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Abstract

This article is based on the QEMU vexpress-a9 platform to build a hardware-free RT-Thread debug-
ging environment. Through the remote connection of arm-none-eabi-gdb, the entire process from
system power-on, MMU /page table establishment, heap initialization, multi-task scheduling, inter-
rupt exceptions and device drivers is tracked; and the entire initialization process of RT-Thread is
analyzed and explained.
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1. 5|18

EMARRGIH KH, AR TEAZR T4 6. RS SERUE, MEUPEEr Esh. N
EEH, ZARSSHE LIRS . QEMU [11ENTFETE 2 RS, BeW% 58 8L ARM Cortex-A9 1%
SoC 174, ¥ RT-Thread JEHEFAA. T HEE MIRR SWAEAEE . AR CHT QEMU vexpress-a9 [2]HL4%
P — 2 M ik 5 30 3 b 7 5 15 & RS T AL AR 456 GDB e F pr s Se IR A 4% 50 | T R
AR SEADIRESIRES, B R B MBS S R, IR AFR# RT-Thread i847HLEE, FFnl¥k
WA RIS 2 BEARCR, RIES R & 5

2. #£# QEMU F& T RT-Thread iR
2.1. QEMU f& 4y

QEMU Z4iJi. B FEr [ RAEH + A% BaSSEI0E %, wrEm 2L s AR R
CPU Bk 4 & 1) — 2 4Ch
o IRAYMIE: FT TCG (Tiny Code Generator)s) & —#EfIEI R, 41 B brdE 2 BV 4 5 018 FHLHE 4,
% FF ARM/AArch64. RISC-V. MIPS. PowerPC. x86 % 20 A& FhZEH4 .,
o WEMAIEE. NEH O, M. 8. USB. PCl-e. Flash. SD. CAN %5 K& SoC #M¥, mJ#H]
4l Beagle/VExpress/Raspberry Pi/i.MX6 %5 KR o
o £ SMP: ¥##% CPU #. NUMA. GIC/IO-APIC W% ##%, Wi /& RT-Thread/Linux SMP {7
o AT $2Mt GDBRemote. QMP. Tracing. Semihosting 21, WS, M0, BEE TGN
N, 2l [ ITAG ] JERSZ0ER.
K QEMU BUNRARIF K - RGERAFIRAIE  FFERER IS B s R A v Bk TIE T 5T 6 ]

2.2. RT-Thread &1t

RT-Thread J& —3KE N BRI, 228, AR SERE1E RF(RTOS), AT 2006 4, LN
IRA I 5T, SCRFTEIRSZ BRI H 28 (MCU) 2 2 1% N AL BEZ8(MPU) . HAZ 0 %) 3kBROM, 1.2
kBRAM, it EHALA M TCIRY R, USRS WGP B WA HEL S & UhRe,
IECHFE SMP. BhA&MEL, POSIX. C++. MicroPython %5 =4t 7ETFUEAL X sp FRATAT L B He b B AR HS
BEAT 2 20 FL. 34k, RT-Thread W] LLEH] qemu BEAT 05 EHIK, an%txs armv7 22491 vexpress-a9 ¥ 5,
PLJ armv8 4244, riscved SEH AT LA BT B o AL ZELL vexpress-a9 A 5 AT AR, EHIWLAE
Fl VMware® Workstation 17 Pro 47 Ubuntu20.04.

23. HEFIFER

e 223k gemu
sudo apt install -y gemu-system-arm
o M git R HUERYS F] Ubuntu M5E(E 1):
git clone https://gitee.com/rtthread/rt-thread.git
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:~% git clone https://gitee.com/rtthread/rt-thread.git
Cloning into 'rt-thread'...

remote: Enumerating objects: 3083021, done.

remote: Counting objects: 100% (5029/5829), done.

remote: Compressing objects: 180% (2242/2242), done.

remote: Total 303021 (delta 3373), reused 3550 (delta 2748), pack-reused 297992 (from 1)
Receiving objects: 100% (303021/303021), 882.73 MiB | 3.08 MiBfs, done.

Resolving deltas: 100% (222356/222356), done.

Updating files: 1 (36348/36348), done.

