
FreeRTOS: heap_4 M. Pabiszczak, 2026

Project: FreeRTOS: heap_4
Subject: Informatyka
Level: 1, Zakres Podstawowy, PP
Topic: dynamiczna alokacja pami¦ci, lista wolnych bloków, scalanie bloków
Revision date: 02.05.2026
Status: Draft
Card in series: 01/??

Card version: v0.1

Card key: mpabi/inf/rv32i-freertos/01/heap4/v0.1

UUID: 4654524c-73f2-46df-83a3-d448ba6d6c5a

Commit: a40d2916dff2

Scope: pierwsza karta serii FreeRTOS; model dydaktyczny mechaniki
heap_4.c

Files used: Task01: task01_heap_map.c

Task02: task02_free_list.c

Task03: task03_heap_init.c

Task04: task04_alignment.c

Task05: task05_malloc_first_fit.c

Task06: task06_split_block.c

Task07: task07_free_insert.c

Task08: task08_coalescing.c

Task09: task09_config_macros.c

Task10: task10_heap4_demo.c

Common: heap4_common.h

Runtime: memops.c

Startup: crt0.S

1 Cel

Ta karta zaczyna seri¦ FreeRTOS od heap_4, poniewa» ten plik jest naturalnym pomostem
po kartach z j¦zyka C. Wymaga wska¹ników, tablic, struktur, listy jednokierunkowej, static,
typedef, makr oraz arytmetyki adresów, ale nie wymaga jeszcze schedulera, przerwa« ani
uruchamiania tasków.

Przykªady s¡ maªym modelem edukacyjnym mechaniki heap_4.c. Nie s¡ kopi¡ pliku
upstream FreeRTOS. Na RV32I wyniki s¡ zapisywane w globalnych zmiennych volatile;
printf jest dost¦pny wyª¡cznie w wariancie hostowym przez �ag¦ -DHOST_PRINTF=1.

W tej karcie sªowo �sterta� oznacza obszar pami¦ci, którym zarz¡dza alokator. W heap_4 taki
obszar jest zwykle statyczn¡ tablic¡ bajtów, wi¦c linker mo»e umie±ci¢ go w sekcji .bss. Sama
sekcja .bss nie jest jednak alokacj¡ dynamiczn¡: dopiero kod pvPortMalloc/vPortFree albo
model z tej karty dzieli bajty tego bufora na bloki, prowadzi list¦ wolnych bloków i wykonuje
scalanie. W Task 03 wida¢ ten moment przej±cia od zwykªego statycznego bufora do sterty
zarz¡dzanej przez algorytm.

Listingi C i ASM maj¡ numerowane linie. Opisy w sekcjach tasków odnosz¡ si¦ do numerów
widocznych po lewej stronie listingów C.

1 #ifndef HEAP4_COMMON_H

2 #define HEAP4_COMMON_H

3

4 #include <stddef.h>

5 #include <stdint.h>
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6

7 #ifdef HOST_PRINTF

8 #include <stdio.h>

9 #define TRACE_PRINTF(...) printf(__VA_ARGS__)

10 #else

11 #define TRACE_PRINTF(...) ((void)0)

12 #endif

13

14 #define HEAP4_ARRAY_LEN(a) ((int)(sizeof(a) / sizeof((a)[0])))

15 #define HEAP4_ALIGNMENT ((size_t)8)

16 #define HEAP4_ALIGNMENT_MASK (HEAP4_ALIGNMENT - 1U)

17 #define HEAP4_ALLOCATED_BIT ((size_t)1U << (sizeof(size_t) * 8U - 1U))

18

19 typedef struct HeapBlock {

20 struct HeapBlock *next;

21 size_t size;

22 } HeapBlock;

23

24 static inline size_t heap4_align_up(size_t value)

25 {

26 if ((value & HEAP4_ALIGNMENT_MASK) != 0U)

27 value += HEAP4_ALIGNMENT - (value & HEAP4_ALIGNMENT_MASK);

28 return value;

29 }

30

31 static inline uintptr_t heap4_align_address(uintptr_t address)

32 {

33 uintptr_t mask;

34

35 mask = (uintptr_t)HEAP4_ALIGNMENT_MASK;

36 if ((address & mask) != 0U)

37 address += (uintptr_t)HEAP4_ALIGNMENT - (address & mask);

38 return address;

39 }

40

41 static inline size_t heap4_clear_allocated(size_t size)

42 {

43 return size & ~HEAP4_ALLOCATED_BIT;

44 }

45

46 static inline size_t heap4_mark_allocated(size_t size)

47 {

48 return size | HEAP4_ALLOCATED_BIT;

49 }

50

51 static inline int heap4_is_allocated(size_t size)

52 {

53 return (size & HEAP4_ALLOCATED_BIT) != 0U;

54 }

55

56 static inline int heap4_blocks_touch(HeapBlock *left, HeapBlock *right)

57 {

58 return (uint8_t *)left + heap4_clear_allocated(left->size) == (uint8_t *)right;
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59 }

60

61 #endif

Listing 1: Wspólny nagªówek dla karty heap_4

1.1 static inline w nagªówku

Helpery z Listingu 1 s¡ zapisane jako static inline, bo ka»dy task jest osobnym progra-
mem i doª¡cza ten sam nagªówek. static daje prywatn¡ kopi¦ funkcji w ka»dym pliku .c, a
inline pozwala kompilatorowi wstawi¢ krótkie obliczenia, takie jak wyrównanie rozmiaru lub
sprawdzenie bitu alokacji, bez kosztu zwykªego wywoªania funkcji.

2 Organizacja gaª¦zi

Gaª¡¹ deploy jest peªn¡ publiczn¡ wersj¡ karty. Ka»de zadanie ma osobn¡ gaª¡¹ startow¡
tasks/*, na przykªad tasks/05-malloc-first-fit. Taka gaª¡¹ nie jest wycinkiem repozyto-
rium: zawiera dokumentacj¦, tre±¢ karty, Makefile, kod pomocniczy i pliki danego zadania.

Ucze« nie commituje bezpo±rednio do tasks/*. W repozytorium klasy tworzy gaª¡¹ po-
chodn¡, na przykªad students/u01/tasks/05-malloc-first-fit.

3 Mapa karty

Task Temat
1 Mapa poj¦¢: obszar sterty, nagªówek bloku i bit alokacji.
2 Lista wolnych bloków jako lista jednokierunkowa.
3 Inicjalizacja sterty, pierwszy wolny blok i wartownik ko«ca listy.
4 Wyrównanie rozmiarów »¡da« i adresu pocz¡tku sterty.
5 Pierwszy pasuj¡cy blok, czyli zasada first fit.
6 Podziaª du»ego bloku na cz¦±¢ przydzielon¡ i pozostaªy blok wolny.
7 Zwracanie bloku i wstawianie go do listy wedªug adresu.
8 Scalanie s¡siednich wolnych bloków.
9 Makra kon�guracyjne oraz hostowy TRACE_PRINTF.
10 Mini-demonstracja sekwencji malloc/free.

4 Task 01: mapa heap_4

Algorytm i zakresy linii

� Linie 3�7 de�niuj¡ zmienne volatile, czyli obserwowalne wyniki taska.

� Linie 11�16 tworz¡ pojedynczy blok i zapisuj¡ w jego polu size rozmiar z bitem alokacji.

� Linie 18�22 rozbijaj¡ nagªówek bloku na warto±ci pomocnicze: rozmiar nagªówka, rozmiar
wyrównany, bit zaj¦to±ci, rozmiar caªego bloku i cz¦±¢ u»ytkownika.

� Linie 24�27 wypisuj¡ te same warto±ci tylko w wariancie hostowym; na RV32I makro
TRACE_PRINTF znika.

� Wynik sprawdzaj w g_header_size, g_allocated_bit_set, g_total_block_bytes i
g_user_bytes.
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1 #include "heap4_common.h"

2

3 volatile size_t g_header_size;

4 volatile size_t g_aligned_header_size;

5 volatile size_t g_allocated_bit_set;

6 volatile size_t g_user_bytes;

7 volatile size_t g_total_block_bytes;

8

9 int main(void)

10 {

11 HeapBlock block;

12 size_t requested;

13

14 requested = 13U;

15 block.next = 0;

16 block.size = heap4_mark_allocated(heap4_align_up(requested + sizeof(HeapBlock)));

17

18 g_header_size = sizeof(HeapBlock);

19 g_aligned_header_size = heap4_align_up(sizeof(HeapBlock));

20 g_allocated_bit_set = heap4_is_allocated(block.size);

21 g_total_block_bytes = heap4_clear_allocated(block.size);

22 g_user_bytes = g_total_block_bytes - sizeof(HeapBlock);

23

24 TRACE_PRINTF("header=%u aligned=%u allocated=%u total=%u user=%u\n",

25 (unsigned)g_header_size, (unsigned)g_aligned_header_size,

26 (unsigned)g_allocated_bit_set, (unsigned)g_total_block_bytes,

27 (unsigned)g_user_bytes);

28 return 0;

29 }

Listing 2: Task 01: mapa heap_4

Co sprawdzi¢ w ASM

W ASM szukaj operacji ustawiania najwy»szego bitu rozmiaru oraz zapisów do symboli global-
nych g_*. Dost¦p do pól block.next i block.size powinien by¢ zwykªym zapisem pod adres
bazowy stosu z przesuni¦ciem.

