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Abstract

In this thesis we have designed Gears OS based on Code/Data Segment. It is a reimple-
mentation of Cerium TaskManager. Cerium is parallel programming framework developed
by C++, which suports Cell Broadband Engine, Shared Memory Multi CPU and GPU.
Parallel computing of Cerium describes by Tasks, which have Task-Dependency. Data
structures are passed to a Task as input/output parameters but the structures have no
type constraints nor Data-Dependencies. Cerium gives good performances, but without
type correctness and Data-Dependency, its programming very difficult and unreliable.
Cerium is implement in C++, which is not suitable in parallel machine because objects
in C++4 has no referential transparency. Newly designed Gears OS is written in Contin-
uation base C(CbC). CbC has Code Segments which are suitable as Tasks, it also has
Data Segments with Type-Signature. Gears OS has Meta Computation supports. For
each thread of Gears OS there is a Meta Data Segment called Context. The Context
contains a set of Code Segments and Data Segments in the threads, it also has a Meta
Data Segment such as Data Segment Type-Signature, Memory Allocation and Threads
information. A Code Segment passes the control to another Code Segment using a goto
statement. A Meta Computation can be inserted between the Code Segments. Using
ChC, Code Segments, Data Segments and Meta Computation, parallel computation can
be described in reliable style. Since Gears OS itself is written CbC it can be a guide
to Gears OS Parallel Programming. We show a prototype implementation of Gears OS
and show some examples including Red-Black Tree, Synchronized Queue, Simple parallel
computation example.
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0000 Cerivm DO O0OO0O0OOO0OODOODODOOOOO

2.1 Cerium 00O

Cerium O 0O TaskManager, SceneGraph, Rendering Engine 0 30000000000
OgO0CelO0D0OD0O0O0OD0O0O0OODOODOODOOODOODOODOOO Multi-Core CPU, GPU
000000000000 0D00DO0000o00ooOooOooooog

2.2 TaskManager

TaskManager 00 Task 0000000000 O0O0ODOODOOOOODOOOOODOOOO
00000 Task OOOOOODOTaskManager 00000 APIOO:2.10000

TaskManager [0 ActiveTaskList 0 WaitTaskList 0 2000 Queue 00O OO0ODOO
O0000000D00 Task O WaitTaskList 00 0O 00O 0O 0O TaskManger O 00O 0O 0O O
000000000 ActiveTaskList 000000000000 DOO0ODOOODOOOOO
0000 Task O set.cpu 000000 Device DO OODO Scheduler 0O0OO0OOOO
O000:210 Cerium 0 Task 000 /000000000000 OOOOO
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create_task | Task 000

allocate OJO0d0d0ooDoDoOoDoOo0Oo0o0dd allocator
setiinData | Task OO0 DO 00000000000
setoutData | Task 0 000000000 OOOOOO
set_param | Task 000000 (32 bits)

wait_for Task OOOOOO0ODO

set_cpu Task 00000 Device 000

spawn Task O Queue 00O 0O

iterate 0000000000 Task OO O Queue 0O O

0 2.1: TaskManager API

1:createtask()
2:spawn()

/7 TaskManager
User Task / AcriveTaskList

]

WaitTaskList

FifoManager CpuThreads GpuThreads CudaThreads

FifoScheduler GpuScheduler CudaScheduler
Scheduler

0 2.1: TaskManager

2.3 Cerium 00O 00O Task

Task 0 TaskManager 0 APIODOO0OD0OODODOOOOODO TaskOODODOODO
OO00O0DoOoDbOobOooo

e input data
set_.inData 00000000 Task OOOOOD0OO0ODOOODOODOODOOOOOO
O000000000000000000000000000 (void*0) 000 Task
OO00O00oO0DoDOooOOooooooogon
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e output data
setowtData 00000000 Task OOOODOODOODOODOODOODODODOODO
ooooooooooo

e parameter
setparam 0000 0000000000000 00O0O (index 0)O

e cpu type
set.cpu0 0000000 TaskOOOODODO Device OO OO OO Cell, Multi-Core
CpU,GPULODO0O0ODOODODOODODOODODOODUOODOODOO

e dependency
wait for DO D00O0000O0 Task OOOOODOOOOODOODOODOODO Task O
OO0D00DO0O0O0Oo0OO

gboobgd:210 Task DODODDODOODOODOOO

inputdata OO0 int OO0 000000000000 20000 output data D OO0
OtwiceUODOOODOODOOCPUDOODOOODOODOOODOOOD TaskOOODOOODOO
set.cpu 0 GPUDOODOOOOOO GPUDOOODOODOOO

1| void

2| twice_init(TaskManager *manager, int* data, int length)
3 {

4 VLS

5 * Create Task

6 * create_task(Task ID);

7 */

8 HTask* twice = manager->create_task(TWICE_TASK);
9

10| VLS

11 * Set of Device

12 * set_cpu(CPU or GPU)

13 */

14 twice->set_cpu(SPE_ANY);

15

16| VLS

17] * Set of Input Data

18 * set_inData(index, address of input data, size of input data);
19 */

20| twice->set_inData(0, data, sizeof (int)*length);
21

22 VLS

23 * Set of OutPut area

24| * set_outData(indexz, address of output area, size of output area);
25 */

26| twice->set_outData(0, data, sizeof(int)*length);
27

28 /xx

29 * Enqueue Task

30 * iterate(Number of Tasks)

31 */

Code Segment [J Data Segment 000 Gears OS 000 5
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32 twice->iterate(length) ;
33}

OO000oDogd 2.1: Task OO O

CPUODODODOD Task, GPUDOODOODODOO kernel DOD0OODOO:22, 000
gob 230000000

Task 0000000000000 O0O0O0DOOOO SchedTask, 0000 Input/Output
DataOOOOOODOO Buffer 0O0OO0OO