Figure 1. Source code pull request

B 1. IRRSRIER

7f Ubuntu I 223558 X 41 1. H arm-none-eabi-gcc

FBHTE: sudo apt update;

LU E J7 B FEARAR : sudo apt install gec-arm-none-eabi binutils-arm-none-eabi libnewlib-arm-none-eabi (14| 2) .
:~$ arm-none-eabi-gcc --version

arm-none-eabi-gcc (15:9-2019-q4-6ubuntul) 9.2.1 20191025 (release) [ARM/arm-9-branch revision 277599]
Copyright (C) 2019 Free Software Foundation, Inc.

This is free software; see the source for copying conditions. There is NO
warranty; not even for MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.

Figure 2. Toolchain version information

B 2. TREBMAER

i & RT-Thread &%t
K AFAEH vexpress-a9 *F- & #E 475 B, 75 L 1E rt-thread/bsp/qemu-vexpress-a9 H 3% . [A 4 vexpress-

a9 RAUZAL RS, (H2 WAL E R AT SMP, X WAZH TECE (K 3).

(Top) = RT-Thread Kernel

klibc options --->
(16) The maximal size of kernel object name
[ 1 Use the data types defined in ARCH_CPU
[ 1 Enable RT-Thread Nano
[ 1 Enable RT-Thread Smart (microkernel on kernel/userland)
Enable AMP (Asymmetric Multi-Processing)
(1) Number of CPUs
(8) Alignment size for CPU architecture data access
The maximal level value of priority of thread (256) --->
(100) Tick frequency, Hz
[*] Using stack overflow checking
[*] Enable system hook
[*] Using function pointers as system hook
[ 1 Enable hook list
-*- Enable IDLE Task hook
(4) The max size of idle hook list
(4096) The stack size of idle thread

Figure 3. Kconfig configuration interface

3. Kconfig BLE R M

nik FARAEI, A scons iy & IS RE M Z (A 4).

build/kernel/libcpu/arm/cortex-a/pmu.o
build/kernel/libcpu/arm/cortex-a/stack.o
build/kernel/libcpu/arm/cortex-afstart_gcc.o
build/kernel/libcpufarm/cortex-aftrap.o
build/kernel/libcpu/arm/cortex-afvector_gcc.o
build/kernel/src/clock.o

build/kernel/src/components.o
build/kernelfsrcfcpu_mp.o
build/kernel/src/defunct.o
build/kernel/src/idle.o
build/kernel/src/ipc.o
build/kernel/src/irg
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build/kernelfsrc/klibc/kerrno.o
build/kernelfsrc/klibc/kstdio.o
build/kernel/src/klibec/kstring.
build/kernel/src/klibec/rt_wsnprintf_tiny.o
build/kernel/src/klibc/rt_wsscanf.o
build/kernel/src/kservice.o
build/kernelfsrc/mem.o
build/kernelfsrc/memheap.o
build/kernel/src/mempool.o
build/kernel/src/object.o
build/kernel/src/scheduler_comm.o
build/kernelfsrc/scheduler_mp.o
build/kernel/src/thread.o
build/kernelfsrcftimer.
LINK rtthread.elf
Memory region Used Size Region Size %age Used
arm-none-eabi-objcopy -0 binary rtthread.elf rtthread.bin
arm-none-eabi-size rtthread.elf
text data bss dec hex filename
540579 35004 84128 659711 al1eff rtthread.elf
scons: done building targets.

B N |

Figure 4. Compilation results of source code

4. IRRSSRIEEER

Y PR 52 R BT BA#E ) gemu A1 gdb T EL b AT B BRIB A48 4 2R T (B 5).

