To be able to know, which interrupt source triggered interrupt, value of corre-
sponding AIC_SVR register (Source Vector Register) is returned when reading
AIC_IVR (Interrupt Vector Register). These values were written to AIC_SVR
registers during AIC initialization. RTEMS uses single point of entry for inter-
rupts, where it reads AIC__IVR to get interrupt number. This number is expected
to be the number, which determines the position in the table, where all registered
interrupt handlers are stored. This table is stored in SRAM memory right behind
the exception vectors.

To end the interrupt treatment, write to the End of Interrupt Command
Register (AIC_EOICR) must be performed. It does not matter, what value will
be written, only the write itself is necessary.

5.4 Master clock

Master clock is the clock provided to all the peripherals and the memory con-
troller. It must be set to the specific value for devices to work properly. In following
text, instructions for setting Master clock to desired frequencies will be discussed.

In NXT, clock is generated by the Clock Generator. It provides the clock for
Master clock.

Clock generator is made up of a PLL (Phase Lock Loop), a Main Oscillator and
an RC Oscillator. It provides the following clocks:

e SLCK, the Slow Clock, which is the only permanent clock within the system
e MAINCK is the output of the Main Oscillator
e PLLCK is the output of the Divider and PLL block
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Figure 5.3: Overview of a Clock Generator, from

5.4.1 Master clock initialization

The Clock Generator User Interface is embedded within the Power Management
Controller, which starts at address OxFFFF FC00. Main Oscillator is enabled in
Main Oscillator Register (CKGR_MOR) at address OxFFFF FC20 by writing
a value 0x0000 0601. This value is computed as enabled MOSCEN bit (bit num-
ber 0) in Main Oscillator Register and value of the oscillator startup time, which
is computed by looking at the DC characteristics given in the datasheet of the
board. Oscillator frequency is set to 18.432 MHz. When oscillator is started, time
is needed for oscillator to stabilize. Oscillator is stabilized when bit number 0 at
address OxFFFF FC68 (register PMC _SR) is set to 1.

Once the oscillator is started and stabilized, the PLL can be configured. The
PLL is made up of two chained blocks: the first one divides the input clock, while
the second one multiplies it. The MUL and DIV factors are set in the PLL Register
at address OxFFFF FC2C. These two values must be chosen according to the main
oscillator (input) frequency and the desired main clock (output) frequency. Since
Master clock is expected to run at 48 MHz (48054857Hz), which will be frequency
output divided by 2, frequency output should be close to 96109714. DIV and MUL
values will be 14 and 72.

Like the main oscillator, a PLL startup time must also be provided. It is also
computed from datasheet. PLL is locked when bit number 2 at address OXFFFF
FC68 (register PMC_SR) is set to 1.

Now the remaining prescaling value of the main clock must be set and the
PLL output must also be selected. Value 0x7 is written into Master Clock Register
(PMC_MCKR) at address 0xFFFF FC30, which means that PLL Clock is selected
as Master clock and Processor Clock Prescaler is set as selected clock (PLL Clock)
divided by 2. Master clock is ready when bit number 3 at address 0xFFFF FC68
(register PMC__SR) is set to 1.

Clock initialization is done in assembly code, at the beginning of the RTEMS
on NXT initialization. It is located in start/start.S file.
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Figure 5.4: Overview of Master Clock controler, from

5.4.2 Clock interrupt

File clock/clock. c stores routines for measuring time, initializes Periodic Inter-
val Timer (PIT) which generates the operating system’s periodic scheduler in-
terrupt. The PIT provides a programmable overflow counter and a reset-on-read
feature. It consists of two counters: a 20-bit CPIV counter and a 12-bit PICNT
counter. Both counters work at Master Clock /16. The first 20-bit CPIV counter
increments from 0 up to a programmable overflow value set in the field PIV of the
Mode Register (PIT _MR) at address OxFFFF FD30. When the counter CPIV
reaches this value, it resets to 0 and increments the Periodic Interval Counter,
PICNT. The status bit PITS in the Status Register (PIT_ SR, address OxFFFF
FDO4) rises and triggers an interrupt, provided the interrupt is enabled (bit PI-
TIEN in PIT_MR).

PIT MR register should trigger interrupt every 1lms, which corresponds to
a PIV value of 0xBBA, which is Master Clock / 16 / PIT FREQUENCY(1000)
-1. Bit PITEN, which enables interrupt triggering and bit PITTEN, which enables
timer are added, so the final value to be set to the PIT MR register is 0x3000BBA.

Structure of PIT MR register is shown in Figure

31 30 29 28 27 26 25 24
| e I = I = I = | = I = [ PITIEN PITEN |
23 22 21 20 19 18 17 16
| - [ - [ - | - [ PV |
15 14 13 12 1 10 9 8
| IV |
7 6 5 4 3 2 1 0
| IV |

Figure 5.5: Overview of PIT MR register, from

When CPIV and PICNT values are obtained by reading the Periodic Interval
Value Register (PIT _PIVR), the overflow counter (PICNT) is reset and the PITS
is cleared, thus acknowledging the interrupt. The value of PICNT gives the num-
ber of periodic intervals elapsed since the last read of PIT PIVR. When CPIV
and PICNT values are obtained by reading the Periodic Interval Image Register
(PIT_PIIR), there is no effect on the counters CPIV and PICNT, nor on the bit
PITS. For example, a profiler can read PIT__PIIR without clearing any pending
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interrupt, whereas a timer interrupt clears the interrupt by reading PIT PIVR.
The PIT is stopped when the core enters debug state.

When timer interrupt occurs, Clock_driver_support_at_tick is called. It
reads PIT_PIVR register and executes routines that are expected to run every
1lms, such as link to AVR co-processor must be sustained, motor interrupt is
raised so the quadrature can be computed, buttons are checked whether some
of them were pressed, if debug output is enabled then debug messages are sent.
Because of these restrictions, following directive must be present in RTEMS on
NXT application:

#define CONFIGURE_MICROSECONDS_PER_TICK 1000
Directive for clock driver can not be omitted:
#define CONFIGURE APPLICATION NEEDS CLOCK_DRIVER

More information on application directives can be found in Section [6.3.1]

5.4.3 Time in RTEMS

RTEMS automatically stores elapsed ticks and increments this value every 1ms.
Number of elapsed ticks, which corresponds to number of elapsed ms is accessible
via systick_get_ms method.

For counting elapsed time in nanoseconds, RTEMS on NXT provides counter
nxt_start_ns and function nxt_get_ns_count for retrieving elapsed time. For
example, they can be used for rough estimate of task duration. Since there is no
nanoseconds counter, for nanoseconds precision they read PIT_PIIR register and
compute elapsed nanoseconds from its current value, therefore the value is just
an rough estimate.

RTEMS has structures to store real time clock, but such information is useless
in NXT and this time will always be lost when NXT is shut down. For applica-
tions, time from NXT start or time elapsed between some events is more valuable.
If real time is set in application (using rtems_time_of_day structure), it can be
used to wake task at a precise time.

5.5 Board support package

RTEMS has a multi-layered approach to portability. It is oriented to maximize
the amount of software that can be reused, although some parts of the executive
are specific to hardware in some sense. RT'EMS classifies target dependent code
based upon its dependencies into one of the following categories: CPU dependent,
Peripheral dependent and Board dependent.

Reusable peripheral dependent files, device drivers for peripherals and for
standard controllers can be found at c¢/src/1ib/1libchip. NXT specific device
drivers are stored in board support package.

CPU dependent files are stored in cpukit/score/cpu/arm. As mentioned ear-
lier, CPU support for ARM processor is already present in RTEMS. CPU depen-
dent support files for NXT are stored in c¢/src/lib/libcpu/ARM/AT91SAM7. Its
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subdirectories contain additional support routines, such as clock driver, timer sup-
port, debug unit driver, header files for device address definitions, device drivers
for peripheral controllers.

The automake source file ¢/src/1ib/libcpu/arm/Makefile.am together with
the autoconf source file ¢/src/lib/libcpu/arm/configure.ac hold necessary
information for compiling parts/subdirectories of processor specific routines for

NXT.

For support of variety of devices, RTEMS stores device dependent function-
ality in bundles called BSP - Board Support Packages. To add support for a new
device into RTEMS, new board support package should be created.

Board dependent files are stored under c/src/lib/1libbsp.The BSP source
directory is further subdivided by the CPU family and BSP. NXT BSP is stored in
arm/nxt. Under BSP directory, all BSPs follow subdirectories naming convention.
Directories console, include, make, start and startup are commonly used between
BSPs. Under NXT, following directories joining common functionality are found:

e console: is technically the serial driver for the BSP rather than just a con-
sole driver, it deals with the board UARTs (Universal Asynchronous Re-
ceiver/Transmiter). NXT does not have a console, it is implemented only
to prevent errors when programmer uses print() function. To decrease ap-
plication size, console support including should be disabled via macro.

e drivers: contains drivers for NXT devices, such as display, Bluetooth, mo-
tors, sensors, AVR co-processor...

e ECRobot: API for accessing internal and external peripherals
e include: include files for NXT platform

e irq: interrupt handling routines

e make: flags to be used during compilation

e start: assembly code for board initialization

e startup: overridden RTEMS startup routines

In following chapters, each of the BSP’s directories and its functionality will be
presented in detail.