1/ static int
2| twice(SchedTask *s,void *rbuf, void *wbuf)
3 {
4 /o *
5 * Get Input Data
6 * get_input (input data buffer, index)
7 */
8 int* input = (int*)s->get_input(rbuf, 0);
9
10, Vs
11 * Get Output Data
12 * get_output (output data buffer, index)
13 */
14 int* output = (int*)s->get_output(wbuf, 0);
15|
16 Vs
17| * Get index(z, y, 2z)
18 * SchedTask member
19 * ¢ : SchedTask->x
20 * y : SchedTask—>y
21 * z : SchedTask->z
22 */
23 long i = s->X;
24
25 output [i] = input[i]*2;
26
27| return O;
28 }
000000 22:. 00000 Task
1| __global__ void
2| twice(int* input, int* output)
3 {
4 J**
5 * Get index(z, y, 2z)
[§ * kernel built-in wvartables
7] * ¢ : blockIdz.xz * blockDim.xz + threadldz.z
8 * y : blockIdz.y * blockDim.y + threadldz.y
9 * z : blockIdz.z * blockDim.z + threadldz.z
10 */
11 long i = blockIdx.x * blockDim.x + threadIdx.x;
12
13 output [i] = input[i]*2;
14
15 return O;
16| ¥

Code Segment [J Data Segment 000 Gears OS 000 6
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OO0D00D00O 23: 00000 kernel

24 Task OOOOOOOOO

Cell(0:2.2)0 GPU(D:23)000000000000000 Device 1000000
000000000000000000000000000000000000000O0
00000000000000000000000000000000000 Cerium O
0 Task 000000000000000000O

0 2.2: Cell Architecture

kernel kernel kernel
SPE SPE SPE Local Local Local
Men:ory Mensory Men?ory
‘: ‘: :; \4 VL \4
| Element interconnect bus | Global Memory
f f f GPU f
\
Cell PPE I
| Memory Buffer
‘} ‘} A
Main /0 CPU
Memory Device HOST

O 2.3: GPU Architecture

TaskManager D OO0 00O Task DO OO0 TaskList 000000000 Device O
0000 Scheduler 0000000000 TaskList 0000000000 O0ONO Task
00000000 TaskList 000000000 Task OODODOOOOOOOOOOOOO
000000000000 00000D00000000 TaskList 00000 OTask OO
0ooooood:240 TaskList 000 00O0OTask OO 0D 0OD0OD0OD0OD0OOOOOOOOOGQ
oo
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00000000000 (o0) 020 000O0DOOOOOOODOOOO Cerium

TaskList | Task_1 | Task_2 | Task_3 | Task_4

Scheduler . . .

————— Step1 ' Step2 | Step3 ! Stepd
Read |Task_1| ! |Task 2| | |Task 3| ! |Task 4
Exec i Task_1 i Task_2 i Task_3
Write i | |Task_1| | |Task_2

O 2.4: Scheduler

25 OU0OO0OOOOOOO

Cell 00O MailBox OO00ODO0OO0OO0O0O0OMaillBox OO0O0ODO0DOO0O0OODOOOO
0000000000 FIFOODODOODOOODO MailBox 0OOOOOOO Synchronized
Queue O OO Multi Core CPU O O TaskManager 0 MailBox O O O O O O Synchronized
Queve I Queve 00 0O0O0O0O0O0ODOODOOOD10D00OO0O0ODODOOODODODOOO
goooooo

Cell 00 MailBox 00O DMAODOODOODOOOODOODOODOODOOOOOOOOO
DMAOOD CPUDUOOODODOOODODOOOODODOODOOOOODDOOOODDO Cerium
OO0 DMADOOODOO CellOOODODODODODOOOMulti Core CPUODODO
000000000000 DO00000O0 DMADDOOODOODODDOOOOOODOO
guoodooooooooooboobbbbbboooooooooooooooon
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26 UO0Ooooooon

gobboboooobbbuoooobbbuooono 200000

O00000 Task OODODOODOOODOOOODDOODOODOODOO Task O CPU
gogdggoobobbbbbbobbbobobbbtuododdooooouoooooooon
gbboogobuogbboobobboobbooboobbooboooboobobon
O000000000000 Tesk OOOOOOOOOOOOOODOOOODOODO Task
OboboooboobOoboob0obobb0obbouDb TeskOODOODOOoOOoDOODO
goboooog

U0O0000b0b0oobobOonD TaskDOODODOTask OO OOOODOODOODOOO
O000oO0o0obOobooobobob0obDooboob00oDb00O00obOb0b0n Task OO
gobob0ob0ob0obOo0bOobobo TeskOODODODODODODODODOD
gbbooobuogbbooboobobubbobobuoobbooboobobuoobood
goooo

o000 Crivm 00000000 0O0ODOOODOOODOOODOODOODOODOO
gobobod

Oob0booobooboooobooboobobo0ooDUbol mdexodoobog
CPUDDOODODOODO SchedTask 000 (D000 O00O:222300)0GPUDOOOOOO
0000000000 (@ooo0o0:231100)00000 indexOODOOOOOOO
oo

OOoboooogooceudb0i40n0oDbOODODObOODO0ODOd indexD OO
gb22000000€0

| stage | CPUO | CPUL | CPU2 | CPU3 |

1 0 1 2 3
2 4 5 6 7
3 8 9

O 22:index 00000
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2.7 GPGPU OOOO

GPUOODOOODO Cerium OO0O0O0O0O0OO0O OpenCL, CUDA OO0ODO GpuSched-
uler, CudaScheduler OO0 0 00O OpenCL, CUDA ODDOOOOO GPGPUOOODDOO
D00D0000D0000D00000Cerium O0000O0O0O0ODOO0O TaskManager
00000 GpuScheduler, CudaScheduler 0 0000 O TaskList 000 GPUDOODOO
O GpGPUDOOODOODOO

GpUOOOOODOODODOO(D23) 0000000000000 OOOOOOODOO
O00Okernel 000000000000 DOO0O0ODOOODOOODOODOOODOOODOODO
O0OOCUDAD GpUOOODOODOOOODOODOODOODOODOODOODOODOODOODOODO
0000000000000 00DO00DO00DO00DO00DO00DO00DO0O0ODOO00n
000 GpPUODODOOODOOOODOOO Streeam 000000000000 DODOOODODOO
Streem 0000000000000 0D00ODOODOOOOODOODOO0OO Stream 000
000000000000 000000000 Stream 00000 OHost OO Device O
O000kernel OO O0ODevice 0O Host 0D OO0 10000000 Stream 0000
0000000000000 00000000DO0000D000o0oDoDOooDooOonog:2.5
0O0o0Ooogo

HtoD : Data Transfer from Host to Device

DtoH : Data Transfer from Device to Host

no stream HtoD Exec DtoH HtoD Exec DtoH HtoD Exec DtoH HtoD Exec DtoH

stream1 HtoD Exec DtoH

stream?2 HtoD Exec DtoH

stream3 HtoD Exec DtoH

stream4 HtoD Exec DtoH

0 2.5: Overlap Data Transfer
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2.8 Cerium 000