1 .file "task01_heap_map.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 li a5,8

12 sw a5,g_header_size,a4

13 sw a5,g_aligned_header_size,a4

14 li a5,1

15 sw a5,g_allocated_bit_set,a4

16 lla a5,g_total_block_bytes

17 li a4,24

18 sw a4,0(a5)

19 lw a5,0(a5)

20 addi a5,a5,-8

21 sw a5,g_user_bytes,a4
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22 li a0,0

23 ret

24 .size main, .-main

25 .globl g_total_block_bytes

26 .globl g_user_bytes

27 .globl g_allocated_bit_set

28 .globl g_aligned_header_size

29 .globl g_header_size

30 .section .sbss,"aw",@nobits

31 .align 2

32 .type g_total_block_bytes, @object

33 .size g_total_block_bytes, 4

34 g_total_block_bytes:

35 .zero 4

36 .type g_user_bytes, @object

37 .size g_user_bytes, 4

38 g_user_bytes:

39 .zero 4

40 .type g_allocated_bit_set, @object

41 .size g_allocated_bit_set, 4

42 g_allocated_bit_set:

43 .zero 4

44 .type g_aligned_header_size, @object

45 .size g_aligned_header_size, 4

46 g_aligned_header_size:

47 .zero 4

48 .type g_header_size, @object

49 .size g_header_size, 4

50 g_header_size:

51 .zero 4

52 .ident "GCC: (15.2.0-23) 15.2.0"

53 .section .note.GNU-stack,"",@progbits

Listing 3: ASM dla task 01

5 Task 02: lista wolnych bloków

Algorytm i zakresy linii

� Linie 7�16 implementuj¡ sumowanie rozmiarów bloków na li±cie.

� Linie 18�28 przechodz¡ po tej samej li±cie i zapami¦tuj¡ najwi¦kszy blok.

� Linie 30�39 licz¡ liczb¦ w¦zªów listy.

� Linie 43�55 buduj¡ r¦cznie list¦ start -> a -> b -> c -> NULL.

� Linie 57�59 uruchamiaj¡ trzy funkcje pomiarowe i zapisuj¡ wyniki w volatile.

1 #include "heap4_common.h"

2

3 volatile size_t g_free_total;

4 volatile size_t g_largest_free;

5 volatile int g_node_count;

6

7 static size_t list_total(HeapBlock *start)

8 {

9 HeapBlock *block;

10 size_t total;

11

12 total = 0U;

13 for (block = start->next; block != 0; block = block->next)

14 total += block->size;
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15 return total;

16 }

17

18 static size_t list_largest(HeapBlock *start)

19 {

20 HeapBlock *block;

21 size_t largest;

22

23 largest = 0U;

24 for (block = start->next; block != 0; block = block->next)

25 if (block->size > largest)

26 largest = block->size;

27 return largest;

28 }

29

30 static int list_count(HeapBlock *start)

31 {

32 HeapBlock *block;

33 int count;

34

35 count = 0;

36 for (block = start->next; block != 0; block = block->next)

37 count++;

38 return count;

39 }

40

41 int main(void)

42 {

43 HeapBlock start;

44 HeapBlock a;

45 HeapBlock b;

46 HeapBlock c;

47

48 start.next = &a;

49 start.size = 0U;

50 a.next = &b;

51 a.size = 32U;

52 b.next = &c;

53 b.size = 80U;

54 c.next = 0;

55 c.size = 24U;

56

57 g_free_total = list_total(&start);

58 g_largest_free = list_largest(&start);

59 g_node_count = list_count(&start);

60

61 TRACE_PRINTF("free=%u largest=%u count=%d\n",

62 (unsigned)g_free_total, (unsigned)g_largest_free, g_node_count);

63 return 0;

64 }

Listing 4: Task 02: lista wolnych bloków
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Co sprawdzi¢ w ASM

W ASM zwró¢ uwag¦ na p¦tle po wska¹niku block = block->next. To jest podstawowy idiom
przechodzenia po li±cie jednokierunkowej, widoczny jako ªadowanie pola next i skok warunkowy.

1 .file "task02_free_list.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 addi sp,sp,-32

12 addi a5,sp,16

13 sw a5,24(sp)

14 li a5,32

15 sw a5,28(sp)

16 addi a5,sp,8

17 sw a5,16(sp)

18 li a5,80

19 sw a5,20(sp)

20 sw zero,8(sp)

21 li a5,24

22 sw a5,12(sp)

23 li a4,0

24 add a5,sp,a5

25 .L2:

26 lw a3,4(a5)

27 add a4,a4,a3

28 lw a5,0(a5)

29 bne a5,zero,.L2

30 sw a4,g_free_total,a5

31 li a3,0

32 addi a5,sp,24

33 j .L4

34 .L3:

35 lw a5,0(a5)

36 beq a5,zero,.L10

37 .L4:

38 lw a4,4(a5)

39 bgeu a3,a4,.L3

40 mv a3,a4

41 j .L3

42 .L10:

43 sw a3,g_largest_free,a5

44 addi a5,sp,24

45 li a4,0

46 .L5:

47 addi a4,a4,1

48 lw a5,0(a5)

49 bne a5,zero,.L5

50 sw a4,g_node_count,a5

51 li a0,0

52 addi sp,sp,32

53 jr ra

54 .size main, .-main

55 .globl g_node_count

56 .globl g_largest_free

57 .globl g_free_total

58 .section .sbss,"aw",@nobits

59 .align 2

60 .type g_node_count, @object

61 .size g_node_count, 4

62 g_node_count:

63 .zero 4

64 .type g_largest_free, @object

65 .size g_largest_free, 4

66 g_largest_free:

67 .zero 4

68 .type g_free_total, @object

69 .size g_free_total, 4

70 g_free_total:

71 .zero 4
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72 .ident "GCC: (15.2.0-23) 15.2.0"

73 .section .note.GNU-stack,"",@progbits

Listing 5: ASM dla task 02

6 Task 03: inicjalizacja sterty

Algorytm i zakresy linii

� Linie 3�7 de�niuj¡ bufor sterty, w¦zeª startowy listy i wska¹nik ko«cowego wartownika.

� Linie 20�23 wyrównuj¡ pocz¡tek sterty i obcinaj¡ dost¦pn¡ dªugo±¢ do wielokrotno±ci wy-
równania.

� Linie 25�28 ustawiaj¡ adres i pola ko«cowego wartownika.

� Linie 30�34 tworz¡ pierwszy wolny blok i podpinaj¡ go za start.

� Linie 39�43 wykonuj¡ inicjalizacj¦ i zapisuj¡ trzy warto±ci kontrolne.

1 #include "heap4_common.h"

2

3 #define HEAP_BYTES 160U

4

5 static uint8_t heap_area[HEAP_BYTES + HEAP4_ALIGNMENT];

6 static HeapBlock start;

7 static HeapBlock *end_marker;

8

9 volatile size_t g_initial_free_size;

10 volatile uintptr_t g_aligned_offset;

11 volatile int g_end_is_last;

12

13 static void heap_init(void)

14 {

15 uintptr_t raw;

16 uintptr_t aligned;

17 size_t available;

18 HeapBlock *first;

19

20 raw = (uintptr_t)&heap_area[0];

21 aligned = heap4_align_address(raw);

22 available = HEAP_BYTES - (size_t)(aligned - raw);

23 available &= ~HEAP4_ALIGNMENT_MASK;

24

25 first = (HeapBlock *)aligned;

26 end_marker = (HeapBlock *)(aligned + available - sizeof(HeapBlock));

27 end_marker->next = 0;

28 end_marker->size = 0U;

29

30 first->next = end_marker;

31 first->size = (uint8_t *)end_marker - (uint8_t *)first;

32

33 start.next = first;
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34 start.size = 0U;

35 }

36

37 int main(void)

38 {

39 heap_init();

40

41 g_aligned_offset = (uintptr_t)start.next - (uintptr_t)&heap_area[0];

42 g_initial_free_size = start.next->size;

43 g_end_is_last = (start.next->next == end_marker) && (end_marker->next == 0);

44

45 TRACE_PRINTF("offset=%u free=%u end_last=%d\n",

46 (unsigned)g_aligned_offset, (unsigned)g_initial_free_size,

47 g_end_is_last);

48 return 0;

49 }

Listing 6: Task 03: inicjalizacja sterty

Co sprawdzi¢ w ASM

W ASM szukaj maskowania dolnych bitów adresu i rozmiaru. Warto te» porówna¢ zapisy do
first->next, first->size, start.next i start.size; ka»dy z nich jest dost¦pem do pola
struktury.