5.5.1 ECRobot

ECRobot API consists of low level device API and ECRobot wrapper API (prefix
of the API is ecrobot_). In comparison with nxtOSEK ECRobot API, some
functions were omitted, such as nxtOSEK system hook routines. Overall usage
and access to the sensors, motors, Bluetooth, etc. remained the same. ECRobot
API was extended with debugPrint function for displaying debug output via
nxjconsoleviewer. Usage of nxjconsoleviewer is further described in Section

7.1.1] Complete API is enclosed on DVD in form of a web page.
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5.5.2 make

Custom configuration file nxt . cfg is used for building RTEMS application. Once
the BSP is installed to be used to build new applications, the same configuration
must be used when building the application. So it must include a build configura-
tion file. nxt.cfg holds information for compiler, such as flags for optimization,
processor version, instruction set, floating point usage. By default, optimization
flags is set to -0s -s. -Os enables all -O2 optimizations that do not typically in-
crease code size. -s option removes symbol table and relocation information from
the executable. Debugging symbols for GDB can be added via -g option. HW
Floating point unit is not used, because NXT does not have a FPU. Floating
point operations are emulated by compiler, which is enforced by -mfloat-abi=soft
option. -mthumb and -mthumb-interwork are used to set default generation of
Thumb instructions and to generate code that supports switching between ARM
and Thumb instruction sets.

5.5.3 start

start directory contains NXT assembly startup code, start.S, which is respon-
sible for correct NXT devices initialization. Detail overview of initialization is
described in Section [5.1] After assembly initialization is completed, RTEMS con-
tinue with system initialization as is described in Section [5.7

5.5.4 Startup and shutdown

In startup directory, overridden startup initialization files for NXT are stored.
File bootcard.c provides framework for the BSP initialization sequence. It was
updated with startup screen step. Startup screen is discussed in Section [5.9]
Changed implementation of startup steps are located in bspstart.c.

bspreset.c implements rtems_shutdown_executive, it shuts down NXT.
NXT is shut down via AVR processor, which controls NXT power management.
AVR communicate with ARM7TDMI processor though 12C bus via sending data
of the following structure:

typedef  struct
{
UBYTE Power;
UBYTE PwmFreq;
SBYTE PwmValue [NOS_OF_AVR_QUTPUTS] ;
UBYTE OutputMode;
UBYTE InputPower;
} IOTOAVR;

When powering down the NXT, the Power byte should be set to 0x5A and
the PumFreq byte should be set to 0x0. It will turn of the NXT and NXT will be
awaken when the orange “Select” button will be pressed.

linkcmds.nxt describes locations of parts of the code in memory for linker.
It is used as a part of the linker scripts. Parts of program that are intended to
be located in SRAM will be copied to their appropriate location during system
initialization.
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5.6 Drivers

Drivers for peripherals were divided into subdirectories named by the devices they
handle. They implement access to the hardware devices. Most of their functions
are not meant to be called directly from application code. Drivers are heavily
inspired by nxtOSEK and leJOS. These systems already have implementations
for all necessary devices. Modifications had to be made to be able to use drivers
in RTEMS environment. nxtOSEK has different approach to interrupt handlers,
as mentioned in Section and also enables/disables interrupts differently.
LeJOS uses JAVA, therefore some of the used structures were changed. Also
missing support for HiTechnics color sensor v2 was added.

Following chapters briefly discuss each of the drivers according to their loca-
tion in subdirectories.

5.6.1 AVR

Driver handles communications between the NXT main ARM processor and the
AVR co-processor. The AVR provides support for the motors, analogue sensors,
keyboard and power. The two processors are linked via a TWI connection. It is
used to exchange a message every 1ms. The message alternates between sending
commands to the AVR and receiving status from it. Reading status data from
AVR takes place via DMA /Interrupt handling.

If application is running and NXT brick still emits "ticking" sound, it is a sign
that AVR was not set up correctly. This sound is also emitted if NXT brick is in
a firmware flashing mode.

5.6.2 Bluetooth

Directory contains driver for Bluetooth device, implements sending messages up
to 256 characters long, handles buffers for receiving messages. Functions for initi-
ating connections, setting Bluetooth address, wrappers for sending and receiving
messages are part of ECRobot API.

5.6.3 Display

Driver contains functions to convert strings, numbers to actual characters on the
screen. Its 100x64 pixels are divided into 8 lines of 16 characters. In memory,
display is represented as a char array, which has one extra line:

static uint8_t display_buffer [DISPLAY DEPTH+1] [DISPLAY WIDTH];

This helps to use only one DMA transfer to update display. Default behavior
is to use DMA refresh. Display can also be refreshed without DMA usage, using
nxt_lcd_force_update. It is necessary if display needs to be refreshed with
disabled interrupts, otherwise display would never be refreshed. It takes about
17ms for entire display to be rendered. To communicate with display hardware
and start display refresh, an SPI — Serial Peripheral Interface is used.
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5.6.4 Flashprog

Routines to write into Flash memory to set flags for NXT BIOS, as mentioned
in Section [5.10} It prepares memory for writing and handles writing of selected
page. Flash memory must be written by entire pages.

5.6.5 I2C

[2C is an Inter-Integrated Circuit, which is a multimaster serial single-ended bus
for attaching low-speed peripherals. Directory contains implementation of the
software-based 12C bus, which handles communication with compatible devices
connected via the sensor ports that are located at the bottom of NXT.

5.6.6 Motor

Motor power management is handled by AVR processor. Driver serves as interface
for setting and reading motor parameters. To be able to read motor quadrature,
interrupt is raised from periodical timer interrupt, which ticks every 1 ms, to
decode quadrature and save number of counts for each connected motor into
global structure.

5.6.7 Sensors

Some sensors are accessed via PIO — Parallel Input/Output Controller. Driver
provides interface for sensors, which do not use I2C bus for retrieving sensor
values.

5.6.8 Sound

Support for audio output is provided that enables the tone generation. Is uses
pulse density modulation to actually produce the output. To produce a tone,
a single pulse density modulation encoded cycle is created (having the requested
amplitude), this single cycle is then played repeatedly to generate the tone. The
actual output of the bits is performed using the built in Synchronous Serial Con-
troller (SSC). This is capable of outputting a series of bits to port at fixed inter-
vals.

5.6.9 UDP

Driver implements USB support, uses mixture of interrupt driven and directly
driven I/O. Interrupts are used for handling the configuration/enumeration phases,
which allows to respond quickly to events. For actual data transfer, data are han-
dled directly thus removing need to have data buffers available during interrupt.
Implementation uses the standard Lego identifiers (and so can be used from the
PC side applications that work with the standard Lego firmware, in addition to
leJOS applications)
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5.7 RTEMS on NXT Initialization

When RTEMS on NXT initialization is switched from assembly code into C code,
boot__card method in startup/bootcard.c is executed. Then RTEMS on NXT
initialization continues initializing its data and internal structures, etc. Figure|5.6
illustrates program flow during initialization.

| Allocate RAM to workspace and heap ‘
|

‘ bsp_start ‘
Y

‘ rtems_initialize_data_structures ‘

!

!

‘ bsp_pretasking_hook ‘
Y

‘ rtems_initialize_before_drivers ‘
boot_card I

‘ bsp_predriver_hook (init NXT drivers) ‘

!

_ ‘ rtems_initialize_device_drivers ‘

bsp_postdriver_hook

!

‘ nxt_startup_screen ‘

{

‘ rtems_initialize_start_multitasking ‘

REr—

Y
rtems_shutdown_executive ‘

Figure 5.6: RTEMS initialization overview

RTEMS enable programmer to override default startup methods to add ini-
tialization of necessary drivers for devices. Default methods like bsp_start,
bsp_predriver_hook are overridden in RTEMS on NXT, in file bspstart.c.
The bsp_predriver_hook executes initialization methods for display driver, avr
driver, i2¢ bus, Bluetooth, etc. An additional step has been added — startup
screen, which is implemented by nxt_startup_screen method. It was added to
achieve more user-friendly usage of RTTEMS applications. More on startup screen
can be found in Section

To shutdown NXT from application, rtems_shutdown executive should be
called. It returns program execution back to the bootcard.c and will shut NXT
down properly.
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5.8 Configuration table

For adding directives, for example for debug print, file confdefs.h was modified.
It is a C language header file that based on the setting of a variety of macros

can automatically produce nearly all of the configuration tables required by an
RTEMS on NXT application.

The primary configuration table for RTEMS application, was extended with
NXT_Configuration structure, which holds flags according to the directives in-
putted by application programmer in RTEMS on NXT application header file.

Newly added directives are SHOW_STARTUP_SCREEN and all directives men-
tioned in Section |6.3.1, which begin with NXT .

5.9 Startup screen

If #define SHOW_STARTUP_SCREEN is set in application, execution of RTEMS
on NXT application can be postponed. When RTEMS on NXT is fully initial-
ized, just before first task is executed, startup screen is displayed. Startup screen
shows battery status, Bluetooth address or status of USB/Bluetooth connection,
description for buttons functionality. At this point, user can run application, shut
down NXT, configure NXT BIOS to flash new application at the next start or
connect to the remote console output via USB or Bluetooth.