Bitonic Sort, Word Count, Fast Fourier Transform(FFT) 0 300000000 Cerium
ooocood

ooboooo:230000000 GpUOO 240000000

Model MacPro Mid 2010
0OS Mac OS X 10.10.
Memory 16GB
CPU 2 x 6-Core Intel Xeon 2.66GHz
GPU NVIDIA Quadro K5000

g 230000

Cores 1536
Clock Speed 706MHz
Memory Size 4GB GDDR5
Memory Bandwidth 173 GB/s

0 2.4: Quadro K5000

2.8.1 Bitonic Sort

Bitonic Sort 00 00000000 DO0OODOODODOODOOODOOODOODOOODOOOO
00000 Quick Sort OO ODOOOOODOOQuick Sort DODOOOOODOOOOODO
0000000000000 D00DO0000DOBItenicSort 00 D0DO0D0O0OO0ODOODOODO
gbooboobboboboobuooboob2600008000000O00O0O0 Bitonic
Sort 0 O00OODOODOOOOODOODOODO
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stage 1 2 3 4 5 6

O 2.6: Sorting Network : bitonic sort

Bitonic Sort OO DO OO00OOOODOO Task O 2000000000000 0O0O0OODO
gbobgooblioboboobobooboboobobobooboboobobo
oobooooboooooooooboooo ceuObOoOobDObODbD GPUDOODO
oo

Cerium 00 00O BitonicSort 00000000 2X000000000000000O0O
gboobobobobbobbooboobo2s0bo27000b0Oogn

’ Processor H Time(ms) ‘

1 CPU 6143
2 CPUs 4633
4 CPUs 2557
8 CPUs 1630
12 CPUs 1318
GPU 155

025 0002X0000000
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7000

6000 —

5000 |- B

4000 ~ ~

time(ms)

3000 —

2000 + B

1000 i

1 cpu 2 cpus 4 cpus 8 cpus 12 cpus gpu

027 00020000000

1CPUD 12CPU OO0 460000000000 000D00 TaskOOOOODOO
gbl1bgboboobobobobobooboboboboboobobobobo
OO00ooooooooooooocpPUDODODODOD Task OOOOODOODOODO
Oo0l1oooooooobooooooo cetooooobooooDobOoOooboobOooo
gobobooon

12CPUDO GPUDODOSSOODODODODODOODOGPUODOODODODODOO
OO0o0oOobD cekiObOoOOoOOoobDObDOoboOoobooboDoboboGPtObOOOOOO
O000b0ob0bO Tk OODOOODOUOODOOODDOODDODODOODOODO

opooooOo ceU O GPUDOOODOOODDOODOODOODODOODOODO
Cerivm 00000000000 DOOODOODOOODOODOOOODOODODOODOODOO
O00DbO00O0o0b00bO0bOO0o0obO0bDuoooOobOonDg Scheduler DOOOODODO
oo

gobbooogbbbuoooobbobooofo:2800:290000000
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020 000O0DOOOOOOODOOOO Cerium

600

500 |-

400

300

time(ms)

200 |-

100 |-

0
16384

131072

elements

0 2.8: Bitonic Sort(from 2' to 2'7)

time(s)

1cpu
2 cpus
4 cpus

8 cpus /

131072 1.04858x10°

elements

262144 524288

0 2.9: Bitonic Sort(from 2'* to 220)
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GPGPUOOODOOODOOOODODODODOD:R80000000O024000000
GgpUOOODOOOOODOOOODOOOODODOODODOODODOODOODO
000000000000000000 GPUO CPUDOOOODOOOOYO0000
gooobog

2.8.2 Word Count

OU0D00D00000 Task DOOOODOODOODOODODODODOOD TaskOD OO
O000b Task DODDODOODODOODOODODOOODOODOOODOODDOOO Task
O0000000000000000Cerium OO Task OOODOO Task OOODOODO
gbooobon TaskOOODOOOOODOOODOOoODOOoDOOO

Word Count 000000000000 OO0O0OO0DO0OO0OO0O0O0O0O0O0O0O00O0
gobooobobbuoobobooobbboon TeskODOOOoOooObOOoOoooooOO
O000000 Task OOOODOOO0OOO0O0OOOOOOOODOODODOODOOTask OO
000 Task OOODODOOWord Comnt OO OOOODO 2100000000

Input Data Input Data  WordCountTask  Output Data PrintTask

16KB

Task

/

16B

Task

Task

Task

S
ol
\\Y

Task

O 2.10: Word Count O O O
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// Code Gear
__code codel(struct Allocate* allocate) {
allocate->size = sizeof (struct Datal);

goto allocator(allocate, Code2);
// Code Gear

__code code2(struct Datal* datal) {
// processing
}

H O © 0010 Uk Wi
—

Doobod 3.1 0000000

1 // Code Gear

2| __code codel(struct Context* context, struct Allocate* allocate) {
3 allocate->size = sizeof (struct Datal);

4 context->next = Code2;

5

6 goto meta(context, Allocator);

7}

8

9| // Meta Code Gear(stub)

10| __code codel_stub(struct Context* context) {

11 goto codel(context, &context->datal[Allocate]->allocate);
12

13|

14| // Code Gear

15| __code code2(struct Context* context, struct Datal* datal) {
16 // processing

17}

18|

19| // Meta Code Gear(stub)

20| __code code2_stub(struct Context* context) {

21 goto code2(context, &context->datalcontext->dataNum]->datal);
22| }

ggoobo 32200000
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4.2 Gears OS OO0
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e Context
00000 Code/Data Gear O 0 0 O O TaskQueue 0 O 0 O O O O Persistent Data
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CreateTask

Dependency
ResolveTask \

Main Context

4.3 Allocator

TaskManager

L]

ActiveTaskQueue

WaitTaskQueue

Worker Contexts

o

Persistent Data Tree

O 4.1: Gears OS

goto

ReadData

WriteData

Worker

Gears OSO0O Context 0O OOOU0OO0O0O0O0O0O0OOOOOOODODODODDO Context
gbobgbouooooboboboobobobuoobobobuobboobO Task DO
00000 DataGear HOODOODO

Context U0 OOOOOODOODOODA41,000000420000000

0 N O Ut W

10| };

150 };