1 .file "task03_heap_init.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 lla a2,.LANCHOR0

12 andi a4,a2,7

13 mv a5,a2

14 beq a4,zero,.L2

15 andi a5,a2,-8

16 addi a5,a5,8

17 .L2:

18 lla a3,.LANCHOR0+160

19 sub a3,a3,a5

20 addi a4,a5,-8

21 andi a3,a3,-8

22 add a4,a4,a3

23 sw a4,end_marker,a3

24 sw zero,0(a4)

25 sw zero,4(a4)

26 sw a4,0(a5)

27 sub a3,a4,a5

28 sw a3,4(a5)

29 lla a1,start

30 sw a5,0(a1)

31 sw zero,4(a1)

32 sub a5,a5,a2

33 sw a5,g_aligned_offset,a2

34 sw a3,g_initial_free_size,a5

35 lw a5,0(a4)

36 seqz a5,a5

37 sw a5,g_end_is_last,a4

38 li a0,0

39 ret

40 .size main, .-main

41 .globl g_end_is_last
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42 .globl g_aligned_offset

43 .globl g_initial_free_size

44 .bss

45 .align 2

46 .set .LANCHOR0,. + 0

47 .type heap_area, @object

48 .size heap_area, 168

49 heap_area:

50 .zero 168

51 .section .sbss,"aw",@nobits

52 .align 2

53 .type g_end_is_last, @object

54 .size g_end_is_last, 4

55 g_end_is_last:

56 .zero 4

57 .type g_aligned_offset, @object

58 .size g_aligned_offset, 4

59 g_aligned_offset:

60 .zero 4

61 .type g_initial_free_size, @object

62 .size g_initial_free_size, 4

63 g_initial_free_size:

64 .zero 4

65 .type end_marker, @object

66 .size end_marker, 4

67 end_marker:

68 .zero 4

69 .type start, @object

70 .size start, 8

71 start:

72 .zero 8

73 .ident "GCC: (15.2.0-23) 15.2.0"

74 .section .note.GNU-stack,"",@progbits

Listing 7: ASM dla task 03

7 Task 04: wyrównanie

Algorytm i zakresy linii

� Linie 3�6 de�niuj¡ wyniki pokazuj¡ce wpªyw wyrównania.

� Linie 14�16 licz¡ rzeczywiste rozmiary bloków dla »¡da« 1, 9 i 17 bajtów, po dodaniu
nagªówka.

� Linie 18�20 bior¡ celowo nie-wyrównany adres &bytes[1] i wyliczaj¡ przesuni¦cie do kolej-
nej granicy wyrównania.

� Linie 22�24 s¡ hostowym wypisem kontrolnym.

1 #include "heap4_common.h"

2

3 volatile size_t g_request_1;

4 volatile size_t g_request_9;

5 volatile size_t g_request_17;

6 volatile uintptr_t g_address_delta;

7

8 int main(void)

9 {

10 uint8_t bytes[32];

11 uintptr_t raw;

12 uintptr_t aligned;

13
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14 g_request_1 = heap4_align_up(1U + sizeof(HeapBlock));

15 g_request_9 = heap4_align_up(9U + sizeof(HeapBlock));

16 g_request_17 = heap4_align_up(17U + sizeof(HeapBlock));

17

18 raw = (uintptr_t)&bytes[1];

19 aligned = heap4_align_address(raw);

20 g_address_delta = aligned - raw;

21

22 TRACE_PRINTF("r1=%u r9=%u r17=%u delta=%u\n",

23 (unsigned)g_request_1, (unsigned)g_request_9,

24 (unsigned)g_request_17, (unsigned)g_address_delta);

25 return 0;

26 }

Listing 8: Task 04: wyrównanie

Co sprawdzi¢ w ASM

W ASM znajd¹ operacje and u»ywane do testowania dolnych bitów oraz dodawanie brakuj¡cej
liczby bajtów do wyrównania. To jest ten sam mechanizm, którego u»ywa alokator dla rozmiaru
bloku i pocz¡tku sterty.

1 .file "task04_alignment.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 addi sp,sp,-32

12 li a5,16

13 sw a5,g_request_1,a4

14 li a5,24

15 sw a5,g_request_9,a4

16 li a5,32

17 sw a5,g_request_17,a4

18 li a5,7

19 sw a5,g_address_delta,a4

20 li a0,0

21 addi sp,sp,32

22 jr ra

23 .size main, .-main

24 .globl g_address_delta

25 .globl g_request_17

26 .globl g_request_9

27 .globl g_request_1

28 .section .sbss,"aw",@nobits

29 .align 2

30 .type g_address_delta, @object

31 .size g_address_delta, 4

32 g_address_delta:

33 .zero 4

34 .type g_request_17, @object

35 .size g_request_17, 4

36 g_request_17:

37 .zero 4

38 .type g_request_9, @object

39 .size g_request_9, 4

40 g_request_9:

41 .zero 4

42 .type g_request_1, @object

43 .size g_request_1, 4

44 g_request_1:

45 .zero 4
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46 .ident "GCC: (15.2.0-23) 15.2.0"

47 .section .note.GNU-stack,"",@progbits

Listing 9: ASM dla task 04

8 Task 05: first fit

Algorytm i zakresy linii

� Linie 13�30 inicjalizuj¡ stert¦ z jednym wolnym blokiem oraz wartownikiem ko«ca.

� Linie 38�40 zamieniaj¡ »¡danie u»ytkownika na caªkowity rozmiar bloku i ustawiaj¡ pocz¡-
tek przeszukiwania listy.

� Linie 42�51 realizuj¡ algorytm first fit: id¡ po li±cie do pierwszego bloku o wystarcza-
j¡cym rozmiarze.

� Linie 44�47 zdejmuj¡ znaleziony blok z listy wolnych, oznaczaj¡ go jako zaj¦ty i zwracaj¡
adres danych u»ytkownika.

� Linie 61�67 wykonuj¡ alokacj¦ i zapisuj¡, czy si¦ udaªa, jaki rozmiar dostaª blok i ile wolnego
miejsca zostaªo na li±cie.

1 #include "heap4_common.h"

2

3 #define HEAP_BYTES 128U

4

5 static uint8_t heap_area[HEAP_BYTES + HEAP4_ALIGNMENT];

6 static HeapBlock start;

7 static HeapBlock *end_marker;

8

9 volatile size_t g_allocated_size;

10 volatile size_t g_remaining_free;

11 volatile int g_allocation_ok;

12

13 static void heap_init_one_block(void)

14 {

15 uintptr_t raw;

16 uintptr_t aligned;

17 HeapBlock *first;

18

19 raw = (uintptr_t)&heap_area[0];

20 aligned = heap4_align_address(raw);

21 first = (HeapBlock *)aligned;

22 end_marker = (HeapBlock *)(aligned + 120U);

23

24 end_marker->next = 0;

25 end_marker->size = 0U;

26 first->next = end_marker;

27 first->size = (uint8_t *)end_marker - (uint8_t *)first;

28 start.next = first;

29 start.size = 0U;

30 }
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31

32 static void *heap_malloc_whole_block(size_t wanted)

33 {

34 HeapBlock *previous;

35 HeapBlock *block;

36 size_t total;

37

38 total = heap4_align_up(wanted + sizeof(HeapBlock));

39 previous = &start;

40 block = start.next;

41

42 while (block != end_marker) {

43 if (block->size >= total) {

44 previous->next = block->next;

45 block->next = 0;

46 block->size = heap4_mark_allocated(block->size);

47 return (uint8_t *)block + sizeof(HeapBlock);

48 }

49 previous = block;

50 block = block->next;

51 }

52

53 return 0;

54 }

55

56 int main(void)

57 {

58 void *p;

59 HeapBlock *allocated;

60

61 heap_init_one_block();

62 p = heap_malloc_whole_block(24U);

63 allocated = (HeapBlock *)((uint8_t *)p - sizeof(HeapBlock));

64

65 g_allocation_ok = p != 0;

66 g_allocated_size = heap4_clear_allocated(allocated->size);

67 g_remaining_free = start.next->size;

68

69 TRACE_PRINTF("ok=%d allocated=%u remaining=%u\n",

70 g_allocation_ok, (unsigned)g_allocated_size,

71 (unsigned)g_remaining_free);

72 return 0;

73 }

Listing 10: Task 05: first fit

Co sprawdzi¢ w ASM

W ASM obserwuj porównanie block->size >= total, zmian¦ previous->next oraz dodanie
sizeof(HeapBlock) do adresu bloku przed zwróceniem wska¹nika u»ytkownika.