This feature can be helpful. For example, imagine you have line following
application on your NXT and you want to retrieve readings of the color sensor.
Immediately after you turn on the NXT, NXT starts to move. You have to catch it
or hold it until you will connect with the remote output and after the connection
is established, you will release it so it can follow the line. If you get distracted
for a second when you are establishing the connection and NXT is on your table,
it can fall down and brake. With the startup screen, you can also retrieve debug
messages from the time when the first task is executed.

Figure 5.7: RTEMS startup screen

5.10 Flash application mode

To enter flash application mode in NXT BIOS after NXT is turned on, "Jumpin’
Jack Flash" must be set to Flash memory at specified location, as described
in Section NXT Flash memory has a restriction. It can not be read and
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written at the same time. Code, that is writing to the flash memory must be
copied to the SRAM memory, executed from there. Code is copied to the SRAM
memory during RTEMS on NXT startup.

In file start .S, routine labeled fast_test_copy loads the compiled code from
section .bsp_fast_text into SRAM memory. In fact, only one method belongs
to this section and will be copied during startup: flash_write_req_to_page.

Flash application mode is set, when user presses start and left buttons si-
multaneously for at least 100ms. It can be done when application is running or
when RTEMS on NXT is waiting in startup screen. Check, whether buttons were
pressed is executed during each timer interrupt. Cleaner solution would be to
have special task which is executed periodically at specified time, but this ap-
proach would affect user applications. Programmer would always have to add
specific task for checking buttons. If he forgot, he would not be able to flash new
application, new NXT BIOS would have to be installed.

5.11 Application uploader

Uploader is based on leJOS NXJ , which is a firmware replacement for Lego
Mindstorms NXT, includes a JAVA Virtual machine and multiple useful utilities.
Uploader uses leJOS NXJ package lejos.pc.comm for communication between
computer and NXT. It uses LibNXT , which is a low level utility library for
talking to the NXT. LibNXT handles USB communication and locates NXT in
USB devices tree. LibNXT is used only for Linux based platforms, where 1ibusb
0.1 is supported. For different platforms, such as Windows, Lego’s Fantom driver
is used instead of LibNXT.

Uploader is a wrapper using methods from lejos.pc.comm package, espe-
cially class lejos.pc.comm.NXTCommUSB has all methods for searching, open-
ing and writing to the USB device. It is implemented by NXTCommFantom or
NXTCommLibnxt, depending on used platform. Uploader starts by finding NXT
device in computer USB devices tree. To access NXT over USB, root privileges
are necessary thus uploader should be run using sudo utility or user needs to have
sufficient privileges to access USB device. Once NXT is found and accessible, it
establishes connection with NXT BIOS. Newly uploaded application is transmit-
ted divided into small 64 bytes chunks. NXT BIOS stores chunks in buffer until
it reaches 256 bytes. Then received bytes can be saved as one entire page into
FLASH memory.
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Chapter 6

Environment preparation and
application building

Following chapter will provide step-by-step description, how compilation toolchain
for RTEMS on NXT was built from sources. Instructions for building RTEMS are
provided. Also steps for building RTEMS on NXT applications will be discussed.

RTEMS build tools are available for multiple platforms (development hosts).
Following instructions should be used to prepare building environment on Linux
based host. For different operating system, follow [30]. RTEMS on NXT does not
impose any constrains on used development host.

6.1 Cross-compiler toolchain

To build cross-compiler toolchain from sources, following utilities will be neces-
sary:

e Binutils

e GCC (gcc-core)

e GCC (gee-g++)

e GDB

e Newlib

e GMP (Multi-precision arithmetic library)

e MPC (Multi-precision complex floating-point library)

e MPFR (Multi-precision floating-point computation library)

In chosen directory location, create two directories: tools and archive. All men-
tioned utilities can be found at as tarballs. Download mentioned archives into
archive directory. After completion, directory structure should look like and con-
tain following files:
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~$ find .

./archive

./archive/binutils-x.yy.tar.bz2
./archive/binutils-x.yy-rtems4.11-YYYYMMDD.diff
./archive/gcc-x.y.z.tar.xz
./archive/gcc-x.y.z-rtems4.11-YYYYMMDD.diff
./archive/gdb-x.y.tar.bz2
./archive/gdb-x.y-rtems4.11-YYYYMMDD.diff
./archive/newlib-x.yy.z.tar.gz
./archive/newlib-x.yy.z-rtems4.11-YYYYMMDD.diff
./tools

There are also some RTEMS specific patches, that need to be applied to down-
loaded utilities before building. The most recent patches should be used.

Go to tools directory, unpack archives and apply most recent patches

~/tools$ tar xf ../archive/binutils*.tar.x*
~/tools$ tar xf ../archive/gcc*.tar.x
~/tools$ tar xf ../archive/newlibx*.tar.*
~/tools$ tar xf ../archive/gdbx*.tar.x*

~/tools$ cd binutils-x.yy/
~/tools/binutils-x.yy$ cat ../../archive/binutils*.diff | \
patch -pl
~/tools/binutils-x.yy$ cd ../gcc-x.y.z/
~/tools/gcc-x.y.z$ cat ../../archive/gcckx.diff | \
patch -pl
~/tools/gcc-x.y.z$ cd ../newlib-x.yy.z/
~/tools/newlib-x.y.z$ cat ../../archive/newlib*.diff | \
patch -pl
~/tools/newlib-x.y.z$ cd ../gdb-x.y
~/tools/gdb-x.y$ cat ../../archive/gdb*.diff | \
patch -pl
~/tools/gdb-x.y$ cd ..

6.1.1 Building binutils, gcc, gdb

For binutils compilation, target platform and location for built executables has
to be specified. It can be set by exporting shell variables, which will be used
during configuration.

$ export TARGET=arm-rtems4.11
$ export PREFIX=/opt/rtems4.11

When installing for Debian system, install missing requirements first:

sudo apt-get install m4 patch build-essential texinfo cvs
libncurses5-dev libgmp3-dev libmpfr-dev libmpc-dev libtool
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RTEMS also needs autoconf and automake tools to be available on the host.

binutils should be build into newly created directory using following commands:

~/tools$ mkdir b-binutils
~/tools/binutils-x.yy$ cd b-binutils
~/tools/binutils-x.yy$ ../binutils-x.yy/configure
--target=${TARGET}
--prefix=${PREFIX}
~/tools/binutils-x.yy$ make all
~/tools/binutils-x.yy$ make info
~/tools/binutils-x.yy$ sudo make install
~/tools/binutils-x.yy$ cd ..

You need to include built executables into your PATH variable, so that they can
be found in further compilation:

$ export PATH=/opt/rtems-4.11/bin:${PATH}
gcc must be build with a standard C library. RTEMS uses newlib:

~/tools/b-binutils$ cd gcc-x.y.z/

~/tools/gcc-x.y.2z$ 1ln -s ../newlibx.yy.z/newlib .

~/tools/gcc-x.y.z$ cd ..

~/tools$ mkdir b-gcc

~/tools$ cd b-gcc/

~/tools/b-gcc$ ../gcc-x.y.z/configure \
-—target=${TARGET} \
--with-gnu-as \
--with-newlib \
--verbose \
--enable-threads \
--enable-languages="c,c++" \
--prefix=${PREFIX}

~/tools/b-gcc$ make all

~/tools/b-gcc$ make info

~/tools/b-gcc$ sudo make install

~/tools/b-gcc$ cd ..

gdb needs to be build only if you plan to debug NXT using JTAG adapter:

~/tools$ mkdir b-gdb

~/tools$ cd b-gdb/

~/tools/b-gdb$ ../gdb-x.y/configure \
-—target=${TARGET} \
--prefix=${PREFIX}

~/tools/b-gdb$ make all

~/tools/b-gdb$ make info

~/tools/b-gdb$ sudo make install

~/tools/b-gdb$ cd ..
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6.2 RTEMS building

When building RTEMS, it is not necessary to build all BSPs. Target BSP can
be chosen by specifying —enable-rtemsbsp=nxt. Options for disabling networking,
posix, C++ can be used. For example, during development, —enable-tests=samples
option can be used to build sample applications together with building RTEMS.
Samples can be used as small testing applications without necessity to install
RTEMS into installation directory and then building testing application from
a different environment again.

RTEMS is designed to be compiled outside its source directories. Assume that
RTEMS sources are stored under rtems directory and RTEMS will be build in
newly created rtems-build directory:

~$ cd rtems

~/rtems$ export PATH=/opt/rtems-4.11/bin:$PATH

~/rtems$ ./bootstrap

~/rtems$ cd ..

~$ mkdir rtems-build

~$ cd rtems-build

~/rtems-build$ ../rtems/configure --target=arm-rtems4.11
—--prefix=/path/to/directory/rtems-build
--enable-rtemsbsp=nxt
-—enable-posix
--disable-networking
--disable-cxx
--enable-tests=samples

~/rtems-build$ make

~/rtems-build$ sudo PATH=/opt/rtems-4.11/bin:${PATH} make install

6.3 Application building

Once RTEMS was build and installed on the host, RTEMS application can be
build. To build application, RTEMS_MAKEFILE PATH must be specified. Variable
RTEMS_MAKEFILE PATH is the same as $PREFIX used when building RTEMS,
with addition of arm-rtems4.11/nxt.