// Code Gear Name
enum Code {

Codel,
Code2,
Allocator,
Exit,

12| // Unique Data Gear
13| enum UniqueData {

Allocate,

17| struct Context {

26| };

enum Code next;
int codeNum;

__code (**code) (struct Contextx*);

void* heapStart;
voidx* heap;
long heapLimit;
int dataNum;

union Data **data;

/% Context definition example */
#define ALLOCATE_SIZE

1000
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27|
28 // Data Gear definition
29| union Data {

30 // size: 4 byte

31 struct Datal {
32 int i;

33 } datail;

34 // size: 5 byte
35 struct Data2 {
36 int i;

37| char c;

38 } data2;
39 // size: 8 byte

40 struct Allocate {
41 long size;
42 } allocate;
43| };
000000 4.1: Context
1| #include <stdlib.h>
2|
3| #include "context.h"
4
5l extern __code codel_stub(struct Context*);
6| extern __code code2_stub(struct Context*);
7| extern __code allocator_stub(struct Contextx*);
8l extern __code exit_code(struct Contextx);
9
10| __code initContext(struct Context* context, int num) {
11 context->heaplLimit = sizeof (union Data)*ALLOCATE_SIZE;
12 context->heapStart = malloc(context->heapLimit);
13| context->heap = context->heapStart;
14 context->codeNum = Exit;
15
16 context->code = malloc(sizeof (__codex*)*ALLOCATE_SIZE);
17] context->data = malloc(sizeof (union Data*)*ALLOCATE_SIZE);
18]
19 context->code[Codel] = codel_stub;
20 context->code[Code2] = code2_stub;
21 context->code[Allocator] = allocator_stub;
22 context->code[Exit] = exit_code;
23
24 context->data[Allocate] = context->heap;
25 context->heap += sizeof(struct Allocate);
26
27 context->dataNum = Allocate;
28| }

000000 4.2: initContext
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Context 00 OO0D0O0OODOO heapLimit, 00 O0O0O0O00O0OOO heapStart, 0O O
00000000 heapOOODOO0OODOO DataGear UOODOOOODO heap OO0
0000000 Allocation OO DO OO

allocate 0 0 OO0 allocate OO0 DataGear 0O DD OOOOOOOODODOO
Data Gear 0 Context D00 000000 OO0DOO0O00DOODODO:4.114000 Allocate
00000000 UniqueData OO0 OO0 Data Gear O Context OO0 OOOOOO0O

Temporal Data Gear 0 0 00 Data Gear 0D 000D OO0OO0OODODOO heapLimit
00000 heap O heapStart 0000000000000 ODDOODO (0:42) 0000
Data Gear [ Persistent Data Tree OO OO OOOOOO Worker 000000 OOMO
ooooood

heapStart

heapStart heapStart heapStart

heap Data3

Datal Datat

heap

heap

Allocator Allocator Allocator

Data1 Data2 Data2 Data3 Data2

heap

[y [y i heapLimit
heapLimit heapLimit heapLimit
Temporal Data Gear Temporal Data Gear Temporal Data Gear Temporal Data Gear

O 4.2: Allocation

000 allocate OO Code Gear DD D OO0O00O430000000O

Context OO0OOOO0O0O00 Code Gear OO O0OOOOOOOOOOOOOOOO
0 Code Gear 0 Context 0 code 000000000 code00O000O0OO Code Gear
ooooon

Code Gear 00 Context 0000000 Context DO OO Data Gear DO OOOO
O00000O0Ostub 00000000000 DataGearOOOOOOO0O

// Code Gear

__code start_code(struct Context* context) {
// start processing
goto meta(context, context->next);

1
2|
3
4
5
6
7| // Meta Code Gear

8| __code meta(struct Context* context, enum Code next) {
9 // meta computation

0 goto (context->code[next]) (context);

1
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11 }
12
13| // Code Gear

14| __code codel(struct Context* context, struct Allocate* allocate) {

15 allocate->size = sizeof(struct Datal);
16 context->next = Code2;

17|

18 goto meta(context, Allocator);

19/ ¥

20

21| // Meta Code Gear(stub)

22| __code codel_stub(struct Context* context) {

23 goto codel(context, &context->datal[Allocate]->allocate);
24| }

25
26| // Meta Code Gear

27| __code allocator(struct Context* context, struct Allocate* allocate) {

28 context->data[++context->dataNum] = context->heap;
29 context->heap += allocate->size;

30

31 goto meta(context, context->next);

32 }

33

34| // Meta Code Gear(stub)

35/ __code allocator_stub(struct Context* context) {

36 goto allocator(context, &context->datal[Allocate]l->allcate);
371}

38
39| // Code Gear

40| __code code2(struct Context* context, struct Datal* datal) {
41 // processing

42/ }

43
44| // Meta Code Gear(stub)

45| __code code2_stub(struct Context* context) {

46 goto code2(context, &context->datalcontext->dataNum]->datal);
471}

OOO0OO0O 4.3: allocate

4.4 Synchronized Queue

Gears OS 0 0 0O 0O Synchronized Queue 00 TaskQueue OO0 O0O00O0OOOOOOONO
00O Context 0 Worker 0 0 Context OO O 0O O OWoker 0 TaskQueue 0 0 Task OO
00o0bOo0oooooobooooooog

Gears OS 0 0O Queue O Queue 000 Data Gear 0 Queue DO OO OOOO Element
000000000 Queue OO Data Gear 00000 Element O OO first, 00O
Element 00 0O O last, Element OO O OO0 count O 0O 0O OO OO Element 00 O O Data
Gear 00 Task 000 task, 00 Element 00 next 00 OO OO0

O000000:440 Context 000 (D0O0D0D00:4.1)00000 Queue O Element
goooooad
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// Code Gear Name

enum Code {
PutQueue,
GetQueue,

};

// Unique Data Gear
enum UniqueData {

9 Queue,

10, Element,

11 };

12
13| // Queue definication
14| union Data {

15 // size: 20 byte

0 N U W N

16| struct Queue {

17| struct Element* first;
18] struct Element* last;
19 int count;

20 } queue;

21 // size: 16 byte

22 struct Element {

23 struct Task* task;

24 struct Element* next;
25 } element;

26| +

OO00000 4.4: Context: queue

000 Quene DO OOO0O0O0OO Code Gear 00O 0OOOOOUniqueData O O Queue
000000 Quene(00000D0:44900)0 Enquene 00000000000 Ele-
ment(CO0O0000:441000)00000000