1 .file "task05_malloc_first_fit.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0
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5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 lla a4,.LANCHOR0

12 andi a5,a4,7

13 beq a5,zero,.L2

14 andi a4,a4,-8

15 addi a4,a4,8

16 .L2:

17 mv a5,a4

18 addi a3,a4,120

19 sw a3,end_marker,a2

20 sw zero,120(a4)

21 sw zero,4(a3)

22 sw a3,0(a4)

23 li a2,120

24 sw a2,4(a4)

25 lla a2,start

26 sw a4,0(a2)

27 sw zero,4(a2)

28 li a1,31

29 j .L5

30 .L6:

31 mv a5,a4

32 .L5:

33 lw a4,4(a5)

34 bgtu a4,a1,.L7

35 lw a4,0(a5)

36 mv a2,a5

37 bne a4,a3,.L6

38 li a5,0

39 j .L4

40 .L7:

41 lw a4,0(a5)

42 sw a4,0(a2)

43 sw zero,0(a5)

44 lw a4,4(a5)

45 li a3,-2147483648

46 or a4,a4,a3

47 sw a4,4(a5)

48 addi a5,a5,8

49 .L4:

50 snez a4,a5

51 sw a4,g_allocation_ok,a3

52 lw a5,-4(a5)

53 slli a5,a5,1

54 srli a5,a5,1

55 sw a5,g_allocated_size,a4

56 lw a5,start

57 lw a5,4(a5)

58 sw a5,g_remaining_free,a4

59 li a0,0

60 ret

61 .size main, .-main

62 .globl g_allocation_ok

63 .globl g_remaining_free

64 .globl g_allocated_size

65 .bss

66 .align 2

67 .set .LANCHOR0,. + 0

68 .type heap_area, @object

69 .size heap_area, 136

70 heap_area:

71 .zero 136

72 .section .sbss,"aw",@nobits

73 .align 2

74 .type g_allocation_ok, @object

75 .size g_allocation_ok, 4

76 g_allocation_ok:

77 .zero 4

78 .type g_remaining_free, @object

79 .size g_remaining_free, 4

80 g_remaining_free:

commit a40d2916d�2 14/35 uuid 4654524c-73f2-46df-83a3-d448ba6d6c5a



FreeRTOS: heap_4 M. Pabiszczak, 2026

81 .zero 4

82 .type g_allocated_size, @object

83 .size g_allocated_size, 4

84 g_allocated_size:

85 .zero 4

86 .type end_marker, @object

87 .size end_marker, 4

88 end_marker:

89 .zero 4

90 .type start, @object

91 .size start, 8

92 start:

93 .zero 8

94 .ident "GCC: (15.2.0-23) 15.2.0"

95 .section .note.GNU-stack,"",@progbits

Listing 11: ASM dla task 05

9 Task 06: podziaª bloku

Algorytm i zakresy linii

� Linie 3�12 de�niuj¡ rozmiar sterty, minimalny sensowny rozmiar reszty i zmienne wynikowe.

� Linie 14�28 tworz¡ jeden du»y wolny blok.

� Linie 38�44 szukaj¡ bloku pasuj¡cego do »¡dania i zapami¦tuj¡ jego pierwotny rozmiar.

� Linie 45�50 wykonuj¡ podziaª: nowy blok remainder zaczyna si¦ pod adresem block +

total.

� Linie 51�56 obsªuguj¡ przypadek bez podziaªu, oznaczaj¡ blok jako zaj¦ty i zwracaj¡ adres
u»ytkownika.

� Linie 65�73 licz¡ pozostaªe wolne bloki, a linie 81�87 zapisuj¡ wynik demonstracji.

1 #include "heap4_common.h"

2

3 #define HEAP_BYTES 192U

4 #define MIN_SPLIT_SIZE ((size_t)(sizeof(HeapBlock) * 2U))

5

6 static uint8_t heap_area[HEAP_BYTES + HEAP4_ALIGNMENT];

7 static HeapBlock start;

8 static HeapBlock *end_marker;

9

10 volatile size_t g_allocated_size;

11 volatile size_t g_split_free_size;

12 volatile int g_free_nodes;

13

14 static void heap_init_one_block(void)

15 {

16 uintptr_t aligned;

17 HeapBlock *first;

18

19 aligned = heap4_align_address((uintptr_t)&heap_area[0]);

20 first = (HeapBlock *)aligned;

21 end_marker = (HeapBlock *)(aligned + 176U);

22 end_marker->next = 0;

commit a40d2916d�2 15/35 uuid 4654524c-73f2-46df-83a3-d448ba6d6c5a



FreeRTOS: heap_4 M. Pabiszczak, 2026

23 end_marker->size = 0U;

24 first->next = end_marker;

25 first->size = (uint8_t *)end_marker - (uint8_t *)first;

26 start.next = first;

27 start.size = 0U;

28 }

29

30 static void *heap_malloc_split(size_t wanted)

31 {

32 HeapBlock *previous;

33 HeapBlock *block;

34 HeapBlock *remainder;

35 size_t total;

36 size_t original;

37

38 total = heap4_align_up(wanted + sizeof(HeapBlock));

39 previous = &start;

40 block = start.next;

41

42 while (block != end_marker) {

43 if (block->size >= total) {

44 original = block->size;

45 if (original - total > MIN_SPLIT_SIZE) {

46 remainder = (HeapBlock *)((uint8_t *)block + total);

47 remainder->size = original - total;

48 remainder->next = block->next;

49 previous->next = remainder;

50 block->size = total;

51 } else {

52 previous->next = block->next;

53 }

54 block->next = 0;

55 block->size = heap4_mark_allocated(block->size);

56 return (uint8_t *)block + sizeof(HeapBlock);

57 }

58 previous = block;

59 block = block->next;

60 }

61

62 return 0;

63 }

64

65 static int count_free_nodes(void)

66 {

67 HeapBlock *block;

68 int count;

69

70 count = 0;

71 for (block = start.next; block != end_marker; block = block->next)

72 count++;

73 return count;

74 }

75
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76 int main(void)

77 {

78 void *p;

79 HeapBlock *allocated;

80

81 heap_init_one_block();

82 p = heap_malloc_split(32U);

83 allocated = (HeapBlock *)((uint8_t *)p - sizeof(HeapBlock));

84

85 g_allocated_size = heap4_clear_allocated(allocated->size);

86 g_split_free_size = start.next->size;

87 g_free_nodes = count_free_nodes();

88

89 TRACE_PRINTF("allocated=%u split=%u nodes=%d\n",

90 (unsigned)g_allocated_size, (unsigned)g_split_free_size,

91 g_free_nodes);

92 return 0;

93 }

Listing 12: Task 06: podziaª bloku

Co sprawdzi¢ w ASM

W ASM szukaj arytmetyki adresów dla remainder: adres bloku plus total. To najwa»niejszy
fragment pokazuj¡cy, »e dzielenie bloku jest tylko przesuni¦ciem wska¹nika i zapisaniem nowego
nagªówka.