~$ cd exampleApplication
~$ export RTEMS MAKEFILE PATH=${PREFIX}/arm-rtems4.11/nxt
~$ make

Examples of entire makefile can be found in enclosed sample applications.

6.3.1 Application optimization

RTEMS contains directives to include or exclude parts of application to be built.
To minimize memory requirements, some unnecessary components can be dis-
abled. Also some configuration directives are necessary for proper functioning of
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NXT. In following text, it will be discussed which directives must be present and
which directives will help to minimize RTEMS application memory footprint.

Clock driver has to be present, otherwise NXT won’t work as expected
#define CONFIGURE APPLICATION NEEDS CLOCK _DRIVER

NXT clock is expect to create interrupt for scheduler every 1ms. For proper time
computation, RTEMS needs to know how many microseconds elapses in one timer
tick.

#define CONFIGURE_MICROSECONDS_PER_TICK 1000

Usually, applications have console driver. In RTEMS on NXT, console driver is
not necessary. Therefore following directive should not be present.

#define CONFIGURE_APPLICATION_NEEDS_CONSOLE_DRIVER

Since RTEMS does not need the console driver, there is no reason to configure
termios.

#define CONFIGURE_TERMIOS_DISABLED

RTEMS uses no drives, so no filesystem and libio support is necessary, also any
stdio.

#define CONFIGURE_APPLICATION_DISABLE_FILESYSTEM
#define CONFIGURE_LIBIO_MAXIMUM_FILE_DESCRIPTORS O

Disable reentrancy support in the C library. It is usually not something an appli-
cation wants to do unless the developer is committed to use library routines that
are known to be reentrant.

#define CONFIGURE _DISABLE NEWLIB_REENTRANCY
To enable startup screen, do not forget to define
#define SHOW_STARTUP_SCREEN

Depending on using debug print output, define either Bluetooth or USB debug
output. Though both, Bluetooth and USB debug output can be enabled at the
same time, it is not recommended. Also when using Bluetooth debug output,
Bluetooth should not be used in RTEMS application, for example for communi-
cation with another NXT.

#define NXT_ENABLE BT DEBUG_OUTPUT
#define NXT_ENABLE_USB_DEBUG_OUTPUT

When using Bluetooth to debug, programmer can specify name for NXT and
also a Bluetooth pairing key. Device name can be used in nxjconsoleviewer
application to identify the NXT. Default NXT name is "MYNXT" and default
pairing key is "1234". Maximum length for NXT name and pairing key is 16
characters. To change default values, following macros should be set:

#define NXT ENABLE BT DEBUG _QUTPUT NXT NAME "MYNXT"
#define NXT_ENABLE_ BT DEBUG_OUTPUT NXT PIN "1234"
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For RTEMS Workspace memory pool and C Program Heap memory pool to
be occupying the same memory area, use following macro. Having both pools
together in one area can improve memory usage.

#define CONFIGURE_UNIFIED WORK_AREAS

To be thorough, header file should contain at least following includes to be able
to use macro definitions and call NXT specific functions:

#include <rtems/confdefs.h>
#include <bsp.h>
#include <ecrobot_interface.h>

6.4 Application uploading

To use uploader for application uploading, NXT BIOS must enter into flash ap-
plication mode. To enter flash application mode, see Section [5.10, NXT must be
connected to computer using USB cable. Uploader takes path to the built appli-
cation image - .rom as first argument. During upload, uploader as well as NXT
BIOS shows upload status. Once application is uploaded, FINISHED is shown at
LCD display.

Following Figure [6.1] shows LCD display before, during and after application is
flashed.

Figure 6.1: NXT LCD screen during application uploading

During development and debugging, application uploading is much easier done
via JTAG adapter. Code can be uploaded and debugged via the same interface,
you won’t need to connect USB and run NXT BIOS to upload a newly built
code. With application, which will not have upload functionality, or which does
not have this functionality yet, using JTAG is the only way. JTAG debugging
will be discussed in Section

Uploader can be used on both Linux and Windows systems. For uploader to
work in Linux environment, JAVA and 1ibusb0.1 must be present. In Windows
environment, Lego’s Fantom driver must be installed and 32-bit version of JAVA
must be present.
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Chapter 7

Debugging

In following chapters, two ways of debugging RTEMS will be described. RTEMS
can be debugged using debug output to the remote console, or using more hard-
ware oriented approach, JTAG adapter.

7.1 Debug print

RTEMS application can send output to the remote computer. It can communicate
with remote computer either via USB cable or wireless via Bluetooth. At the
remote computer, nxjconsoleviewer application must be running.

7.1.1 Communication with nxjconsoleviewer

For RTEMS on NXT to communicate with nxjconsoleviewer, functionality of
leJOS 1lejos.nxt.comm.RConsole class had to be implemented. Establishing con-
nection is done only when NXT startup screen is shown. After application is
started, connection will not be established and all debug messages will be dis-
carded. Connection is established using standard USB or Bluetooth methods in
ECRobot API, that is available to programmer. Connection establishing is im-
plemented in ecrobot_rtems_startup_screen function, which executes method
ecrobot_init_bt_slave for initiating Bluetooth connection as a slave device and
ecrobot_init_usb for USB connection. For USB, connection holding function
must be invoked every 1 ms. It is done from regular timer tick interrupt handler.
If user wants to use USB in RTEMS on NXT application, he has to initialize the
connection and invoke ecrobot_processlims_usb function every 1 ms by him-
self. When Bluetooth connection is establish, there is no need to do anything to
sustain the connection.

When the connection is successfully established, to send debug output to the
nxjconsoleviewer, function debugPrint (const char * format, ...) mustbe
used. It has the same input syntax as standard printf function. Limitations
for message size are 64 chars for USB and 254 chars for Bluetooth. Internally,
debugPrint uses standard vsnprintf function for input conversion. This oper-
ation is quite time consuming, therefore using debugPrint might have negative
impact on the task execution speed. Remember this when using debugPrint.
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ECRobot_bt_data_logger and ECRobot_bt_data_logger_ string are method
that can also be used for debugging. ECRobot_bt_data_logger sends pre-fixed
internal NXT information, such as sensors values, motors revolutions, time. It is
designed to be used with NXT GamePad application. It sends raw numeric val-
ues in specific packet format. Method ECRobot_bt_data_logger string is its
equivalent, it send the same information in string format, that can be displayed
in nxjconsoleviewer. This method uses debugPrint for sending data, therefore
it uses the same debug output channel and can have the same impact on the task
execution speed.

Although nxjconsoleviewer has a built-in functionality to display NXT LCD
screen, this feature is not used in RTEMS.

7.1.2 Connecting to nxjconsoleviewer

When NXT is started, RTEMS should display startup screen and wait for user
input. This is the time when the nxjconsoleviewer should be connected to the
NXT. If the Bluetooth debug output is enabled, the Bluetooth interface address
of the device and NXT name will be present at the NXT LCD display.

Figure 7.1: RTEMS startup screen

This address or name can be used in nxjconsoleviewer to identify the NXT.
To connect to the NXT from nxjconsoleviewer, select the USB or Bluetooth
connection type. If connecting via Bluetooth, then fill in the NXT Bluetooth in-
terface address or name, that is shown at NXT LCD display and click Connect.
Address on LCD display is displayed with two trailing zeros. Bluetooth ad-
dress in nxjconsoleviewer must be entered without them. For example, if NXT
displays address 0016530CA62F00, input value for nxjconsoleviewer will be
0016530CA62F. When only one NXT is in range of nxjconsoleviewer host, con-
nection will be established without need to input name or address. Otherwise
name or address must be provided. Connection is successfully established when
you can see message 'BT Connected' or "USB Connected' at the NXT display.

When prompted for Bluetooth pairing key, default key is set to "1234".
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Figure 7.2: nxjconsoleviewer application

7.2 Debugging via JTAG

JTAG (Joint Test Action Group) was an industry group formed in 1985 to de-
velop a method to test circuit boards after manufacture. In1990 Intel released the
first processor with JTAG interface - the 80486. Today JTAG is used as the pri-
mary mechanism for debugging embedded systems which may not have any other
debug-capable communications channel. On most systems, JTAG-based debug-
ging is available from the very first instruction after CPU reset, letting it assist
with development of early boot software which runs before anything is set up.
An in-circuit emulator (ICE), also called a "JTAG adapter', uses JTAG as the
transport mechanism to access on-chip debug modules inside the target CPU.
Those modules let software developer to debug the software of an embedded
system directly at the machine instruction level when needed, or in high level
language source code. Using JTAG, processor can be halted, single stepped, or
let run freely, code or memory access breakpoints can be set. NXT has only two
hardware break points available for debugging.

aul| |elIdS yum
s|qe2 oyLr

130UVIA  ZezSy

Figure 7.3: NXT connected via JTAG adapter
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7.2.1 Connector soldering

NXT has JTAG capability, although it does not have JTAG connector soldered.
Connector is needed to connect to the JTAG debug probe. To solder connector,
NXT has to be opened and connector has to be soldered on the circuit board.
Such actions invalid NXT warranty and you may damage your NXT in process.
If you are fully aware of the risks, follow [16] and Lego NXT Hardware Developer
kit to create cable which will connect NXT and JTAG adapter.