000 Enqueue, Dequeue 0 00 Code Gear 00D 0O0O0ODO:450 O00000ODO:4.6
0O0oOoogo

1 // allocate Element

2| __code putQueuel(struct Context* context, struct Allocate* allocate) {
3 allocate->size = sizeof (struct Element);

4 allocator (context);

5

6 goto meta(context, PutQueue2);

7}

8

9| // Meta Code Gear(stub)

10| __code putQueuel_stub(struct Context* context) {

11 goto putQueuel(context, &context->datal[Allocate]->allocate);
12

13|

14 // write Element infomation
15| __code putQueue2(struct Context* context, struct Element* new_element, struct
Element* element, struct Queuex queue) {

16 new_element->task = element->task;
17

18 if (queue->first)

19 goto meta(context, PutQueue3);
20, else

21 goto meta(context, PutQueued);
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22
23
24
25
26
27
28
29
30
31
32
33

34
35
36
37|
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57
58
59
60
61
62
63
64

3

// Meta Code Gear(stub)
__code putQueue2_stub(struct Context* context) {
goto putQueue2(context,
&context->datal[context->dataNum] —>element,
&context->data[Element] ->element,
&context->data[ActiveQueue] ->queue) ;

}

// Enqueue(normal)

__code putQueue3(struct Context* context, struct Queue* queue, struct Elementx*
new_element) {
struct Element* last = queue->last;
last->next = new_element;

queue->last = new_element;
queue->count++;

goto meta(context, context->next);

3

// Meta Code Gear(stub)
__code putQueue3_stub(struct Context* context) {
goto putQueue3(context,
&context->data[ActiveQueue] ->queue,
&context->datal[context->dataNum] ->element) ;

3

// Enqueue(nothing element)
__code putQueue4(struct Context* context, struct Queue* queue, struct Elementx*
new_element) {
queue->first = new_element;
queue->last = new_element;
queue->count++;

goto meta(context, context->next);

3

// Meta Code Gear(stub)
__code putQueue4_stub(struct Context* context) {
goto putQueue4(context,
&context->data[ActiveQueue] ->queue,
&context->datal[context->dataNum] ->element) ;

gooboog 4.5: Enqueue

0 N O UL W N

©

// Dequeue

__code getQueue(struct Context* context, struct Queue* queue, struct Nodex node) {

if (queue->first == 0)
return;

struct Element* first = queue->first;
queue->first = first->next;
queue->count--—;

context->next = GetQueue;
stack_push(context->code_stack, &context->next);
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13] context->next = first->task->code;
14| node->key = first->task->key;

15

16| goto meta(context, GetTree);

17}

18]
19| // Meta Code Gear(stub)
20| __code getQueue_stub(struct Context* context) {

21 goto getQueue(context,

22, &context->data[ActiveQueue] ->queue,
23 &context->data[Node] ->node) ;

24| }

Ooooon 4.6: Dequeue

00000045 0000000460000000000000000000000O
000000 bO000oooooDbOo0ooooooooboooboooooooooog
00000dD0000oooDooDooOoD0bododoooDooDoooooooDoOonogoDg
O0000000000000000000 Compare and Swap(CAS) 00 000 Queue
0000000000 oDO0ooOooDoOopocCcASODOO0oDoOooooooooooog
O000OO00ooo0o0bOO0bOOoooooooobO0obOobooooDooooobOooonog
O00d00odopocASOO0ODOODOODOODOO0DoOoO0oooooooooog
0000000000000 oO0o0ooOOooDoOocASOOD0OO0Oooooooooooag
Ooo00oooooooooooa

O000000:4.544000 putQueue3d, 51000 putQueued, 0000 DO 0O:4.6200
0 getQueue D000 Queue D00 OOO0DO Code Gear 00O O0O0OOO Code Gear
OO0 CASOO0D0O0000000:4.7,000000:4.80 Code Gear DO OOGOOO
000000000000 Quene000000O0O0O0DOOOOCode Gear O Gears OS
O000O0bOO0bOO0OOoDOoDOoo0ooooooDooDoooooobobOooooonDg
Ooo0o0oooooooon

=

// Enqueue(normal)

__code putQueue3(struct Context* context, struct Queue* queue, struct Elementx*
new_element) {
struct Element* last = queue->last;

\V]

3|
4
5 if (__sync_bool_compare_and_swap(&queue->last, last, new_element)) {
6| last->next = new_element;

7| queue->count++;

8]

9 goto meta(context, context->next);
10| } else {

11 goto meta(context, PutQueue3);

12

13 ¥

15| // Enqueue(nothing element)

16| __code putQueue4(struct Context* context, struct Queue* queue, struct Element*
new_element) {

17 if (__sync_bool_compare_and_swap(&queue->first, O, new_element)) {

18] queue->last = new_element;
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19 queue->count++;

20

21 goto meta(context, context->next);
22 } else {

23 goto meta(context, PutQueue3);

24

25| }

000000 4.7 Enqueue using CAS

1| // Dequeue

2| __code getQueue(struct Context* context, struct Queuex queue, struct Node* node) {
3 if (queue->first == 0)

4 return;

5

[§ struct Element* first = queue->first;

7 if (__sync_bool_compare_and_swap(&queue->first, first, first->next)) {
8 queue->count--—;

9

10 context->next = GetQueue;

11 stack_push(context->code_stack, &context->next);

12|

13] context->next = first->task->code;

14 node—>key = first->task->key;

15

16| goto meta(context, Get);

17 } else {

18 goto meta(context, GetQueue);

19

20| }

000000 4.8: Dequeue using CAS

4.5 Persistent Data Tree

Gears OS O 0O Persistent Data Gear DD D OO0 O O0O0O0OO0OO0O0OOOOOOOOOO
gobooddooooodgooooooooooooooooooooooognoon
gooodooodooooooooooooootooooooooooooooogan
0000000 (043)000000000000000ODO0O0DODOOOOOOOODOO
goooodoooooooooooooooooooooooooooooogoon
gboododoodoooououoouooooooouoooboouoooodo
go0ooooooooooooooooooon