$ qemu-system-arm -M vexpress-a9 -smp cpus=2 -kernel rtthread.bin -nographic -sd sd.bin -
WARNING: Imagc format was not specified for 'sd.bin' and probing guessed raw.
Automattcally detecting the fornat is dangerous for raw inages, write operations on block 0 will be restricted.
cify the 'raw' format explicitly to remove the restrictions.
pulseaudlo set_sink_tnput_volume() failed
pulseaudio: Reason: Invalid argument
pulseaudio: set_sink_input_mute() failed
pulseaudio: Reason: Invalid argument

8 $ gdb-multiarch rtthread.elf

Copyright (C) 2020 Free Software Foundation, Inc.
License GPLv3+: GNU GPL version 3 or later <http://gnu.org/licenses/gpl.html=>
is free software: you are free to change and redistribute it.
is NO WARRANTY, to the extent permitted by law.
show copying” and "show warranty"” for details.
GDB was configured as "x86_64-1inux-gnu".
"show configuration” for configuration details.
For bug reporting instructions, please see:
<http://www.gnu.org/software/gdb/bugs/=.
Find the GDB manual and other documentation resources online at:
<http://www.gnu.org/software/gdb/documentation/=>.

For help, type "help".
Type "apropos word" to search for commands related to "word"...
Reading symbols from coo
(gdb) target remote :1234
Remote debugglng using :1234
in 2?2 ()
(gdb) b main
Breakpoint 1 at : file , line 17.
(gdb) c
Continuing.

Thread 1 hit Breakpoint 1, main () at
17 printf("Hello RT-Thread!\n");
(gdb) I

Figure 5. QEMU single-step debugging
5.QEMU B ZFix

3. RT-Thread B 1947
3.1. RT-Thread E—M B BRNRED

AN EEAS 4 RT-Thread ST R R 3D 51 MY, XEE UG EERANC R EE S M. FEHAT
AT cpu TARBAXIIENL, ¢ IsITHERIAIIaHE, IFXE mmu BEATHIARAE, ST RESOURT B A A7 R S
KER, RIS OS FAMFIVIIR RN TIs 1T T 256 1F

4
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3.1.1. BEIiEFAOR
RGN G AT BALT 0x60010000, HALIERUFHIAEREE, $—F2EMNBEEREASE 6).

(gdb) disassemble Ox60010000

Dump of assembler code for function system_vectors:
<+0=>: 1dr pc, [pc, #24] H
=+4>: 1dr pc, [pc, #24] H
<+8>: 1dr pc, [pc, #24]
<+12>: ldr pc, [pc, #24]

<+16>: ldr pc, [pc, #24]
<+20>: ldr pc, [pc, #24]
<+24>: ldr pc, [pc, #24]
<+28>: ldr pc, [pc, #24]
End of assembler dump.
(gdb)

Figure 6. Vector table information

Bl 6. mEXRER
_vector_reset AbTRUE 32 A7 EUMH_reset FILENT kL, BEACII Bk B4z LE PC BEALE] reset 1 E .

3.1.2. AL BSS MiAtk, B MR AR
FAZIRHL cpuid, id WHSE 0, WIARFE MUHTZE cpu, #EA normal_setup (] 7)

/* disable the data alignment check */

mrc pl5, 8, r1, ci, c8, ©

bic ri, #(1<<0) Disable MMU */

bic r1i, #(1<<1) Disable Alignment fault checking */
bic ri1, #(1<<2) * Disable data cache */

bic ri, #(1<<11) Disable program flow prediction */
bic ri, #(1<<12) Disable instruction cache */

bic r1, #(3<<19) bit[26:19] must be zero */

mcr pl5, O, r1, ci1, co, @

@ get cpu id, and subtract the offset from the stacks base address
bl rt hw cpu_id
mov rS5, ro

cmp rs, #o0 @ cpu id == 0
beq normal_setup

@ cpu id > 6, stop or wait
#ifdef RT_SMP_AUTO_BOOT

ldr re, =secondary_cpu_entry

mov rl, #O

str r1, [r@] /* clean secondary_cpu_entry */
#endif /* RT_SMP_AUTO_BOOT */

secondary_loop:
@ cpu core 1 goes into sleep until core © wakeup it
wfe

Figure 7. Source code of reset jump

Bl 7. EfIBkEEIRD

o stack setup: IV LRI T HIM, Armv7-A ZR S 2 R3], AR AN E R sp P A7
%%, XHX} SVC, Undefined Instruction Mode, Abort Mode, FIQMode, IRQMode K sp #4717 4]
G1b. SVC 13 N sp 7T stack _top 17 & .

e bss loop: X BSS ufizs (6] AR HEATIEZ, BSS i aafeE Witz T bss start f1 bss end, %%
S B AR A e (] 8).
3.1.3. TURWIBK4]