To connect to the processor JTAG interface, hardware debugger — JTAG
adapter is needed. Hardware debugger will be connected to the NXT JTAG
connector and to the computer using USB. During porting RTEMS to NXT,
VOIPAC JTAG 27M JTG 000 adapter was used.

et S A A M A S 53853

B

Figure 7.4: JTAG connector inside NXT

7.2.2 OpenOCD

Communication with the JTAG adapter is done via OpenOCD. OpenOCD (Open
On-Chip Debugger) has been created by Dominic Rath as part of a diploma
thesis at the University of Applied Sciences, FH-Augsburg. First, configuration
file has to present. It contains information of JTAG Clock speed. Speed is set via
parameter adapter_khz 6000. Configuration file speed.cfg will consists of just
one line containing adapter_khz 6000.

To start OpenOCD server, execute command
~$ openocd -s /usr/share/openocd/
-f interface/vpaclink.cfg

-f board/atmel_at91lsam7s-ek.cfg
—-f speed.cfg
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It specifies JTAG adapter type and target board. at91sam7s-ek is an evaluation
board, almost completely similar to NXT board, therefore it is the best available
option.

Connection to the OpenOCD from the terminal is done via telnet. By default,
OpenOCD expects connections at port 3333 and 4444. Port 3333 is destined for
debugger, port 4444 is to be used from terminal. Following example shows how
to upload NXT BIOS at the beginning of the FLASH memory using JTAG:

~$ telnet localhost 4444

>halt

>arm7_9 dcc_downloads enable

>arm7_9 fast_memory_access enable

>flash write_image erase unlock \
/nxt0SEK/ECRobot/bios/nxt_bios_rom.rfw 0x00100000

>arm7_9 fast_memory_access disable

>reset init

>reset run

NXT BIOS will be flashed only once. During development, application will be
flashed multiple times. Application must be stored at address 0x0010 8000.
When application is flashed, processor’s program counter register (PC) is set
to execute instruction from address 0x0010 8000 using command step.

Application can be flashed using following set of commands:

~$ telnet localhost 4444

>halt

>arm7_9 dcc_downloads enable

>arm7_9 fast_memory_access enable

>flash write_image erase unlock <PATH_TO_APPLICATION> 0x00108000
>arm7_9 fast_memory_access disable

>reset init

>step 0x00108000

>resume

Review of the most used commands for debugging NXT:

e halt: halts processor, stops command execution. Almost all commands can
be used only if target (NXT) is halted.

e reset <init|run>: command reset processor to the state, as it was just
turned on. Depending on the second parameter, it starts executing code or
waits for next command

— init: Sets processor to the state as it was just turned on and waits
— run: Sets processor to the state as it was just turned on and starts

executing code from the beginning of the memory

e arm7_9 dcc__downloads <enable|disable>: Enable the use of the de-
bug communications channel (DCC) to write larger (>128 byte) amounts
of memory.
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e arm7_9 fast__memory__access <enable|disable>: Allow OpenOCD
to read and write memory without checking completion of the operation.

e flash write__image erase unlock <path_to application> <mem-
ory__address>: Flash application image into memory.

e step <address>: Set processor program counter register to address, or if
address is omitted, execute one following instruction

e resume: Processor resumes normal execution

e mdw <address> <count>: Read count bytes from memory, starting at
address.

e bp <address> <count> hw: Set hardware breakpoint into at memory
address for count bytes. NXT has only 2 hardware breakpoints available at
the same time.

e rbp <address> : Remove the breakpoint at memory address.

e regs: Print all processor registers.

7.2.3 Eclipse CDT

Eclipse CDT can be used as a programming IDE as well as a debugging envi-
ronment. Eclipse can use GDB debugger in conjunction with OpenOCD server
to debug NXT via JTAG interface.

To start using Eclipse, new project containing RTEMS on NXT sources should
be created.

RTEMS on NXT is meant to be build in different directory than the one con-
taining source code. To build RTEMS on NXT, custom build script is used. Set
variable BUILD_DIR to the directory, where you want RTEMS on NXT to be built.
#!/bin/bash

BUILD_DIR=/rtems-build-directory

cd ${BUILD DIR}
export PATH=/opt/rtems-4.11/bin:${PATH}

/usr/bin/make clean

/usr/bin/make --jobs=8 all
To be able to build RTEMS from Eclipse using Run Build button, new External

Tools Configuration will have to be created.

Figure [7.5] shows Externals tools configuration tab:
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Figure 7.5: Eclipse debug configuration - External tools configuration

In Location, path to the build script must be entered. Working directory
should also be specified.

When RTEMS is built with option —enable-tests=samples, all samples under di-
rectory testsuites/samples will be built. These applications can be modified,
specific functionality can be added and later debugged.

To upload application into NXT, new debug configuration should be created. It
has to be new configuration under GDB Hardware Debugging.

In the Main tab, to the field C/C++ Application fill in the full path to the created
executable, that should be uploaded.

(E)O) Debug Configurations Yoo
Create, manage, and run configurations ﬁ\‘
B EEY o e ]
[cyme filcer text al Main %5 Debugger|  Scartup| & Source| ) Common|
TTe] c/ces Application o
L [ c/ces attach to application | home/Ferofdiplo 1 )
[E] c/ce+ Postmortem Debugger
Be 29 R T
Project
rtemsGIT || srowse..
v [] 608 Hardware Debugging Build (i required) before launching
[E] Hotstart
[€] loadAndStart Build configuration: |Use Active ~|
[EEEE |/ Select configuration using '€/C++ Application’
[E] test2 - debug pokusny
@ upload | Enable auto bulld | Disable auko build
[£] upload test2 " ) "
[ (o) Use workspace sektings
© Javs Application
£ B Launch Group
- Remote Java Application
Using GDB (DSF) Hardware Debugging Launcher - Select other.
Filter matched 17 of 17 items D= aaing e—— — .
@ Debug Close

Figure 7.6: Eclipse debug configuration - Main tab

In the Debugger tab, to the field GDB Command fill path to the GDB compiled for
RTEMS (arm-rtems4.11-gdb) and built application. It should look like following:

/opt/rtems-4.11/bin/arm-rtems4.11-gdb /rtems-build/ \
arm-rtems4.11/c/nxt/testsuites/samples/ticker/ticker.exe
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/opt/rtems-a.11/bin/arm-rtems4.11-gdb /home fer ip: e/git/rtems-build/arm: 11/c/nxt/testsuites/samples/ticker/ticke)

.

[E] test2 - debug pokusny

[€] uplosd test2
b Java applet

© Jaus Application

B Launch Group

L Remote Java Application

Filter matched 17 of 17 items

Figure 7.7: Eclipse debug configuration - Debugger tab

Make sure that Use remote target is checked, in the field JTAG Device Generic

TCP/IP is chosen, Host name or IP address is localhost and Port number is
3333.

The last tab that needs to be changed is Startup.

- Yo

Create, manage, and run configurations ﬁ

e =2

[vpe fitcer text

++ Application

rreset init
monitor arm7_9 dec_downloads enable
monitor gdb_breakpoint_override hard

[E] test2 - debug pokusny

[£] uplosd test2
b Jova Applet

- Jaua Application

B Launch Group

L Remote Java Application

Filter matched 17 of 17 items

Figure 7.8: Eclipse debug configuration - Startup tab

This is the place, where actual commands for uploading will be set. Make sure
that only Reset and Delay and Halt fields are checked and fill in following
commands into marked area (set correct path to the .rom file, should be located
right besides .exe file):

monitor reset init

monitor arm7_9 dcc_downloads enable

monitor gdb_breakpoint_override hard

monitor arm7_9 dcc_downloads enable

monitor arm7_9 fast_memory_access enable

monitor flash write_image erase unlock git/rtems-build/
arm-rtems4.11/c/nxt/testsuites/samples/
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ticker/ticker.rom 0x00108000
monitor arm7_9 fast memory_access disable
monitor reset init
monitor step 0x00108000

To start upload, connect JTAG adapter with turned on NXT and computer, start
OpenOCD server with command mentioned in Section Once connected,
execute configuration.

