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Abstract

Recently, to achieve high performance, low energy consumption and
high reliability is required in embedded systems. But the increase of
energy consumption to guarantee reliability is a problem of embedded
systems. To reduce overhead to guarantee real-time, we propose hard-
ware support method for embedded processors. However, to design such a
custom processor with novel approaches takes long time. Therefore, sim-
ple baseline processor which is easy to customize but has enough features
to execute real-time OS is required. This paper develops SakuraProcessor
as a baseline processor for various embedded systems. This paper also
evaluates SakuraProcessor by using Linux and uC/OS-II.
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4 SakuraProcessor ] [ []

Co-simulation environment

SakuraProcessor
(HDL Simulator)

- Low Speed

Simulation
Speed

Used for timming simulation

Functional Simulator

Language
- SystemVerilog M - C++

- High Speed

Used for functional
verification

0 4.1: Structure of co-simulation framework.
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000000000 000000000DODO SakuraProcessor 0 00O 00O
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4.1 SakuraProcessor [ [ [0

SakuraProcessor OO0 OO 50 00000O0O0O
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4.2 0O0O0O0OOOOO

Fetch Decode Execute Memory Access Write Back
ICACHE DEC J
JIR J| ALU R . |Reg
Fﬁg LSU Write
- MDU t 4
DataMem
CPO

0 4.2: Block design of SakuraProcessor.
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000000000000 00DO00D00000 Interface0 00000
Ob0oobooooobooboRTLOODOODOO0ODOODOOO

4.4 0O0O0OO0
SakuraProcessor
Fetch Decode Execute Memory Write Back
Access
Original _|| Original _|| Original _|| Original _|| Original
hardware “|| hardware “|| hardware “|| hardware " hardware—‘

[0 4.3: Top module of SakuraProcessor.
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SakuraProcessor (SystemVerilog)

IF DEC EX MEM WB

A

Match comparison

functional simulator (C++)

A 4

IF/IDEC/EX/IMEM/WB

00 5.4: Verification environment.
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cycle-accurate behavior

processor design

take over

_ j JL system call
architectural state .cross-check 7 .
' one cycle emulation
functional functional
simulator simulator
fast-skip or | instruction set level
restore checkpoint . verification

> time

Al

Region of interest

O 5.5: Co simulation environment.

OOHDLOOOOOOODOOS70OO00D0DbOODDbLOO0bOoO0DbOoOnDg

Processor design
(RTL to Chip)

Memory
Ioad/storeT mapped
0000.0000—Y trigger
RO
7fd0.0000 -
Architectural state
before/after
. a system call
Memory .
Off-chip R31
emulator PC

O 5.6: Off-chip system call emulation mechanism.
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bfc00000 <__reset_handler>:
lui kO, 0x7£dO0
lw $1, 0x104(k0)
O
lw $31, 0x17c(k0)
/* load program counter */
lw ki1, 0x278(k0)
jr ki

O 5.7: Reset routine
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0 7.2: EDA environment for physical design

Phase EDA tool
Functional Synopsys VCS, Ver. 2009.06
verification

Logical synthesis | Synopsys Design Compiler,
Ver. 2010.03-SP5
Place & route Synopsys IC Compiler 2010.12

O 7.3: Design environment for FPGA

Phase EDA tool
Functional Synopsys VCS, Ver. 2009.06
verification

Logical synthesis | Synopsys SynplifyPro Ver.2013.09

Place & route Altera QuartusIl Ver.13.0SP1

7 0o

SakuraProcessor 0 OO0 000000 OOCMOSOOODOODOO Al-
terad 0 FPGA O SakuraProcessor 000000 7200000000
O0000000000000D00000 7.80 SakuraProcessor O O O
O000D0oOoOo0oo0o000ooo0oo0o00dd0d00oooooooDoOo
00000 200MHzO0O0DOOODO 1,640um x 1,2000m 000000003
O00D0D00O0O0O0ODOO0O0D0OODO000000000ooDoDoDDoOO
ooooood

0 7.30 SakuraProcessor 0 Alterad O FPGAOOOODODOOOOO
00 00000OSakuraProcessor O Stratix ID 00O 000000 OCom-
binational ALUTs O 19,2970 Dedicated logic registers 0 12,0400 Em-
bedded block memory O 331,516bitD 0000 DSPOUODOOO 2400
oooo

SakuraProcessor 0 0 Linux 00 uC/OS- 110 00000000000
0000000000 7900 710000000000 SakuraProcessor
00 LinuxOuC/O0S-1I00000000OD0O0O0OOO0OO0O0O0
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Serial: 8250/16550 driver, 4 ports, IRQ sharing disabled
serial8280; ttvS0 at [0 038 (irg = 0) is a 8250

brd: module loaded

loop: module loaded

18042:

18042 controller selftest timeout

Trying to free nonexistent resource <0000000000000060-00000000000000GT>
mousedev: PS/2 mouse device common for all mice

Freeing unused kernel memory: 1892k freed

Jhindsh: can’t access tty: job control turned off

O 7.9 LinuxO QO QOO

IHIPS_UEGS Ver 1.18 for 4Kc (MIPS 4K processor) :B3/208/84

# Parameteri:
# Parameter?:
# Parameterd:

Built using mipsisa3Z-elf-gcc on Jan 8 2015 <28:82:54>
CONSOL: COMB, 115288bps, 8Bit, NP

CPU Clk: BBMHz
Developed by Michael Anburaj, http://geccities.com/michaelanburaj/

MMU: ON  Cache: ON  Write Buf: ON

uC/05-11, The Real-Time Kernel ARM Ported version
Jean J. Labrosse/ (Ported by) Michael Anburaj
EXAMPLE #2

Determining CPU's capacity ...