Vexpress “F- &1 MMU $.50, RT-Thread fEig 47 2, bbbl a) R FH g s bk, DR 2255
X8 R B b bk S R AR . X B B T iR, A DUR LS I B TR /N 1 MB.
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W H SRS E AT MMUTableo U032 SEHRE LU IE 2 B U hE R e i A 026, 78 MMU flifE ), PC %
A7 A5 V7 0 A b 20 2 RR L, TEVURMIAC &2 5T, FiSBihl, 4 aevim 247 LT 4.
TR PR T HbE 15 BAN, 6 — SR B, RS, FRARICHEEDT 9 4T A . armv7-A 22
IR — TR [5], W R E 9 Fiaw.

stack setup

/* clear .bss */

mov re,#o get a zero
1dr ri,=__ bss_start bss start
ldr r2,=__bss_end bss end

bss loop:
cmp ri,r2 check if data to clear
strilo ro,[ri],#4 clear 4 bytes
blo bss_loop loop until done

#ifdef RT_USING_SMP

mrc pl5, O, r1, c1, co, 1

mov r@, #(1l<<6)

orr ri, r@

mcr pls, ®, ri, c1, c®, 1 //enable
#endif

/* enable branch prediction */
mrc pl5, 0, ro, c1, co, O
orr re, ro, #(1l<<ll)
mcr p15, ©, re@, ci, c@, ©

/* initialize the mmu table and enable mmu */
1dr r®, =platform_mem_desc
ldr r1, =platform mem desc size

Figure 8. Stack initialization code, BSS initialization code

& 8. #4N%R 1L BSS #iR{LIKHT

31 24 23 20 19 18 17 16 15 14 12 11 10 9 8 5 4 3 2
Fault IGNORE 0|0
I S N S
Page table Page table base address, bits [31:10] M| Domain (B S B|O]|1
P Z z
N n A TEX | AP ! X
Section Section base address, PA[31:20] 0 S|P M| Domain C|B|1|0O
S G [2:0] [[1:0] N
(2] P
. [Supersection base address Extended N n A TEX | AP [ | Extended X
Supersection PA[31:24] base address S 1 G S|P (2:0] |[1:0] M |base address N C|B|1]|0
’ PA[35:32] [2] ’ 7| P| PA[39:36]
Reserved Reserved 1|1

Figure 9. ARMv7-A level 1 page table type
B 9. ARMv7-A —R IR LR

—RHOIRA LA 4 PR, IX ST — R TUR IR 5 3 Bl PA[31:20 AW B UUHE A e ik (4] 10

K 11).

* rt_hw_init_ mmu_table: ZREHEH ¢ 15 F LM, BUAERTHHRANICLEE T sve B 1 sp T 1748,
LT X ¢ BEBITHAREYGBN, KRBT EHZMEH c B RERE T, ZRERE
platform_mem_desc ZUZH IR (B X TH],  EESZLEBU R R .

e platform mem desc: ZEUANBLHHE BHHATHIA, AEPIXIK.
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/* enable branch prediction */
mrc pils, @, r@, ci, c@, @

orr re, ro, #(1<<11)

mcr pl5, @, r@, cl1, cO, ©

/* initialize the mmu table and enable mmu */
ldr r@, =platform_mem_desc

1ldr r1, =platform_mem_desc_size

1dr r1, [ri1]

bl rt_hw_init_mmu_table
bl rt hw mmu_ init

/* start RT-Thread Kernel */
ldr pc, _rtthread_startup

_rtthread_startup:

.word rtthread_startup

stack_setup:

ldr re, =stack_top

Figure 10. Assembly code for page table initialization

B 10. TIRABUCHRARD

), DEVICE_MEM},
), NORMAL_MEM}

Figure 11. Range information of physical page configuration properties

E 1. YEnmEER M EREER

Pk 0x10000000-0x50000000 Rit5} 3] L HE 0x10000000-0x50000000 455K, HidikJ& My device

JE

P bk 0x60000000-0xe0000000 k& 21| 2 L Hu ik 0x60000000-0xe0000000 455, HuhikjE N mem

JE

e rt hw mmu init: XEHFG mmu, FEFTIFFELSFEDE cache, [, ¥ MMUTable Huht ¥ & 2] ttbr0
AAEAEH, ttbrO T H F AN 2 F 88 . X B AU i) RAE ] ttor0, A # ttbrl (B 12).