To debug application, similar configuration has to be created. Tabs Main and
Debugger will be exactly the same as in upload configuration. Difference is in
Startup tab. It will contain following commands, which will set processor com-
mand register to the address 0x0010 8000, where application is located in the
Flash memory and set GDB to use hardware breakpoints:

monitor reset init

monitor arm7 9 dcc_downloads enable
monitor gdb_breakpoint_override hard
monitor step 0x00108000

Y®) Debug Configurations o
Create, manage, and run configurations 'ﬁ‘
OEx 8 3% Name: [ start
Eype Filcer text a Main (35 Debugger b startup . i Source| I common 3l
[E]c/ce+ Application Initialization Commands.
[E] c/ce+ Attach to Application o L CE—
Reset and Delay (seconds): 3
[E] C/c++ Postmortem Debuager v  ( )
[E]c/c++ Remate Application || Halt
€U C/Cor Uit manitor reset init
@ DsF POA Application monitor arm7_9 dec_downloads enable E
+ [E] GOB Hardware Debugging monitor gdb_breakpaint_override hard
2 Hotstart monitor step 000108000
o start
[£] loadandstart Load Image and Symbels
EE
[ upload || Loadimage
Java Applet :
Java Application (& e preject binan 8
® Launch Group () Use file Workspace.. | | File System..
Remote Java Application et (D
|_| Load symbols
(&) Use project binary: P pace/git/rt: 11 g
() Use file; Workspace.. | | File System.., <o
Alter matehed 15 of 1510 Using GDB (DSF) Hardware Debugging Launcher - Select other. — —
ilter makched 15 of 15 items \toaly ) (Revert )
@ | Debug J|_ Close |

Figure 7.9: Eclipse debug configuration - Debugger startup commands

Once configuration is executed, debugger will be stopped in assembler file start.S.
From this point, debugging can continue using standard Eclipse debugger com-
mands. Because NXT has only two hardware breakpoints, make sure that only
two breakpoints are set at the same time.
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Chapter 8

Evaluation and case study

To be able to design and build RTEMS application, it is necessary to know the
limitations of RTEMS on NXT. One of the apparent factors is a memory size.
Application memory usage will be evaluated in Section Memory usage with
enabled POSIX API will be discussed in Section [RI.1l

8.1 Memory usage

First of all, RTEMS image, that will be uploaded into Flash memory has to have
less than 224Kbytes. It can be easily checked:

~$ 1s -al o-optimize/semaphores.rom
-rwxrwxr-x 1 fero fero 108040 Jul 13 16:16 semaphores.rom

Since parts of the RTEMS must be located in SRAM memory, their size have to
be less than 64Kbytes. SRAM memory has to accommodate following segments:

e .ramvectors: interrupt vectors place holder
e .vector interrupt vector table

e .fast_text: functions that resides in memory (e.g. function that writes
into the Flash memory)

e .data: initialized global, static variables
e .bss: uninitialized data, variables

e .work: RTEMS Workspace and C Program Heap

Segments .ramvectors, .vector and .fast_text have fixed size. Size of .data
and .bss segments is given according to used variables. Size of .work segment
is determined as joint size of RTEMS Workspace and C Program Heap. RTEMS
Workspace size is determined during application build, according to number of
used tasks, structures, semaphores, etc. C Program Heap occupies the rest of the
memory. They both serve as memory pools:

¢ RTEMS Workspace: memory pool used by RTEMS to allocate control
structures like tasks, semaphores, task structures, system data structures.
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e C Program Heap: memory pool from where malloc function allocates
free memory.

To illustrate real size of application, example application semaphore will be used.
It is simple application containing 2 tasks and one initialization task, they use
semaphore for synchronization and print their priority on LCD when they run.
Application also periodically allocate small size of memory using malloc. Size of
segments can be determined after application is successfully compiled using

~$ arm-rtems4.11-size -A o-optimize/semaphores.exe
o-optimize/semaphores.exe

section size addr
.ramvectors 32 2097152
.start 692 1081344
.vector 1478 2097554
.fast_text 168 2099032
.text 93240 1082204
.init 20 1175444
.fini 16 1175464
.rodata 9943 1175480
.eh_frame 4 1185424
.ctors 8 1185428
.dtors 8 1185436
.jer 4 1185444
.data 3936 2099200
.bss 11856 2103136
.work 47696 2114992

To determine usage of RTEMS Workspace and C Program Heap, JTAG debug-
ger is used to read actual values from running application. Actual statistics for
RTEMS Workspace can be read from global variable _Workspace_Area:

(gdb) p _Workspace_Area
$1 = {free_list = {prev_size = 0,
size_and_flag = O,

next = 0x206948,
prev = 0x209dc8
3,

page_size = 8,
min_block_size = 16,
area_begin = 2114992,
area_end = 2137794,
first _block = 0x2045b0,
last_block = 0x209eb8,
stats = {instance = 0,
size = 22792,
free_size = 4720,
min_free_size = 240,
free_blocks = 2,
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max_free blocks = 2,
used_blocks = 21,
max_search = 1,
allocs = 25,
searches = 25,
frees = 4,
resizes = 0
}
}
(gdb)

Statistics for C Program Heap are stored in RTEMS Malloc_Area:

(gdb) p RTEMS_Malloc_Area
$2 = {free_list = {prev_size = 0,
size_and_flag = O,
next = 0x209£38,
prev = 0x209f38%},
page_size = 8,
min_block _size = 16,
area_begin = 2137794,
area_end = 2162688,
first block = 0x209ec8,
last_block = 0x20fff8,
stats = {instance =1,
size = 24880,
free size = 24768,
min_free_size = 24768,
free blocks = 1,
max_free blocks = 1,
used_blocks = 7,
max_search = 1,
allocs =7,
searches = 7,
frees = 0,
resizes =

3

0

(gdb)

If using JTAG debugger is not an option, statistics can also be displayed from
application on LCD display or using nxjconsoleviewer. By reading values from
global variables _Workspace_ Area and RTEMS Malloc_Area, programmer can ob-
tain memory usage information, but he has to start with a small application and
gradually add new functionality.

Total memory size is shown for each pool in variable size, free memory space is
stored in variable free_size. Example application semaphore has about half of
the memory available:

.work (47696) - _Workspace_Area(22792) - "mallocated space"(112)
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Pool size and actual application needs are two different things. For example, size
for task’s stack is determined from number of tasks multiplied by RTEMS default
stack size. If application creates task with two times bigger stack, application must
also specify

#define CONFIGURE_EXTRA_TASK_STACKS (N * RTEMS_MINIMUM_STACK SIZE)

for RTEMS to take it into memory requirements calculation. Adding new semaphore
into example application raises memory usage only slightly:

size = 22920, free_size = 4720

Objects increase memory usage only slightly, stacks for tasks are the biggest mem-
ory consumers. Each task takes at least RTEMS MINIMUM_ STACK SIZE, which is
4Kbytes. Therefore if you add 6 tasks into example semaphore application(8 tasks
in total), it will not be able to allocate enough memory. If memory limitations
are exceeded, RTEMS will be unable to start. As a fail safe, it will set flags for
NXT BIOS to flash new application after restart.

Another example application is posixMutex. It is a simple application using
pthreads, which lock and unlock on a shared mutex. Memory usage can again
be obtained from Workspace Area and RTEMS Malloc_Area variables.

Following table presents memory usage with number of created threads. If appli-
cation uses more than 4 threads at a time, it will run out of memory.

Number | _Workspace Area | RTEMS Malloc_Area
of threads | total size free size | total size free size

2 26248 208 21424 21424
3 35128 248 12544 12544
4 44016 304 3656 3656

Macro #define CONFIGURE UNIFIED WORK_AREAS will join RTEMS Workspace
pool and C Program Heap pool into one memory area. It can help better mem-
ory utilization. If macro is defined, memory usage statistics can be found in
_Workspace_Area. Using dynamic memory allocation - malloc in real time sys-
tems is not usual, therefore huge memory allocation is not expected.

8.1.1 POSIX memory requirements

RTEMS has an build option to include or exclude the POSIX API. When POSIX
API is excluded, memory space can be saved. Example application semaphore is
compiled with RTEMS, that was compiled with POSIX API (--enable-posix)
and without POSIX API (--disable-posix).

Application size comparison:

With POSIX API | Without POSIX API
108064 | 103630
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Application segments size comparison:

Segment | With POSIX API | Without POSIX API
text 93264 89408
.data 3936 3860
.bss 11856 10096
.work 47696 49520

Application memory usage size comparison:

With POSIX API | Without POSIX API
Total size ‘ Free size | Total size ‘ Free size
22920 4720 21880 4432

Memory pool
_ Workspace_Area
RTEMS Malloc Area

24752 24704 27616 27536

Size of application and its memory usage is only slightly bigger when POSIX API
is included, it is up to programmer to decide whether POSIX API should be used.
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Chapter 9

Related work

Lego provides different programming environments for NXT: NXT-G, ROBO-
LAB. There are also open-source community based environments, such as RobotC
and Bricxcc. Open-source operating systems, such as leJOS NXJ and nxtOSEK,
which support NXT platform also exist. They differ in development environ-
ment (graphical, textual), used language (C, C-based, Java), used firmware and
in debugging capabilities.

In following chapters, summary of used firmware and debugging capabilities
for selected systems will be provided. Drivers for peripherals are usually very
similar, because they are hardware dependent. They differ only in some system
specific parts, such as interrupt handler registration, but overall functionality re-
mains unchanged. API for accessing peripherals differs according to used system.

9.1 NXT-G and ROBOLAB

They are both using standard Lego firmware, which has internal virtual machine
for running applications. Applications are stored in special .RXE files. The NXT
firmware consists of several modules, including those for sensors, motors, and
a virtual machine. When the virtual machine runs a program, it reads the encoded
.RXE file format from Flash memory and initializes a 32KB pool of RAM reserved
for use by user programs. The .RXE file specifies the layout and default content of
this pool. After the RAM pool is initialized, the program is considered active, or
ready to run. Most program functionality involves modifying this pool of RAM
and performing [/O actions based on the values stored in RAM.