1 .file "task06_split_block.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 lla a4,.LANCHOR0

12 andi a5,a4,7

13 beq a5,zero,.L2

14 andi a4,a4,-8

15 addi a4,a4,8

16 .L2:

17 mv a5,a4

18 addi a3,a4,176

19 sw a3,end_marker,a2

20 sw zero,176(a4)

21 sw zero,4(a3)

22 sw a3,0(a4)

23 li a2,176

24 sw a2,4(a4)

25 lla a2,start

26 sw a4,0(a2)

27 sw zero,4(a2)

28 li a1,39

29 j .L7

30 .L10:

31 mv a5,a4

32 .L7:

33 lw a4,4(a5)

34 bgtu a4,a1,.L13

35 lw a4,0(a5)

36 mv a2,a5

37 bne a4,a3,.L10

38 li a5,0
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39 j .L6

40 .L13:

41 addi a4,a4,-40

42 li a1,16

43 bleu a4,a1,.L4

44 sw a4,44(a5)

45 lw a4,0(a5)

46 sw a4,40(a5)

47 addi a4,a5,40

48 sw a4,0(a2)

49 li a4,40

50 sw a4,4(a5)

51 .L5:

52 sw zero,0(a5)

53 lw a4,4(a5)

54 li a2,-2147483648

55 or a4,a4,a2

56 sw a4,4(a5)

57 addi a5,a5,8

58 .L6:

59 lw a5,-4(a5)

60 slli a5,a5,1

61 srli a5,a5,1

62 sw a5,g_allocated_size,a4

63 lw a5,start

64 lw a4,4(a5)

65 sw a4,g_split_free_size,a2

66 beq a5,a3,.L11

67 li a4,0

68 .L9:

69 addi a4,a4,1

70 lw a5,0(a5)

71 bne a5,a3,.L9

72 .L8:

73 sw a4,g_free_nodes,a5

74 li a0,0

75 ret

76 .L4:

77 lw a4,0(a5)

78 sw a4,0(a2)

79 j .L5

80 .L11:

81 li a4,0

82 j .L8

83 .size main, .-main

84 .globl g_free_nodes

85 .globl g_split_free_size

86 .globl g_allocated_size

87 .bss

88 .align 2

89 .set .LANCHOR0,. + 0

90 .type heap_area, @object

91 .size heap_area, 200

92 heap_area:

93 .zero 200

94 .section .sbss,"aw",@nobits

95 .align 2

96 .type g_free_nodes, @object

97 .size g_free_nodes, 4

98 g_free_nodes:

99 .zero 4

100 .type g_split_free_size, @object

101 .size g_split_free_size, 4

102 g_split_free_size:

103 .zero 4

104 .type g_allocated_size, @object

105 .size g_allocated_size, 4

106 g_allocated_size:

107 .zero 4

108 .type end_marker, @object

109 .size end_marker, 4

110 end_marker:

111 .zero 4

112 .type start, @object

113 .size start, 8

114 start:
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115 .zero 8

116 .ident "GCC: (15.2.0-23) 15.2.0"

117 .section .note.GNU-stack,"",@progbits

Listing 13: ASM dla task 06

10 Task 07: free i wstawianie

Algorytm i zakresy linii

� Linie 11�20 wstawiaj¡ blok do listy w miejscu wynikaj¡cym z porz¡dku adresów.

� Linie 22�32 modeluj¡ free: z adresu u»ytkownika wracaj¡ do nagªówka bloku, czyszcz¡ bit
alokacji i wywoªuj¡ wstawianie.

� Linie 34�54 zawieraj¡ funkcje kontrolne licz¡ce w¦zªy oraz ª¡czny rozmiar wolnej pami¦ci.

� Linie 63�76 buduj¡ ukªad a, b, c, gdzie b jest zaj¦tym blokiem mi¦dzy dwoma wolnymi.

� Linie 78�83 zwalniaj¡ b i sprawdzaj¡, czy lista ma kolejno±¢ a -> b -> c -> end.

1 #include "heap4_common.h"

2

3 static uint8_t heap_area[192];

4 static HeapBlock start;

5 static HeapBlock *end_marker;

6

7 volatile int g_order_ok;

8 volatile int g_free_count;

9 volatile size_t g_total_free;

10

11 static void insert_block(HeapBlock *block)

12 {

13 HeapBlock *iterator;

14

15 for (iterator = &start; iterator->next < block; iterator = iterator->next)

16 ;

17

18 block->next = iterator->next;

19 iterator->next = block;

20 }

21

22 static void heap_free_model(void *p)

23 {

24 HeapBlock *block;

25

26 if (p == 0)

27 return;

28

29 block = (HeapBlock *)((uint8_t *)p - sizeof(HeapBlock));

30 block->size = heap4_clear_allocated(block->size);

31 insert_block(block);

32 }

33
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34 static int count_free(void)

35 {

36 HeapBlock *block;

37 int count;

38

39 count = 0;

40 for (block = start.next; block != end_marker; block = block->next)

41 count++;

42 return count;

43 }

44

45 static size_t total_free(void)

46 {

47 HeapBlock *block;

48 size_t total;

49

50 total = 0U;

51 for (block = start.next; block != end_marker; block = block->next)

52 total += block->size;

53 return total;

54 }

55

56 int main(void)

57 {

58 HeapBlock *a;

59 HeapBlock *b;

60 HeapBlock *c;

61 void *payload;

62

63 a = (HeapBlock *)&heap_area[0];

64 b = (HeapBlock *)&heap_area[64];

65 c = (HeapBlock *)&heap_area[128];

66 end_marker = (HeapBlock *)&heap_area[176];

67

68 start.next = a;

69 a->next = c;

70 c->next = end_marker;

71 end_marker->next = 0;

72

73 a->size = 40U;

74 b->size = heap4_mark_allocated(32U);

75 c->size = 48U;

76 end_marker->size = 0U;

77

78 payload = (uint8_t *)b + sizeof(HeapBlock);

79 heap_free_model(payload);

80

81 g_order_ok = start.next == a && a->next == b && b->next == c && c->next ==

end_marker;

82 g_free_count = count_free();

83 g_total_free = total_free();

84

85 TRACE_PRINTF("order=%d count=%d total=%u\n",
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86 g_order_ok, g_free_count, (unsigned)g_total_free);

87 return 0;

88 }

Listing 14: Task 07: free i wstawianie

Co sprawdzi¢ w ASM

W ASM zwró¢ uwag¦ na porównywanie adresów w p¦tli z linii 15. To porz¡dkowanie po adresie
jest przygotowaniem do scalania bloków w nast¦pnym tasku.

1 .file "task07_free_insert.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 lla a5,.LANCHOR0

12 lla a4,.LANCHOR0+176

13 sw a4,end_marker,a3

14 sw a5,start,a3

15 lla a3,.LANCHOR0+128

16 sw a3,0(a5)

17 sw a4,128(a5)

18 sw zero,176(a5)

19 li a4,40

20 sw a4,4(a5)

21 li a4,48

22 sw a4,132(a5)

23 sw zero,180(a5)

24 li a4,32

25 sw a4,68(a5)

26 lla a5,start

27 lla a3,.LANCHOR0+64

28 .L2:

29 mv a4,a5

30 lw a5,0(a5)

31 bltu a5,a3,.L2

32 lla a3,.LANCHOR0

33 sw a5,64(a3)

34 lla a5,.LANCHOR0+64

35 sw a5,0(a4)

36 lw a5,start

37 beq a5,a3,.L16

38 sw zero,g_order_ok,a4

39 lla a4,.LANCHOR0+176

40 beq a5,a4,.L5

41 .L9:

42 mv a4,a5

43 li a3,0

44 lla a2,.LANCHOR0+176

45 .L6:

46 addi a3,a3,1

47 lw a4,0(a4)

48 bne a4,a2,.L6

49 sw a3,g_free_count,a4

50 li a4,0

51 lla a2,.LANCHOR0+176

52 .L7:

53 lw a3,4(a5)

54 add a4,a4,a3

55 lw a5,0(a5)

56 bne a5,a2,.L7

57 .L8:

58 sw a4,g_total_free,a5

59 li a0,0

60 ret

61 .L16:
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62 lla a3,.LANCHOR0+64

63 lw a2,.LANCHOR0

64 li a4,0

65 beq a2,a3,.L17

66 .L4:

67 sw a4,g_order_ok,a3

68 j .L9

69 .L17:

70 lla a3,.LANCHOR0+128

71 lw a2,.LANCHOR0+64

72 bne a2,a3,.L4

73 lla a3,.LANCHOR0+176

74 lw a4,.LANCHOR0+128

75 sub a4,a4,a3

76 seqz a4,a4

77 j .L4

78 .L5:

79 sw zero,g_free_count,a5

80 li a4,0

81 j .L8

82 .size main, .-main

83 .globl g_total_free

84 .globl g_free_count

85 .globl g_order_ok

86 .bss

87 .align 2

88 .set .LANCHOR0,. + 0

89 .type heap_area, @object

90 .size heap_area, 192

91 heap_area:

92 .zero 192

93 .section .sbss,"aw",@nobits

94 .align 2

95 .type g_total_free, @object

96 .size g_total_free, 4

97 g_total_free:

98 .zero 4

99 .type g_free_count, @object

100 .size g_free_count, 4

101 g_free_count:

102 .zero 4

103 .type g_order_ok, @object

104 .size g_order_ok, 4

105 g_order_ok:

106 .zero 4

107 .type end_marker, @object

108 .size end_marker, 4

109 end_marker:

110 .zero 4

111 .type start, @object

112 .size start, 8

113 start:

114 .zero 8

115 .ident "GCC: (15.2.0-23) 15.2.0"

116 .section .note.GNU-stack,"",@progbits

Listing 15: ASM dla task 07

11 Task 08: scalanie bloków

Algorytm i zakresy linii

� Linie 11�17 znajduj¡ miejsce w li±cie, w którym powinien znale¹¢ si¦ zwracany blok.