Code Segment [J Data Segment 000 Gears OS 000 31



00000000000 (o0) 040 Gears OS

RERI D AEE TREER DAIEIE

U S ABEZER L
/—R6%ZAE ULTEM

043 0000000000

ddddgoooooobobobobboboboboboobbbbbbbbobobooboobooad
gogggoobbobbbbbobbbbbbobobotoddoooooooooooon
O00Gears OSOO DataTree 0O ODO0OO0OD0O0OOOODOODOOOOODOODOODO
gbogbobobboboboobuodbuooboobboobooboobbobobod
00000000000 On)0O00D0O0OO0ODODOO0ODOO0OODOOODOOOODODODOO
O Red-Black Tree OO0 O DOODOOOOOOOOODOODO

Red-Black Tree O DO 0OD0OO0OOOOOODODOODOOOOOODOOODOO

e UOUOUDLODLODOUOOODLDODOU
e OUOOOODODOOO
e 0000200000000 00U0U0LO(DDOODOOOUOUOOD)O

e OO OOOOUODLDOUOUOLDOLOUOOLODLDbDUOUODLDDbLOOOLDDLDOOO
goboobog

googboboobooboobooboobobooboobooboobboooba
gobbooogbbobuoooobb2b0000b0bbooogbobn
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O000000:490 Context 0OOOO Tree, Node DO 0O Tree OO OO0 Code
Gear DO OQOQOOOO

1 // Code Gear Name
2 enum Code {

3| PutTree,

4 Replace,

5) Insert,

[§ Compare,

7l RotateL,

8| RotateR,

9 SetTree,

10 InsertCasel,
11 InsertCase?2,
12 InsertCase3,
13 InsertCase4,
14 InsertCase4_1,
15 InsertCase4_2,
16 InsertCaseb,
17| StackClear,

18 Get,

19 Search,

20| };

21

22| // Compare Result
23| enum Relational {

24 EQ,
25 GT,
26 LT,
271 };

28

29| // Unique Data Gear
30| enum UniqueData {

31 Tree,

32 Traverse,
33 Node,

34 };

35

36| // Context definication
37| struct Context {

38 stack_ptr node_stack;
39 };

41| // Red-Black Tree definication
42| union Data {
43 // size: 8 byte

44 struct Tree {

45 struct Node* root;
46 } tree;

47 // size: 12 byte

48 struct Traverse {

49 struct Node* current;
50 int result;

51 } traverse;

52 // size: 32 byte

53 struct Node {

54 int key;

55 union Data* value;
56 struct Nodex left;
57 struct Node* right;
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58 enum Color {
59 Red,

60 Black,

61 } color;

62 } node;

63 };

O00O000 4.9: Context: Red-Black Tree

Tree DOOOO0O0O0O0O0O0O Code Gear OO OOO Code Gear O Context O O O
O000000OTraverse D OO0OO0OO0O0O0OO Code Gear OO O O Code Gear [
0000000000000 000000000000000000000000 Code
Gear UOOOODODODODODO Traverse 00O O Data Gear DO OO O OO

O00000000000 Red-Black Tree DOOOO0O0O0O0OO0O0O Code Gear O
Jooddoo4.10000000000D000DOO0OO0DODODOODOODOODOOODOOn0
0000000000000 0000000b000dDoDbO00bDo0ooobOo0oooon
0000000d0DoOo0o0oooooooon

1 // Code Gear

2| __code insertCase2(struct Context* context, struct Node* current) {
3| struct Node* parent;

4 stack_pop(context->node_stack, &parent);

5

6 if (parent->color == Black) {

7 stack_pop(context->code_stack, &context->next);

8 goto meta(context, context->next);

9 }

10

11 stack_push(context->node_stack, &parent);

12 goto meta(context, InsertCase3);

13 }

14

15| // Meta Code Gear(stub)

16| __code insert2_stub(struct Context* context) {

17] goto insertCase2(context, context->datal[Traverse]->traverse.current);
18/ ¥

000000 4.10: Insert Case

O000D0OD00O Code Gear 0D ODOODOO411000000000DOODOODO 3
000000000000 0o00ooDo0bDOoOn Red-Black TreeDO0O0OO0OOO0DOODO
godggoooobbbbbbobobbobbbbboboboooddooooooooon
gobbbooodgbbbuoooobbbuoodoobbodao
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// Code Gear
_code rotateLeft(struct Context* context, struct Node* node, struct Treex* tree,
struct Traverse* traverse) {

N =

3 struct Node* tmp = node->right;

4 struct Node* parent = O;

5

6 stack_pop(context->node_stack, &parent);
7|

8 if (parent) {

9 if (node == parent->left)

10] parent->left = tmp;

11 else

12 parent->right = tmp;

13 } else {

14 tree->root = tmp;

15 b

16

17 stack_push(context->node_stack, &parent);
18

19 node->right = tmp->left;

20 tmp->left = node;

21 traverse->current = tmp;

22

23 stack_pop(context->code_stack, &context->next);
24| goto meta(context, context->next);

25 }

26

27| // Meta Code Gear(stub)
28| __code rotatelLeft_stub(struct Context* context) {

29 goto rotateLeft(context,

30 context->data[Traverse] ->traverse.current,
31 &context->datal[Tree] ->tree,

32 &context->data[Traverse] ->traverse) ;

33| +

O0O000O0 4.11: Rotate Left

4.6 Worker

Worker 0 TaskQueue 00 Task 0000000000 Task OO OODOO Code Gear O
O00000 CodeGear I key UOOUODOOODODOOOOODODO Code Gear I Persistent
Data Tree 00O key OODOOOO0OODO

0O Worker 0000 Context 00D0D0000O00O0ODO0ODOODOODODOODOODOO
O00o0ooooonO Thread DOOOOOOOOODODODO O Persistent Data Tree O O
000000000 0DO00000D CASOOODODOO0OOoDOOoOooDOoOoDOobOoOoon
0ooo

Worker 0 Task DO 0000 Code Gear OO O OOO:4.800000 00O TaskQueue
000000 TaskOOODODOO Code Gear 0 000 Data Gear O key 0 Worker Context
D00D0000D000000TaskODOODODOODOO Task OOOOD O Code Gear 00O
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O00D000O0OContext DOODOO Code Gear OO O ODOOODOOOODOOODOOOO
0000 (00000048 1100)00000000O0ODOO

Task 00000 Worker DO DOOODO Code Gear OO OODODO: 4120000000
gbobod41200000000000 2000 TwiceODUODOOODUODO Twice U
goboboodgn

// Code Gear

__code twice(struct Context* context, struct LoopCounter* loopCounter, int index,
int alignment, int* array) {
int i = loopCounter->i;