.RXE bytecode application, that was converted from graphical representation
to the text descriptions - bytecode, will is uploaded to the NXT. Bytecode is used
by internal virtual machine. It provides access to the internal devices and sensors
using built-in drivers. Firmware is also used as a tool to upload new applications.
Lego provides open-source firmware, that can be useful source of information
when porting for NXT.

9.1.1 NXT-G

NXT-G provides graphical environment for NXT programming, is bundled with
NXT. Program is created by drag-and-dropping code blocks, represented by icons,

61



into flowchart diagrams. It was developed by National Instruments for Lego. It is

primarily targeted to children or people with no programming experience and it
requires Windows host.

(1] LEGO MINDSTORMS NXT

5
X

OOEE00

2

=

il
2

Need help? 2

Moue the cursor auer an object to read about its function. Far
additional help, dick the "More help" link .3

X+
+

Figure 9.1: NXT-G application example, from

9.1.2 ROBOLAB

It is another graphical environment for programming NXT. It was developped
by Tufts University for Lego to by used in programming older version of Lego
Mindstorms - RCX. It is good choice if you want to have graphical programming
environment for both, older and newer Lego Mindstorms. ROBOLAB is using
LabVIEW system as its core technology, was developed by National Instruments.
Graphical environment, such as NXT-G or ROBOLAB are easy to use, very
intuitive, but become tedious very quickly for experienced programmers.

# Bug Step3_vi Diagram
File Edt Operate Project Windows Help

| 9nt &pplication Font = [5= v| O v| (2] v| et

Figure 9.2: ROBOLAB application example, from
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9.2 Bricx Command Center

Bricx Command Center (BricxCC) is an integrated development IDE for Win-
dows host. It can be used to program all Lego Mindstorms family bricks. NXT can
be programmed using Not eXactly C (NXC) or Next Byte Codes (NBC) program-
ming language. Next Byte Codes (NBC) is a simple open source language with
an assembly language syntax, Not eXactly C (NXC) is an open-source language
similar to C. BricxCC can use standard firmware, same as is used by NXT-G
and ROBOLAB, or NBC/NXC firmware, which is standard NXT firmware with
BricxCC specific enhancements.

BricxCC contains utilities to upload programs and firmware, view NXT screen
at remote screen, convert sound files...

‘a Bricx Command Center - [Sample2.nuc) | o = é
[@ Fle Edt Search View |Compile| Took Window Help NEE
¥ o B B o B4 B % ¥ |Progami 0D %a
B8 PEEX & PROLNEEBE=>»E, @ 0. A%
= gdefine TURN_TIME &0
& Funchons
=83 Tasks int mowve time; // define a variable
£ Procedures

fask mairi)

[

move_time = 200; // sat the initial valoe

repeat |5)

[
OmFwd {OUT_RC, 75):
Wait(move_time): // vse the variable for slecping
OnRev {OUT_C, 75):
Waic (TURN_TIME);
move _time += 200; // increase the wariable

}

Of£ (OUT_ALC)

}

¥
1 USED NXT Insert

Figure 9.3: BricxCC application example, preview ||

9.3 RobotC

RobotC is an integrated development environment with debugging capability
and a programming language for educational robotics and competitions, it is
targeted to students. It can be used to program Lego NXT, RCX, Arduino... It
was developed by the Robotics Academy at Carnegie Mellon University. It has
its own programming language that is based on C language and uses its own
firmware. ROBOTC have an interactive, PC-based, real-time debugger.

Debugger is using internal virtual machine. When a program is run on the
NXT, a virtual machine interpreter within the NXT firmware begins interpreting
the intermediate instructions of the program. With some extra added features,
such as suspend, resume, read memory, functionality of external hardware de-
bugger can be simulated. Firmware also contains drivers for accessing peripher-
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als. API to accessing peripherals is implemented via setting or reading specific
variables, for example:

motor [motorB] = 75; // motor B is run at a power level of 75
bFloatDuringInactiveMotorPWM = false; // brake mode for motore

Disadvantage is, that RobotC is a commercial product, therefore software
license must be purchased. And it also requires Windows host.

=laix
: File Edit View Robot Window Help
AEEH@ f B o o B S EE L 4T
| | Start Page | Moving Forward.c [ Line Track for Rotations.c l 4 F X
{4 . 31 SRR R R R R R R R R R R R R R R R R R KRR KRR R R R :I
#-_C Constructs 32 o
#-IFT Competition Control 33 FESk main()
#-IFI Remote Control 34 s "
E;!--Maih 35 'né_t._H?EC_I_éOOO] ; . o
&-Motors SE EI—Ictc_ie._f_e?ted [port2] = 1; //This is used
e veraes 37| sensoxvalue(zo i}
- bMotorReflected[] 3 o ] 115.2K |
-motor[] 33 wnile (SensorVall —pahug Status—  Refresh Rate— |-
H 40 {
&5-Sensors oL e Stop | Suspend | Step | Once
. &-Variables :} if (Sensozval ’7
. SensorValue[] 2 i Pause Refresh
ripores|  Clear Al | — 1|4
@--Sound 43 motor :po_t: |
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&-User Defined 43 !
H 46 else -
>|
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Figure 9.4: RobotC application example, from

9.4 MATLAB and Simulink

MATLAB is a high-level programming language for numerical computing, data
acquisition and analysis. It can be used to control LEGO NXT over a Bluetooth
or USB connection, using the RWTH - Mindstorms NXT Toolbox, which is free

and open-source.

Simulink is a MATLAB-based environment for modeling and simulating dy-
namic systems. Using Simulink, students can create algorithms for control systems
and robotics applications. They can apply industry-proven techniques for Model-
Based Design to verify that their algorithms work during simulation. They can
automatically generate C code for those algorithms and upload the compiled code

onto the NXT.

MATLAB and Simulink uses custom firmware, that must be flashed into NXT.
Development environment provides interactive development and debugging. API
to the peripherals is hidden from programmer, modeling of components repre-
senting devices is used instead of writing code to call methods.

MATLAB and Simulink Support for LEGO MINDSTORMS NXT program-
ming is freely available, but MATLAB and Simulink themselves are licensed.
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Figure 9.5: MATLAB application example, from

9.5 1eJOS NXJ

leJOS NXJ is Java based programming environment for NXT. It uses standard
Java language and compiler but with a much smaller Class library. The standard
Class library is too large for the NXT memory. leJOS includes small Java virtual
machine.

As 1eJOS uses a firmware replacement, the new leJOS NXJ firmware must
be flashed onto the NXT, and will replace the standard LEGO MINDSTORMS
firmware. As programming environment, Eclipse or Netbeans can be used and
leJOS NXJ has a custom plugins for both of them.

leJOS NXJ has also many utilities, such as console viewer, data viewer for
viewing values from all sensors/motors and some of NXT internal devices at
once, program uploader... Its debugging capabilities are limited to debug outputs
to remote console.

leJOS NXJ provides API to the peripherals in form of classes. They contain
methods for accessing and setting values to devices.

9.6 nxtOSEK

nxtOSEK is a real-time operating system. nxtOSEK consists of the 1/O driver
part of leJOS NXJ, TOPPERS OSEK real-time operating system used in auto-
motive industry and a glue code for them. nxtOSEK enables Lego Mindstorms

NXT robots to be programmed in ANSI-C/C++ and application can be build us-
ing GCC development environment. It also contains ECRobot API for accessing
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I/O devices, which was chosen as device API in RTEMS. nxtOSEK uses custom
firmware from leJOS. It has no debugging capabilities.

Since nxtOSEK kernel contains only Japanese comments and documentation,
its quite difficult to understand. Regardless, it is a small system and if you are not
interested in kernel itself, it can be used as a source of information for NXT hard-
ware internal functionality. nxtOSEK was used as an inspiration for peripherals
drivers implementation used in RTEMS.
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Chapter 10

Conclusion and future work

The thesis has proved that it is possible to run RTEMS on Lego Mindstorms
NXT platform. It provided implementation of Board Support Package for NXT,
together with other necessary support routines, drivers for internal and external
devices. Discussed necessary steps for porting to NXT platform, provided detailed
description of most crucial hardware devices, such as clock generator and interrupt
controller, memory mapping, evaluated possible approaches to interrupt handling.

For building and developing RTEMS applications, guidelines for installation
of build tools were presented. They can be applied in environment where labs for
Embedded and real time system course takes place.

Another important feature, that was presented is the usage of NXT BIOS for
application management, which enables students to upload nxtOSEK application
and RTEMS application the same way. That simplifies demands on working envi-
ronment setting. Presented implementation was able to overcome constrains that
were imposed by usage of NXT BIOS.

The work identified means for debugging RTEMS application. For debugging
RTEMS application without installed JTAG connector, implementation provided
methods to display debug prints on the remote computer screen. For low-level de-
bugging, detailed directions for usage of JTAG hardware debugger in conjunction
with Eclipse IDE settings were provided.