� Linie 19�25 sprawdzaj¡ s¡siedztwo z prawym blokiem; je±li adres ko«ca zwracanego bloku
jest adresem nast¦pnego, rozmiary s¡ ª¡czone.

� Linie 27�32 sprawdzaj¡ s¡siedztwo z lewym blokiem i ewentualnie doª¡czaj¡ scalony wynik
do lewej strony.
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� Linie 35�44 licz¡ ko«cow¡ liczb¦ wolnych bloków.

� Linie 52�65 buduj¡ trzy s¡siednie bloki w pami¦ci, a linia 67 uruchamia scalanie ±rodkowego
bloku.

� Linie 69�71 zapisuj¡, czy po scaleniu zostaª jeden blok i jaki ma rozmiar.

1 #include "heap4_common.h"

2

3 static uint8_t heap_area[192];

4 static HeapBlock start;

5 static HeapBlock *end_marker;

6

7 volatile int g_free_count;

8 volatile size_t g_merged_size;

9 volatile int g_merged_with_right;

10

11 static void insert_block_merge(HeapBlock *block)

12 {

13 HeapBlock *iterator;

14 uint8_t *block_end;

15

16 for (iterator = &start; iterator->next < block; iterator = iterator->next)

17 ;

18

19 block_end = (uint8_t *)block + block->size;

20 if (block_end == (uint8_t *)iterator->next) {

21 block->size += iterator->next->size;

22 block->next = iterator->next->next;

23 } else {

24 block->next = iterator->next;

25 }

26

27 if (iterator != &start && heap4_blocks_touch(iterator, block)) {

28 iterator->size += block->size;

29 iterator->next = block->next;

30 } else {

31 iterator->next = block;

32 }

33 }

34

35 static int count_free(void)

36 {

37 HeapBlock *block;

38 int count;

39

40 count = 0;

41 for (block = start.next; block != end_marker; block = block->next)

42 count++;

43 return count;

44 }

45

46 int main(void)

47 {

commit a40d2916d�2 23/35 uuid 4654524c-73f2-46df-83a3-d448ba6d6c5a



FreeRTOS: heap_4 M. Pabiszczak, 2026

48 HeapBlock *left;

49 HeapBlock *middle;

50 HeapBlock *right;

51

52 left = (HeapBlock *)&heap_area[0];

53 middle = (HeapBlock *)&heap_area[48];

54 right = (HeapBlock *)&heap_area[96];

55 end_marker = (HeapBlock *)&heap_area[160];

56

57 start.next = left;

58 left->next = right;

59 right->next = end_marker;

60 end_marker->next = 0;

61

62 left->size = 48U;

63 middle->size = 48U;

64 right->size = 64U;

65 end_marker->size = 0U;

66

67 insert_block_merge(middle);

68

69 g_free_count = count_free();

70 g_merged_size = start.next->size;

71 g_merged_with_right = start.next->next == end_marker;

72

73 TRACE_PRINTF("count=%d size=%u merged_right=%d\n",

74 g_free_count, (unsigned)g_merged_size, g_merged_with_right);

75 return 0;

76 }

Listing 16: Task 08: scalanie bloków

Co sprawdzi¢ w ASM

W ASM szukaj testu (uint8_t *)block + block->size == iterator->next. To jest sedno
scalania: alokator nie porównuje indeksów, tylko rzeczywiste adresy ko«ca i pocz¡tku bloków.

1 .file "task08_coalescing.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 lla a5,.LANCHOR0

12 lla a4,.LANCHOR0+160

13 sw a4,end_marker,a3

14 sw a5,start,a3

15 lla a3,.LANCHOR0+96

16 sw a3,0(a5)

17 sw a4,96(a5)

18 sw zero,160(a5)

19 li a4,48

20 sw a4,4(a5)

21 sw a4,52(a5)

22 li a4,64

23 sw a4,100(a5)

24 sw zero,164(a5)
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25 lla a5,start

26 lla a3,.LANCHOR0+48

27 .L2:

28 mv a4,a5

29 lw a5,0(a5)

30 bltu a5,a3,.L2

31 lla a3,.LANCHOR0+96

32 beq a5,a3,.L12

33 .L3:

34 sw a5,.LANCHOR0+48,a3

35 lla a5,start

36 lla a3,.LANCHOR0+48

37 beq a4,a5,.L4

38 lw a2,4(a4)

39 slli a5,a2,1

40 srli a5,a5,1

41 add a5,a4,a5

42 beq a5,a3,.L13

43 .L4:

44 sw a3,0(a4)

45 lw a2,start

46 lla a5,.LANCHOR0+160

47 beq a2,a5,.L9

48 mv a5,a2

49 li a4,0

50 lla a3,.LANCHOR0+160

51 .L6:

52 addi a4,a4,1

53 lw a5,0(a5)

54 bne a5,a3,.L6

55 .L5:

56 sw a4,g_free_count,a5

57 lw a5,4(a2)

58 sw a5,g_merged_size,a4

59 lw a5,0(a2)

60 lla a4,.LANCHOR0+160

61 sub a5,a5,a4

62 seqz a5,a5

63 sw a5,g_merged_with_right,a4

64 li a0,0

65 ret

66 .L12:

67 li a5,112

68 sw a5,.LANCHOR0+52,a3

69 lw a5,0(a4)

70 lw a5,0(a5)

71 j .L3

72 .L13:

73 lla a3,.LANCHOR0

74 lw a5,52(a3)

75 add a5,a5,a2

76 sw a5,4(a4)

77 lw a3,48(a3)

78 j .L4

79 .L9:

80 li a4,0

81 j .L5

82 .size main, .-main

83 .globl g_merged_with_right

84 .globl g_merged_size

85 .globl g_free_count

86 .bss

87 .align 2

88 .set .LANCHOR0,. + 0

89 .type heap_area, @object

90 .size heap_area, 192

91 heap_area:

92 .zero 192

93 .section .sbss,"aw",@nobits

94 .align 2

95 .type g_merged_with_right, @object

96 .size g_merged_with_right, 4

97 g_merged_with_right:

98 .zero 4

99 .type g_merged_size, @object

100 .size g_merged_size, 4
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101 g_merged_size:

102 .zero 4

103 .type g_free_count, @object

104 .size g_free_count, 4

105 g_free_count:

106 .zero 4

107 .type end_marker, @object

108 .size end_marker, 4

109 end_marker:

110 .zero 4

111 .type start, @object

112 .size start, 8

113 start:

114 .zero 8

115 .ident "GCC: (15.2.0-23) 15.2.0"

116 .section .note.GNU-stack,"",@progbits

Listing 17: ASM dla task 08

12 Task 09: makra kon�guracyjne

Algorytm i zakresy linii

� Linie 3�9 de�niuj¡ warto±ci domy±lne tylko wtedy, gdy nie zostaªy podane z zewn¡trz przez
kompilator.

� Linia 11 tworzy warto±¢ pochodn¡ od kon�guracji i wyrównania.

� Linie 20�22 zapisuj¡ warto±ci makr do zmiennych volatile, »eby byªy widoczne w debu-
gerze.

� Linie 24�28 pokazuj¡ kompilacj¦ warunkow¡: host ustawia g_trace_is_host_only na 1,
RV32I na 0.

� Linie 30�32 wypisuj¡ wynik tylko w wariancie hostowym.