[

3|
4
5 if (i < alignment) {

6 array[i+index*alignment] = array[i+index*alignment]*2;
7l loopCounter->i++;

8

9 goto meta(context, Twice);

10

11

12 loopCounter->i = 0;

13|

14 stack_pop(context->code_stack, &context->next);
15 goto meta(context, context->next);

16| }

18| // Meta Code Gear(stub)
19| __code twice_stub(struct Context* context) {

20 goto twice(context,

21 &context->data[LoopCounter]->loopCounter,

22 context->data[Node] ->node.value->array.index,

23 context->data[Node]->node.value->array.alignment,
24 context->data[Node]->node.value->array.array) ;
25 }

000000 4.12: Task Sample

0000000 Code Gear OOOOOO0O Code Gear DOOOOOOOOOOOO
GearsOS OO0 Code Gear 00000000 D0OO0DOODODODODOOODOOGears OS
0000000000 000000000000 CodeGear OO O0OOOOOOOOO
O00oo0ooooooooooooouooonoooon

4.7 TaskManager

Gears OS [0 TaskManager 0 WaitTaskQueue OO0 DO 0O0O0 Task DOOOOOO0O
000 Task OO Input/Output Data Gear 000000000000 Input Data Gear
O Task 0000 Data Gear OO 00O Task 0O O0O0OOOOOOOOOutput Data
Gear [0 Task 0O Persistent Data Tree 0 00 00O Data Gear 000000 Input O
Output 00O 00D OOODODO O TaskManager O Persistent Data Tree 0 0 0O 0O 0O O
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O 0O WaitTaskQueue 0 00000 Task O Input Data Gear D0 OO0 OOO0OOOO
000000 Task 000 AcitiveTaskQueue 0000000

TaskManager 0 Worker 000 O00000D00ODOONO Context 00 Worker 00O OO

O000D00000OTaskManager DO 0O Context 00O OO Worker 0O0ODOODOODOOO
0000004130 Worker O ODO O Code Gear 00O O

[

21
22
23

24

// Code Gear
__code createWorker (struct Context* context, struct LoopCounter* loopCounter, struct
Worker* worker) {
int i = loopCounter->i;

if (i < worker->num) {
struct Context* worker_context = &worker->contexts[i];
worker_context->next = GetQueue;
worker_context->data[Tree] = context->datal[Tree];
worker_context->data[ActiveQueue] = context->datal[ActiveQueue];
pthread_create(&worker_context->thread, NULL, (void*)&start_code,

worker_context) ;

worker_context->thread_num = i;
loopCounter->i++;

goto meta(context, CreateWorker);

}

loopCounter->i = 0;
goto meta(context, TaskManager) ;

// Meta Code Gear
__code createWorker_stub(struct Context* context) {
goto createWorker (context, &context->data[LoopCounter]->loopCounter, &context->
data[Worker] ->worker) ;

000000 4.13: InitWorker
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0000000000000 GearsOSOOOODOOODOOODOOODOOOOODOODO
O0Gears OSOO0OODOODOODOOOOODOODO

e LIOODOMO
Context 00 ODODODDDOOODOOOODODOODOOOOOMeta Code Gear, Meta
Data Gear O 000D OOOO0OOOOOOODODODODOO

o [JUOOOO
OO000000 Code Gear UODOODODODODOODOOODOOODOODOCode Gear O
O0000D00O0000000D0 Code Gear DODOOOOODODOOOODOO
gboboboooobbobuoooobbbooon

e OUOUODODODOOO
Multi Core CPU, GPU OO OOOOODOOOODOOOOOO

OO000000O00D0 GearsOSOOODOOODOOODODOODOODOODOODOO
OoSooooooon

5.1 Cerium

Ceriim D0 O00O0000DDO0O0O0O0 TaskOODODOOOOOODDODOOOODOD Task
O00000000 Task UODDOODOOOODOOTaskManager 0000 O0OOO0OO
O0b0ooooboooboboobooooboobooD0oonDoOoD TeaskODOODOOD
Ob0obd TaskODOOOOOOODOOOODODOODODOOODODOODOODODODO
O000000 Task OODOOODOODOODOODOODODOODOODODO TaskODO
O0ooboobobobDbOobDn Task DOODOOOOOODDOODODODOODOO

OO0 Task OO OOOOOOOOOODOOODOOOOODOOODOODODOODOO
gobboogbbbogobbbuooobobuooobbobuoooobboooobo
Ceriutm U0 Task U0 OOOO0OOO0OO0OOOODOODOODOOOOOOOODOODODOO
gobbbooogbbbuoooobbbuogoboboboooonbo
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00000000000 0000D0 Cerium DO0O0O00DODOOOOODODOOOODO
gdodododooooouoouoooo

Gears OS 00O Code Gear, Data Gear 0000000000 OO0OODONO Code Gear
O000000ODataGear 0000000000 DODO Code Gear OO Input/Output Data
Gear DD OO0O0O0OOOInput O Output OO0 Code Gear OO OODODODODOO
Gears OS 0 TaskManager [0 Data Gear D OO O 0O 0O OO Persistent Data Tree O O O
O000000000D0DOData Gear d Context 0D O00ODOOODODOOODOOODOO
ogoogao

5.2 OpenCL/CUDA

OpenCL/CUDA 0000000000000 kernel 00000000 OpenCL OO
CommandQueue, CUDA 00O Streem 00000000000 ODOODOOOOO GPU
0000000000 DOO0oooo0ooooooooobOoooooooDoooooaon
0000000000000 0DO00DO00DO000DO00DO00DODOoO0oDOOoOooDOoOn
0000000000000 DO00o0o0ooooooooooooooooooooOood
000000000000 DO0DO00000O0OD0ODO0O0O0DO0OD00OD000 kernel OO
0000000000000 000000000D00O0D0DO0OD0DO0O0 kernel DOOO
0000000000000 0DO00bO00DO00LO00DLO00oDO0o0oDOOoOoDOOoOOon
OO0000O0DOdbOOooooooogon

O00GearsOSOUOOO0O0ODO0O0ODO0ODOOODOOODOODDOOOODO Data Segment
0000000000 DO00O0o00dbO0oO0oooOdDODOoooooooDooooogn
oood

5.3 OpenMP

OpenMP 0000000 DOCOOO00ODOOOOODOOO(DDOOOOB1)OO
goboboooobboboooobbboooooboboooobbbooon