Possibility to follow up with extension of this thesis presented itself with im-
plementation of a debug output. As some of the different development platforms
for NXT, such as RobotC, use a virtual machine as an intermediate between ap-
plication and hardware, it would be possible to use such intermediary that could
have added functionality to provide more extensive debugging ability.
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Appendix A

Contents of the enclosed
DVD-ROM

Enclosed DVD containing this thesis in digital form together with source code for
RTEMS including BSP package, routines and tools needed for RTEMS support
of NXT.

Structure of enclosed DVD:
e ccrobot__api: Directory containing ECRobot API web page.

— ecrobotAPI _files: ECRobot API documentation files.
— ecrobotAPI himl: ECRobot API documentation index file.

e master_thesis.pdf: Master’s thesis in PDF format.
e sources: Directory containing RTEMS sources.

— rtems-sources.tar.gz: Compressed RTEMS sources.
e readme.txt: A description of the contents of the enclosed DVD.
e sampleApplications: Directory containing sample applications.
e uploader: Directory containing application uploader.

— src: Source files for uploader.
— uploader: Scripts for executing uploader.

— readme.tzt: Simple instructions for running uploader.
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Appendix B

Sample application: Read color
sensor value crossing the line

Simple application that demonstrates displaying values on remote computer us-
ing nxjconsoleviewer, work with sensors, motors and will present multiple ap-
proaches to task scheduling. Its purpose is to gain values that are return from
color sensor when robot is crossing the line. This values can be further used in
line following robot example.

It is expected that RTEMS is already installed, see Chapter [6] Entire application
sources are enclosed on DVD in directory samples/readLineValues. It consists
of multiple files:

e Makefile: contains information necessary to build application

e init.c: Represents declaration and initialization of tasks and sensors. It
will create tree separate tasks for reading values, displaying values and the
last one for operating motors.

e system.h: contains configuration information for RTEMS, it is responsible
for specifying which modules will be compiled with application and also
includes RTEMS, NXT and ECRobot header files.

e tasks.c: contains implementation of individual tasks. Tasks use different
scheduling approaches, such as relative delay, rate monotonic scheduling
and absolute timing.

In the following text, the entire process of building, uploading and reading values
will be described step by step.

Before compilation, it is necessary to export variable containing path to the lo-
cation where RTEMS was built. It can be done via exporting variable in console,
using following command:

~$ export RTEMS MAKEFILE PATH=/path/to/RTEMS
Once path to RTEMS is set, application will be built executing

~$ make
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Application will be built in o-optimize directory. Three files will be created:
readLineValues.exe, readLineValues.numand readLineValues.rom. After suc-
cessful built, application can be uploaded into NXT. NXT must have NXT BIOS
installed and NXT must be in application flash mode. To get there, press middle
orange button with left arrow button simultaneously from running application.

NXT must be connected to the computer via USB cable. To upload built file,
from directory where source files are located, execute

~$ /path/to/uploader.sh o-optimize/readLineValues.rom

uploader.sh might be necessary to run with sudo command, because root priv-
ileges to access NXT over USB may be required.

Preview of the NXT LCD display in update mode, during uploading and when
uploading is finished is shown in Figure [6.1], Section [5.11

To exit upload application mode, press small gray rectangle button. Application
readLineValues uses HiTechnic color sensor, touch sensor and two motors. They
must be plugged in the following manner: color sensor must be plugged in NXT
Port 1, touch sensor will be in NXT Port 2. Motors should occupy NXT PORT
A and B. Assembled robot should look like the one in the following Figure

Figure B.1: NXT configuration for reading line values

With assembled robot, press square orange button. NXT startup screen will
be presented. It is the time when robot will be connected to the remote con-
sole implemented by nxjconsoleviewer application. On remote computer, run
nxjconsoleviewer application:
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~$ /path/to/nxjconsoleviewer

It might be necessary to use sudo command to gain necessary privileges. To
connect to the NXT, insert NXT address displayed on the LCD screen without
two trailing zeros into Addr field. Connection is established when "BT Connected'
string is shown at LCD screen and nxjconsoleviewer application shows Status:
Connected to NXT in bottom left corner.

At this point, NXT should be placed in front of the line. When right arrow button
is pressed, NXT starts to move forward and it will send color sensor values into
remote application. NXT sends comma separated values in format:

number of ms from start, red value, green value, blue value

Once NXT crosses the line, it can be turned off using small gray rectangle. Re-
ceived values should look similar to values in the following picture:

[ESe View RConsole output from NXT

(<
O
(=

Name |POKUS | Addr [001653089CCA |

Connect

) USB @ BlueTooth show remote LCD screen

31238,266,392,369
31243,252,136,369
31248,252,374,352
31253,252,374,352
31258,252,374,352
31263,226,374,352
31268,226,339,320
31273,226,339,320
31278,226,339,320
31283,190,83,320
31288,1590,288,271
31293,1890,288,271
31298,190,288,271
31303,140,288,271
31308,141,217,202
31313,141,217,202
31318,141,217,202
31323,96,217,202
31328,96,151,138
31333,06,151,138
31338,96,151,138
31343,59,151,138
31348,58,94,86
21353,59,94,86
31358,59,94,86
31363,36,94,86
31368,36,59,56

D1 aTa as cn

Status: Connected to POKUS

| »

1]

Figure B.2: Read color sensor value output in nxjconsoleviewer application

To shutdown robot and upload new application, hold left arrow button and orange
square button simultaneously for a second.
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Appendix C

Sample application: Line
following robot

Sample line following application will be produced using RTEMS plugin for
Eclipse CDT. It will show how to set up, create, build and upload RTEMS ap-
plication into NXT.

It is assumed that Eclipse CDT is already installed together with RTEMS CDT
Support plugin. Installation instruction can be found here [g].

In Eclipse, create new C project, using File > New > C Project. Choose RTEMS
Executable and set project name.

= C Project X

C Project
Creske € project of selected type

Project name! |lineFollower

| Use default location

Location Browse
Choose file system: [default  ~
Project type: Toolchains:
# [ GNU Autotools RTEMS Toolchain
~ [ Executable

® Empty Project
@ Hello World ANSI C Project
@® Hello World UPC Project
@ RTEMS Hello-World Preject
* [ Executable (XL UPC)
* [ Shared Library
> (= Shared Library (XL UPC)
> [= Static Library
> [= Static Library (XL UPC)
< Executable (XL C/C++)
<P Static Library(XL C/C+4+)
& shared Library (XL C/C++)
& Executable (XL UPC)
& static Library(XL UPC)
& shared Library (XL UPC)
& RTEMS Static Library
<» RTEMS Executable
> = MakeFile project

| Show project types and toolchains only iF they are supparted on the platForm

£/ = B Next > Finish Cancel

Figure C.1: Creating RTEMS project
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Press Next > button two times, until RTEMS Setup step is displayed. Here,
Base path to RTTEMS should be set, according to path where RTEMS tools were
installed. It is the path stored in variable PREFIX, mentioned in Section [6.1.1]
BSP path is path to the directory where the NXT Board Support Package was
installed. It is the rtems-build directory as mentioned in Section with ap-
pended arm-rtems4.11/nxt.

- C Project & Q) &

RTEMS Setup —
Select the RTEMS base installstion path and the board support package (B5P) installation path.

Base path:  fopt/rtems-4.11 Browse. ..

BSP path: | /home/Fero/diplomba/eclipse-workspace/git/rtems-build/arm-rtems4.11/mxt| Browse..

Figure C.2: RTEMS project setup

Hit Finish and new project is created. Under this project, copy contents of the
samples/lineFollower/ folder, that is enclosed on the DVD, into this newly
created project. Copy of the Makefile file is not necessary.

RTEMS Eclipse plugin does not make application images, that could be uploaded
into NXT. It is necessary to add post-build step to create this image. It can be
set in Project > Properties > Settings. Assuming that RTEMS base path,
which was set when project was created is /opt/rtems-4.11, command should
be following:

/opt/rtems-4.11/arm-rtems4.11/bin/objcopy
-0 binary ${ProjName}.exe ${ProjName}.rom
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type Filter text <a

» Resource

- Builders

v CfC++ Build
Build Variables
Discovery Options

Environment

Logging
RTEMS

Tool Chain Editor
XL C/C++ Compller
» CfC++ General
- Project References
- Run/Debug Settings
» Task Repository
- WikiText

Jopt/rtems-4.11/arm-rtems4.11/bin/objcopy -0 binary 4{ProjMame}.exe %{Projhame}.rom

fopt/rtems-4.11/arm-rtems4.11/bin/objcopy -O binary test2.exe test2.rom

Figure C.3: RTEMS build settings - Build steps

In Build Artifact tab, make sure that field Artifact type is set to Executable

type Filter text a

 Resource

|~ Builders

v C/C++ Build
Build Variables
Discovery Options

Environment

Logaing L ’
RTEMS 4 {ProjMName} v
Tool Chain Editor

XL C/C++ Compiler
P CfC++ General
I Project References
" Run/Debug Setkings
> Task Repository
= WikiText

Figure C.4: RTEMS build settings - Build Artifact
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Application can be built pressing Ctrl+B.

After application is successfully built, to upload application to NXT, newly build
application can be uploaded using enclosed uploader:

~$ /path/to/uploader.sh lineFollower.rom

or new Run build configuration for calling uploader directly from Eclipse can be
created.
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