1 #include "heap4_common.h"

2

3 #ifndef CONFIG_TOTAL_HEAP_SIZE

4 #define CONFIG_TOTAL_HEAP_SIZE 256U

5 #endif

6

7 #ifndef CONFIG_SUPPORT_DYNAMIC_ALLOCATION

8 #define CONFIG_SUPPORT_DYNAMIC_ALLOCATION 1

9 #endif

10

11 #define CONFIG_ADJUSTED_HEAP_SIZE (CONFIG_TOTAL_HEAP_SIZE - HEAP4_ALIGNMENT)

12

13 volatile size_t g_total_heap;

14 volatile size_t g_adjusted_heap;

15 volatile int g_dynamic_enabled;

16 volatile int g_trace_is_host_only;

17

18 int main(void)

19 {

20 g_total_heap = CONFIG_TOTAL_HEAP_SIZE;

21 g_adjusted_heap = CONFIG_ADJUSTED_HEAP_SIZE;

22 g_dynamic_enabled = CONFIG_SUPPORT_DYNAMIC_ALLOCATION;
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23

24 #ifdef HOST_PRINTF

25 g_trace_is_host_only = 1;

26 #else

27 g_trace_is_host_only = 0;

28 #endif

29

30 TRACE_PRINTF("heap=%u adjusted=%u dynamic=%d host_trace=%d\n",

31 (unsigned)g_total_heap, (unsigned)g_adjusted_heap,

32 g_dynamic_enabled, g_trace_is_host_only);

33 return 0;

34 }

Listing 18: Task 09: makra kon�guracyjne

Co sprawdzi¢ w ASM

W ASM dla RV32I nie powinno by¢ wywoªania printf. Sprawd¹ te», »e makra kon�guracyjne
nie s¡ zmiennymi w pami¦ci, tylko staªymi wstawionymi do kodu przez preprocesor.

1 .file "task09_config_macros.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .globl main

9 .type main, @function

10 main:

11 li a5,256

12 sw a5,g_total_heap,a4

13 li a5,248

14 sw a5,g_adjusted_heap,a4

15 li a5,1

16 sw a5,g_dynamic_enabled,a4

17 sw zero,g_trace_is_host_only,a5

18 li a0,0

19 ret

20 .size main, .-main

21 .globl g_trace_is_host_only

22 .globl g_dynamic_enabled

23 .globl g_adjusted_heap

24 .globl g_total_heap

25 .section .sbss,"aw",@nobits

26 .align 2

27 .type g_trace_is_host_only, @object

28 .size g_trace_is_host_only, 4

29 g_trace_is_host_only:

30 .zero 4

31 .type g_dynamic_enabled, @object

32 .size g_dynamic_enabled, 4

33 g_dynamic_enabled:

34 .zero 4

35 .type g_adjusted_heap, @object

36 .size g_adjusted_heap, 4

37 g_adjusted_heap:

38 .zero 4

39 .type g_total_heap, @object

40 .size g_total_heap, 4

41 g_total_heap:

42 .zero 4

43 .ident "GCC: (15.2.0-23) 15.2.0"

44 .section .note.GNU-stack,"",@progbits

Listing 19: ASM dla task 09
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13 Task 10: mini heap_4

Algorytm i zakresy linii

� Linie 18�38 to funkcje diagnostyczne przechodz¡ce po li±cie wolnych bloków.

� Linie 40�62 wstawiaj¡ blok i scalaj¡ go z prawym oraz lewym s¡siadem.

� Linie 64�88 inicjalizuj¡ stert¦: wyrównuj¡ pocz¡tek, ustawiaj¡ wartownika, pierwszy wolny
blok i liczniki wolnej pami¦ci.

� Linie 90�131 implementuj¡ alokacj¦: sprawdzaj¡ rozmiar »¡dania, szukaj¡ bloku, dziel¡ go
lub zdejmuj¡ w caªo±ci z listy, oznaczaj¡ jako zaj¦ty i aktualizuj¡ minimum wolnej pami¦ci.

� Linie 133�149 implementuj¡ zwalnianie: wracaj¡ z adresu u»ytkownika do nagªówka, spraw-
dzaj¡ bit alokacji, przywracaj¡ rozmiar i scalaj¡ blok.

� Linie 157�169 wykonuj¡ sekwencj¦ malloc/free i zapisuj¡ stan ko«cowy alokatora.

1 #include "heap4_common.h"

2

3 #define HEAP_BYTES 256U

4 #define MIN_SPLIT_SIZE ((size_t)(sizeof(HeapBlock) * 2U))

5

6 static uint8_t heap_area[HEAP_BYTES + HEAP4_ALIGNMENT];

7 static HeapBlock start;

8 static HeapBlock *end_marker;

9

10 volatile int g_allocations_ok;

11 volatile int g_final_free_nodes;

12 volatile size_t g_final_free_total;

13 volatile size_t g_minimum_ever_free;

14

15 static size_t free_bytes_remaining;

16 static size_t minimum_ever_free;

17

18 static size_t list_total(void)

19 {

20 HeapBlock *block;

21 size_t total;

22

23 total = 0U;

24 for (block = start.next; block != end_marker; block = block->next)

25 total += block->size;

26 return total;

27 }

28

29 static int list_count(void)

30 {

31 HeapBlock *block;

32 int count;

33

34 count = 0;

35 for (block = start.next; block != end_marker; block = block->next)
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36 count++;

37 return count;

38 }

39

40 static void insert_block_merge(HeapBlock *block)

41 {

42 HeapBlock *iterator;

43 uint8_t *block_end;

44

45 for (iterator = &start; iterator->next < block; iterator = iterator->next)

46 ;

47

48 block_end = (uint8_t *)block + block->size;

49 if (block_end == (uint8_t *)iterator->next) {

50 block->size += iterator->next->size;

51 block->next = iterator->next->next;

52 } else {

53 block->next = iterator->next;

54 }

55

56 if (iterator != &start && heap4_blocks_touch(iterator, block)) {

57 iterator->size += block->size;

58 iterator->next = block->next;

59 } else {

60 iterator->next = block;

61 }

62 }

63

64 static void heap_init(void)

65 {

66 uintptr_t raw;

67 uintptr_t aligned;

68 size_t available;

69 HeapBlock *first;

70

71 raw = (uintptr_t)&heap_area[0];

72 aligned = heap4_align_address(raw);

73 available = HEAP_BYTES - (size_t)(aligned - raw);

74 available &= ~HEAP4_ALIGNMENT_MASK;

75

76 first = (HeapBlock *)aligned;

77 end_marker = (HeapBlock *)(aligned + available - sizeof(HeapBlock));

78 end_marker->next = 0;

79 end_marker->size = 0U;

80

81 first->next = end_marker;

82 first->size = (uint8_t *)end_marker - (uint8_t *)first;

83 start.next = first;

84 start.size = 0U;

85

86 free_bytes_remaining = first->size;

87 minimum_ever_free = free_bytes_remaining;

88 }
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89

90 static void *heap_malloc_model(size_t wanted)

91 {

92 HeapBlock *previous;

93 HeapBlock *block;

94 HeapBlock *remainder;

95 size_t total;

96 size_t original;

97

98 if (wanted == 0U)

99 return 0;

100

101 total = heap4_align_up(wanted + sizeof(HeapBlock));

102 previous = &start;

103 block = start.next;

104

105 while (block != end_marker) {

106 if (block->size >= total) {

107 original = block->size;

108 if (original - total > MIN_SPLIT_SIZE) {

109 remainder = (HeapBlock *)((uint8_t *)block + total);

110 remainder->size = original - total;

111 remainder->next = block->next;

112 previous->next = remainder;

113 block->size = total;

114 } else {

115 previous->next = block->next;

116 total = original;

117 }

118

119 block->next = 0;

120 block->size = heap4_mark_allocated(block->size);

121 free_bytes_remaining -= total;

122 if (free_bytes_remaining < minimum_ever_free)

123 minimum_ever_free = free_bytes_remaining;

124 return (uint8_t *)block + sizeof(HeapBlock);

125 }

126 previous = block;

127 block = block->next;

128 }

129

130 return 0;

131 }

132

133 static void heap_free_model(void *p)

134 {

135 HeapBlock *block;

136 size_t size;

137

138 if (p == 0)

139 return;

140

141 block = (HeapBlock *)((uint8_t *)p - sizeof(HeapBlock));
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142 if (!heap4_is_allocated(block->size))

143 return;

144

145 size = heap4_clear_allocated(block->size);

146 block->size = size;

147 free_bytes_remaining += size;

148 insert_block_merge(block);

149 }

150

151 int main(void)

152 {

153 void *a;

154 void *b;

155 void *c;

156

157 heap_init();

158

159 a = heap_malloc_model(24U);

160 b = heap_malloc_model(40U);

161 heap_free_model(a);

162 c = heap_malloc_model(16U);

163 heap_free_model(b);

164 heap_free_model(c);

165

166 g_allocations_ok = a != 0 && b != 0 && c != 0;

167 g_final_free_nodes = list_count();

168 g_final_free_total = list_total();

169 g_minimum_ever_free = minimum_ever_free;

170

171 TRACE_PRINTF("ok=%d nodes=%d free=%u min=%u\n",

172 g_allocations_ok, g_final_free_nodes,

173 (unsigned)g_final_free_total, (unsigned)g_minimum_ever_free);

174 return 0;

175 }

Listing 20: Task 10: mini heap_4

Co sprawdzi¢ w ASM

W ASM porównaj trzy fragmenty: inicjalizacj¦ listy, p¦tl¦ szukania wolnego bloku oraz wy-
woªanie insert_block_merge. To pokazuje, »e peªny model skªada si¦ z prostych operacji
wska¹nikowych poznanych w poprzednich taskach.