164
165
166
167
168
169
170
171
172
1Lz
174
175
176
177
178

void rt_hw_mmu_init(void)

{

rt_cpu_dcache_clean_flush();
rt_cpu_icache_flush();
rt_hw_cpu_dcache_disable();
rt_hw_cpu_icache_disable():
rt_cpu_mmu_disable();

J*rt_hw_cpu_dump_page_table(MMUTable);*/
rt_hw_set domain_register(®@x55555555);

rt_cpu_tlb_set(MMUTable);

rt_cpu_mmu_enable();

E3179 rt hw cpu icache enable();

180
181
182

}

rt_hw_cpu_dcache_enable();

Figure 12. MMU initialization code
&l 12. MMU #13a1L K AS
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3.2. RT-Thread £ =M ERBENHRIESH

BEBYBEM rtthread startup BRI 46, 1% B 2UTE RT-Thread " I1EFAH 24T Linux PIE% H1 1 start_kernel
PRI, T EHATIR L BSP #1464k, RT-Thread &% 0AHSFIHIIGM, FH AR LB TR A 13).

int rtthread_startup(void)
{
235 rt_hw_interrupt_disable();
236
237 /* board level initialization
238 * NOTE: please initialize heap inside board initialization.

239 *
B240 rt hw board init();

241

242 /* show RT-Thread wversion */
243 rt_show_version();

244

[* timer system initialization */

rt_system_timer_init();

/* scheduler system initialization */
rt_system_scheduler_init();

#ifdef RT_USING_SIGMNALS
/* signal system initialization */
rt_system_signal_init();

#endif /* RT_USING_SIGNALS */

/* create init_thread */
rt_application_init();

Figure 13. Initialization entry function of the second phase

B 13. EMEBEMBAADEE
void rt_hw_board init(void)
J* initialize hardware interrupt */
rt_hw_interrupt_init();
J/* initialize system heap */

rt_system heap_init(HEAP_BEGIN, HEAP_END);

rt_components board init();
rt_console set device(RT_CONSOLE_DEVICE NAME);

rt_thread idle sethook(idle wfi);

#ifdef RT_USING SMP |

J/* install IPI handle */

rt_hw_ipi_handler_install(RT_SCHEDULE IPI, rt_scheduler_ipi_handler);
#endif
1

Figure 14. Board-level initialization of the vexpress Platform

[&] 14. vexpress F S RFANIEL

3.2.1. RT-Thread #RBZ ¥R M ER

REWIIEAS & AR CPU & H (K 14), R EXS cpu NS I BARREE7014610,
Wrishlas, REHEXIE, HOITH, RGN tick 5.
* rt hw_interrupt_init():

O 55 I ER K E R VBAR;
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@ YIgaik s f#5(GICV2 1 distributor/cpu 2 11);

@ WIUHAL isr_table HUAH, 1ZECAE FA M WTE B
* rt system heap inittHEAP _BEGIN, HEAP END):

HEAP_BEGIN & X 4__bss_end, ZAF& HBEEIMALS L, AT bss BRHISS RN E . HEAP_END
A DR S bR A2 KN E E o X B RIE heap MIIX[H], #57 RT-Thread FIHEE FE 2% (rt_malloc/rt_free
).
* rt components board init():

2 INIT_EXPORT() % 74 B AT 4 A R 4% BRI 4= R e — b, IR EE RS AR R 30, i AR Refit

“AREPHZE . AREAKIIZRAR” WAL EEfE/ AR WI IRt (K] 15).
#define INIT EXPORT(fn, level)
RT_USED const init fn t _ rt_init ##fn FJHeBIN(".rti fn." level) = fn

Figure 15. INIT_EXPORT macro definition
[# 15. INIT_EXPORT HEENX

INIT_EXPORT()Z BN ea £, @il & LR BEREr, TR RS — MR e X, WIah iR P
B2 X ARV T R B R T, SE R B v iR 1L .
* rt console set device(RT CONSOLE DEVICE NAME):