1| #pragma omp parallel for
2| for(int i=0;i<N;i++) {

3 // Processing

4}

Oo0oood 5.1: OpenMP
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6.1 Twice

Twice UUOODDOOOOODO 20000000000
gobobooogbbobogd

e 1000ODDOOD index, alignment, 00000000000 Data Gear 00O OO
e Data Gear O Persistent Data Tree 0 0 OO

0000 Code Gear(Twice) 0000000 Data Gear 00O key 000 Task O
goo
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Worker OO OO

Worker [0 TaskQueue O O Task OO OO

O000 Task OO O00O0OO Data Gear O Persistent Data Tree D O O 0O O

00000000 Code Gear(Twice) 00O O
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Cerium 00O000O00O0OMacOS X OO GPGPUOOOOOOOpenCLOOO CUDACOOO
000000000OpenCL, CUDA O APIOOODOO APIO Cerium 00000000000
0000000000000 0oOoO0O00O0O0000O0OO000OO000DOOO00DOOOO00OO
0000000000 Okernel 000000000000 OOOOOOOOOOOOOOOOOOO
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Supporting OpenCL, CUDA in Parallel programming framework Cerium

SaorEl KOKUBO'! and SHNJT KONO 12

We are developing parallel programming framework Cerium, that is running on the PS3,
Linux, Mac OS X and GPGPU. As GPGPU support on Mac OS X, OpenCL or CUDA can
be used in an API set. Data Parallel on GPUGPU is also working on CPUs. In Task Parallel,
data transfer causes overhead. To resolve this, pipeline data transfer is used both on GPGPU
and Many Cores. OpenCL and CUDA have slightly different behavior on Data Parallel and
out of order task execution. In WordCount and FFT examples, we show the different and its

analysis.
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void
multi_init(TaskManager *manager)

A = new float[length];
B = new float[length];

C = new float|length]|;
for(int i=0; i<length; i++) {
Ali]=(float)(i+1000);
Bli]=(float)(i+1)/10.f;

// create task
HTask+ multiply = manager—>create_task(
MULTIPLY_TASK);

// set cputype
multiply—>set_cpu(spe_cpu);




// set indata
multiply—>set_inData(0,(memaddr)A,
sizeof(float)*length);
multiply—>set_inData(1,(memaddr)B,
sizeof(float)*length);
// set outdata
multiply—>set_outData(0,(memaddr)C,
sizeof(float)*length);
multiply—>set_param(0,(long)length);
// spawn task
multiply—>iterate(length);
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static int
run(SchedTask xs)

// get input

floatx A = (float*)s—>get_input(0);
float* B = (float*)s—>get_input(1);
// get output

float+ C = (float*)s—>get_output(0);
// get parameter

long length = (long)s—>get_param(0);

for(int i=0;i<length;i++)

Clil=A[]+B[;
return 0;
}
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static int
run(SchedTask xs)

{
// get input
float+ A = (float*)s—>get_input(0);
float* B = (float*)s—>get_input(1);
// get output
float+ C = (float+)s—>get_output(0);
// get index

long i = (long)s—>x;
Cli]=A[]+BIil;

return 0;
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__kernel void

multi(--global const long *params, __global
const floatx A, __global const floatx B,
__global float* C)

// get index
long id = get_global_id(0);
Clid]=A[id]«B[id];

Code 4 multiply(OpenCL)

extern "C” {
__global__ void multi(long* params, floatx
A, float+ B, float* C) {
// calculate index
int id = blockldx.x * blockDim.x +
threadldx.x;
Clid]=A[id]*B[id];

Code 5 multiply(CUDA)
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/* Context definition */
#define ALLOCATE_SIZE 1024

enum Code {
Codel,
Code2,
Allocator,
};

enum UniqueData {
Allocate,
Tree,

};

struct Context {
int codeNum;
__code (*xcode) (struct Context *);
void* heap_start;
void* heap;
long dataSize;
int dataNum;
union Data **data;

};

union Data {
struct Tree {
union Data* root;
union Data* current;
union Data* prev;
int result;
} tree;
struct Node {
int key;
int value;
enum Color {
Red,
Black,

} color;
union Datax left;
union Data* right;
} node;
struct Allocate {
long size;
enum Code next;
} allocate;

};
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#include <stdlib.h>
#include "context.h"

extern __code codel(struct Contextx);
extern __code code2(struct Contextx);
extern __code allocate(struct Contextx);

__code initContext(struct Context* context) {

context->dataSize = sizeof (union Data)*
ALLOCATE_SIZE;

context->code = malloc(sizeof (__codex)*
ALLOCATE_SIZE);

context->data = malloc(sizeof (union Datax)*
ALLOCATE_SIZE);

context->heap_start = malloc(context->dataSize);

context->heap = context->heap_start;

context->codeNum = 3;

context->code [Codel] codel;
context->code [Code2] code2;
context->code[Allocator] = allocate;

context->dataNum = 2;
context->data[Allocate] = context->heap;
context->heap += sizeof (struct Allocate);
context->data[Tree] = context->heap;
context->heap += sizeof (struct Tree);

context->root = 0;




context->current = 0;
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// Code Gear
__code codel(struct Context* context) {
context->data[Allocate]->allocate.size = sizeof (
struct Node);
context->data[Allocate] ->allocate.next = Code2;
goto meta(context, Allocate);

}

// Meta Code Gear
__code meta(struct Context* context, enum Code next)
{
// meta computation
goto (context->code[next]) (context) ;

}

// Meta Code Gear
__code allocate(struct Context* context) {
context->data[++context->dataNum] = context->heap

H

context->heap += context->datal[Allocate]->
allocate.size;

goto (context->code[context->data[Allocate]->
allocate.next]) (context);

// Code Gear
__code code2(struct Context* context) {
// processing content

}
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// Code Gear
__code codel(Allocate allocate) {

allocate.size = sizeof(long);

allocate.next = Code2;

goto Allocate(allocate); // goes through meta
}

// Meta Code Gear
__code meta(struct Context* context, enum Code next)
{
// meta computation
goto (context->code[next]) (context);

}

// Meta Code Gear
__code allocate(struct Context* context) {
context->data[++context->dataNum] = context->heap

H

context->heap += context->data[Allocate]->
allocate.size;

goto (context->code[context->datal[Allocate]->
allocate.next]) (context);

}

// Code Gear
__code code2(Allocate allocate, Count count) {

// processing
}
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