1 .file "task10_heap4_demo.c"

2 .option nopic

3 .attribute arch, "rv32i2p1_zicsr2p0_zifencei2p0"

4 .attribute unaligned_access, 0

5 .attribute stack_align, 16

6 .text

7 .align 2

8 .type heap_malloc_model, @function

9 heap_malloc_model:

10 beq a0,zero,.L1

11 addi a4,a0,8

12 andi a0,a0,7

13 beq a0,zero,.L3

14 andi a4,a4,-8

15 addi a4,a4,8
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16 .L3:

17 lw a0,start

18 lw a3,end_marker

19 beq a0,a3,.L10

20 lla a2,start

21 j .L8

22 .L11:

23 mv a0,a5

24 .L8:

25 lw a5,4(a0)

26 bgeu a5,a4,.L12

27 lw a5,0(a0)

28 mv a2,a0

29 bne a5,a3,.L11

30 li a0,0

31 ret

32 .L12:

33 sub a3,a5,a4

34 li a1,16

35 bleu a3,a1,.L5

36 add a5,a0,a4

37 sw a3,4(a5)

38 lw a3,0(a0)

39 sw a3,0(a5)

40 sw a5,0(a2)

41 sw a4,4(a0)

42 .L6:

43 sw zero,0(a0)

44 lw a5,4(a0)

45 li a3,-2147483648

46 or a5,a5,a3

47 sw a5,4(a0)

48 lla a3,free_bytes_remaining

49 lw a5,0(a3)

50 sub a5,a5,a4

51 sw a5,0(a3)

52 lw a4,minimum_ever_free

53 bgeu a5,a4,.L7

54 sw a5,minimum_ever_free,a4

55 .L7:

56 addi a0,a0,8

57 ret

58 .L5:

59 lw a4,0(a0)

60 sw a4,0(a2)

61 mv a4,a5

62 j .L6

63 .L10:

64 li a0,0

65 .L1:

66 ret

67 .size heap_malloc_model, .-heap_malloc_model

68 .align 2

69 .type heap_free_model, @function

70 heap_free_model:

71 beq a0,zero,.L13

72 lw a5,-4(a0)

73 blt a5,zero,.L19

74 .L13:

75 ret

76 .L19:

77 addi a3,a0,-8

78 slli a5,a5,1

79 srli a2,a5,1

80 sw a2,-4(a0)

81 lla a4,free_bytes_remaining

82 lw a5,0(a4)

83 add a5,a5,a2

84 sw a5,0(a4)

85 lla a5,start

86 .L15:

87 mv a4,a5

88 lw a5,0(a5)

89 bgtu a3,a5,.L15

90 add a1,a3,a2

91 beq a5,a1,.L20
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92 .L16:

93 sw a5,-8(a0)

94 lla a5,start

95 beq a4,a5,.L17

96 lw a2,4(a4)

97 slli a5,a2,1

98 srli a5,a5,1

99 add a5,a4,a5

100 beq a3,a5,.L21

101 .L17:

102 sw a3,0(a4)

103 ret

104 .L20:

105 lw a5,4(a5)

106 add a5,a5,a2

107 sw a5,-4(a0)

108 lw a5,0(a4)

109 lw a5,0(a5)

110 j .L16

111 .L21:

112 lw a5,-4(a0)

113 add a5,a5,a2

114 sw a5,4(a4)

115 lw a5,-8(a0)

116 sw a5,0(a4)

117 ret

118 .size heap_free_model, .-heap_free_model

119 .align 2

120 .globl main

121 .type main, @function

122 main:

123 addi sp,sp,-32

124 sw ra,28(sp)

125 sw s0,24(sp)

126 sw s1,20(sp)

127 sw s2,16(sp)

128 sw s3,12(sp)

129 sw s4,8(sp)

130 lla a4,.LANCHOR0

131 andi a3,a4,7

132 mv a5,a4

133 beq a3,zero,.L23

134 andi a4,a4,-8

135 addi a5,a4,8

136 .L23:

137 lla s0,.LANCHOR0+256

138 sub s0,s0,a5

139 andi s0,s0,-8

140 addi a4,a5,-8

141 add s0,s0,a4

142 sw s0,end_marker,a4

143 sw zero,0(s0)

144 sw zero,4(s0)

145 sw s0,0(a5)

146 sub a4,s0,a5

147 sw a4,4(a5)

148 lla s4,start

149 sw a5,0(s4)

150 sw zero,4(s4)

151 sw a4,free_bytes_remaining,a5

152 sw a4,minimum_ever_free,a5

153 li a0,24

154 call heap_malloc_model

155 mv s2,a0

156 li a0,40

157 call heap_malloc_model

158 mv s3,a0

159 mv a0,s2

160 call heap_free_model

161 li a0,16

162 call heap_malloc_model

163 mv s1,a0

164 mv a0,s3

165 call heap_free_model

166 mv a0,s1

167 call heap_free_model
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168 snez s2,s2

169 snez s3,s3

170 and s2,s2,s3

171 snez s1,s1

172 and s1,s1,s2

173 sw s1,g_allocations_ok,a5

174 lw a5,0(s4)

175 beq s0,a5,.L24

176 mv a4,a5

177 li a3,0

178 .L25:

179 addi a3,a3,1

180 lw a4,0(a4)

181 bne s0,a4,.L25

182 sw a3,g_final_free_nodes,a2

183 li a3,0

184 .L26:

185 lw a2,4(a5)

186 add a3,a3,a2

187 lw a5,0(a5)

188 bne a5,a4,.L26

189 .L27:

190 sw a3,g_final_free_total,a5

191 lw a5,minimum_ever_free

192 sw a5,g_minimum_ever_free,a4

193 li a0,0

194 lw ra,28(sp)

195 lw s0,24(sp)

196 lw s1,20(sp)

197 lw s2,16(sp)

198 lw s3,12(sp)

199 lw s4,8(sp)

200 addi sp,sp,32

201 jr ra

202 .L24:

203 sw zero,g_final_free_nodes,a5

204 li a3,0

205 j .L27

206 .size main, .-main

207 .globl g_minimum_ever_free

208 .globl g_final_free_total

209 .globl g_final_free_nodes

210 .globl g_allocations_ok

211 .bss

212 .align 2

213 .set .LANCHOR0,. + 0

214 .type heap_area, @object

215 .size heap_area, 264

216 heap_area:

217 .zero 264

218 .section .sbss,"aw",@nobits

219 .align 2

220 .type minimum_ever_free, @object

221 .size minimum_ever_free, 4

222 minimum_ever_free:

223 .zero 4

224 .type free_bytes_remaining, @object

225 .size free_bytes_remaining, 4

226 free_bytes_remaining:

227 .zero 4

228 .type g_minimum_ever_free, @object

229 .size g_minimum_ever_free, 4

230 g_minimum_ever_free:

231 .zero 4

232 .type g_final_free_total, @object

233 .size g_final_free_total, 4

234 g_final_free_total:

235 .zero 4

236 .type g_final_free_nodes, @object

237 .size g_final_free_nodes, 4

238 g_final_free_nodes:

239 .zero 4

240 .type g_allocations_ok, @object

241 .size g_allocations_ok, 4

242 g_allocations_ok:

243 .zero 4
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244 .type end_marker, @object

245 .size end_marker, 4

246 end_marker:

247 .zero 4

248 .type start, @object

249 .size start, 8

250 start:

251 .zero 8

252 .ident "GCC: (15.2.0-23) 15.2.0"

253 .section .note.GNU-stack,"",@progbits

Listing 21: ASM dla task 10

14 Polecenia

1. Zbuduj kart¦ dla RV32I poleceniem make tasks.

2. Zbuduj wariant hostowy poleceniem make host; wypisywanie dziaªa tylko przez
HOST_PRINTF.

3. W tasku 6 zmie« próg MIN_SPLIT_SIZE i sprawd¹, kiedy blok nie jest dzielony.

4. W tasku 8 zmie« rozmiary bloków tak, aby scalanie dziaªaªo tylko z prawym s¡siadem.

5. W tasku 10 dodaj wi¦ksz¡ alokacj¦, która ma si¦ nie uda¢, i zapisz status w nowej zmiennej
volatile.
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