RT_CONSOLE_DEVICE NAME #kiA /2 "uart0" (R £ rtconfigh £40)-

2 rt_kprintf() 1) 25 H 90w B 2 & %%, S rt_kprintf)EIERTH .
* rt thread idle sethook(idle wfi):

idle_wfi SZILJE asm volatile ("wfi"); k7S NLFERHRIEIA#IAT wii(wait-for-interrupt), FFIKIIFE.
* 1t hw ipi handler instal(RT SCHEDULE IPLrt scheduler ipi handler):

] GIC M+ W5 RT_SCHEDULE IPIGE N 0 8¢ DRI . 24 CPUO 81k CPU1 M0 R,
f#F rt hw_ipi_send (cpu_mask, RT _SCHEDULE IPI)[i] CPUl Ki%—AN%fF IPI, CPUL fE i BLgiu4T
rt_scheduler ipi_handler()5¢ iR ES 1AL 5546 5 /A

3.2.2. RT-Thread A#4F4151
WREWIUEATE RS, RT-Thread 8t v AT WAZAZ QARG T, O 2 MR — EME,

£T CPU RPHEAR UL TIRE, 7E BURAE RGA IVIIR1L

e rt system_timer_init(): FIIAHRGUEN 4. RGE N AL R REUE tick ThW AR TR, &R
Gt 5 IR 45 1) 1B BRSO AE T b R SCpAT, DRI R e BSOS e A8 S 1S FHLZE ) APL

e rt_application_init(): /% main Z6FE, main ZLFEIZ4THS, JHH rt_components init()Xf RS 4HAF AT AT
a4k, BEMIAA rt_hw_secondary cpu_up B&#(53 CPUL JH3l, &H/5HATHE XK main KE, 1E
main FREAS, F P RTBUEE CH SRE 2 (A 16).

* rt system_timer_thread init(): FIUAALEKAFER 28, AU E R SR 26FE . e I a8 2R FE7E 7] 1 ek %
or WU B A 5 I R B, AT E I SR R0 pR . bR TR AERERR B SCHAT S R ek AT DABH ZE .

e rt thread idle init(): B tidle Z&F%, B4 CPU WA MGL) tidle Z6F2. HT tidle ZRFER L2 LL %
I%, —BRAERG T A HAMAESZE, A 2T tidle ZeFE .

* 1t system scheduler start():
@© Mzt BAF ik AR Se i m AT 5%
@ 18 CPU #BHIBZ 42T 55, MILTFIR L IE 1) 2 2R FE (5] 17).
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*
voild main_thread_entry(void *parameter)

{

extern int main(void);

#ifdef RT_USING_COMPOMENTS_INIT
* RT-Thread components initialization */
rt components init():;

#endif /* RT_USING_COMPONENTS_INIT */

#ifdef RT_USING_SMP
rt_hw_secondary_cpu_up();
#endif /* RT_USING_SMP */
/* invoke system main function */
#ifdef _ ARMCC_VERSION
{
extern int SSuperS$$main(void);
SSuperS$smain(); /* for ARMCC. */

#elif defined(__ICCARM__) || defined(__GNUC__) || defined(__TASKING_ )
main();

#endif

3

Figure 16. Definition of the execution body of the main thread

B 16. Main ZLIZHIHITIEE X

void rt_system_scheduler_start(void)

{
struct rt_thread *to_thread;
rt_ubase_t highest_ready_priority;

to thread

#ifdef RT_USING SMP

to_thread-=oncpu = rt_hw_cpu_1id();
#else

rt_current_thread = to_thread;
#endif /* RT_USING_SMP */

rt_schedule_remove_thread(to_thread);
to_thread->stat = RT_THREAD_RUNNING;

f* switch to new thread */
#ifdef RT_USING_SMP
rt_hw_context_switch_to((rt_ubase_t)&to_thread-=sp, to_thread):;
#else
rt_hw_context_switch_to((rt_ubase_t)&to_thread-=sp);
#endif /* RT_USING SMP */

/* never come back */

Figure 17. Code flow for starting the OS
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