No. Tasks
CPU Usage in %
No. Task switches/sec

<-PRESS "ESC' TO QUIT-»
0B 5

PRI TOT  REM USD
18: 1824 416 688
11: 1824 BBB 136
12: 1824 432 592
13: 1824 912 112
14: 1824 912 112
15: 1824 912 112
16: 1824 912 112
[ |AF-AN] == |/

0 7.10: uC/OS-110 000
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8 SakuraProcessor 00000000 OOMNO
000

O00000D0O0O0D0RTOSOODOODOO0OOO0ODODOODOO
00000000000 0000000D000b000obo0oooOoooaon
000000000000 0000000000o00000o00noo0n
O0000doos11gooooodooooooooooooooooaoo
000000000 0OO0000000000000000000000
0000000000000 Low-end core0 0000 OOOO High-end
coreJ0O0ODODODOODODODOLow-end core d OO SakuraProcessor O O
oo

Tick -
‘ ‘
| 1
Task A| [~Task B Task B Task A % ..
[ ] X ! :
Execution Time
Checkpoint * No. of Insts.
* WCET
1 2 3 === m-1l m m+l=== n3 n2 n-l n

(Checkpoint[1]~[n])

0 8.11: Check Point

0000 SakuraProcessor 0 00O 0O0OO0O0OODOOOOODODO 8.12
0 0 00 Dynamic Scheduling Unit 000000000 O0OODOOOOOO
0000000000000 D0D000DbO0O0D0O0O Deadline Monitoring
Unit00 0000000000000 ODOO0ODOO0OOCContext Switch
Support Unit 00000000 DO0OO0O0OOOODOODOODOODOOOOO
0000 Scheduler BusO OO OO0 000000 D0OOO0OOOOODOOOO
ooooooon

0000 813000 Scheduling Unit 0 O O 0O O O O O Scheduling Unit
O000b0oooooooogoorirob0D0booooboobOd Dead-
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SakuraProcessor

Fetch Decode Execute Memory Write Back

Access
Context
Deadline Switch
Monitoring | [zSupport > > >
Unit Unit —‘
A
t Memory Bus
A A
\4 Scheduler Bus
A
A\ 4 \ 4 v
Memory Dynamic Scheduling Unit

0 sl2:. 0000obooobooon

LineO WCETO Check Point 000000000000 OOOOODODOO
OO0O00OO0DOO00OIobOooooooooooooboooooooog
OO00D0000O0000odoDOdoOooooooDoooooooooonog
000000000000 bO0DO0DO00o0ooOooono SbKOoOoo
O000D0000000000 1000000040Dyanmic Scheduling Unit
0000000000000 Monitoring UnitO0 D0 OD0O0O0O0O0O0OOO
0000000000000 00000000000DOOD OO0 Priority
Controller 00D OO0 OODOOODOOODOFIFOOOODOOO

0000 814000 Context Switch Support Unit DO OO OO DODO
Context Switch Support Unit D 00000000000 OO0OOOO0O
OO00000O00oo0odoDoOoooooooDoooDoooooooog
000 Context Queue0d 00D O00D00OD0O0OODOOOOOODOOO Task
Controller0 00D 0O0O0ODOOOODODOODODOODOODODOOOODOODO
Core Switching Controller 0 0 0O O O

0000 81500 0 Deadline Monitoring Unit 0 O O O O O O O Dead-
line Monitoring Unit 00 00000000 0OOODOODOOOOOOO
0 O O Deadline Controller O O O SakuraProcessor 0 O O O O Program-
Counter 0000 0O0ODODOOODOOODOOODODODOOO

Context Switch Support Unit( Deadline Monitoring Unit 0 0O 0O 0O 0O
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Memory Bus

Dynamic Scheduling Unit

Task Info. Reg.

Task ID

Num of Instruction

Dead-line Priority FIFO
Task ID (Low Priority)

Check Point Info.

of
Low-end Core (LC) . Dynamic Priority
- Scheduling
- ) Controller
WCET Unit

Check Point Info.
of
High-end Core (HC)

Counter Info.
HC-WCET from Task ID (High Priority)

Monitoring Unit

Interface Unit
Context Switch Support Unit - Scheduling Unit
or
Deadline Monitoring Unit - Scheduling Unit

Scheduler Bus

0 8.13: Scheduling Unit

0000000000000 00D00000000DbO 0000400 Saku-
raProcessor 0000000000000 DODO0OO0OOOODOOOOOO
O000000000000D000D000D0O000DO0O00Context Switch
Support Unit 0000000000 D0D0OO0OOOOOODOOOOOOO
Deadline Monitoring Unit 0 0 0000000000 O0OOO0OOOO0O
O0000000000SakuraProcessor OO0 OOOOOOOOOOOO
ooooooo
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Decode Stage

Context Switch Support Unit

Register Context;
File Queue
Task

Controller [~

- -
Core
Switching
Controller
Interface Unit

Dynamic Scheduler Unit -
Context Switch Support Unit

Scheduler Bus

O 8.14: Core Switch Unit

Fetch Stage

Deadline Monitoring Unit

Deadline
Controller

i

Interface Unit
Dynamic Scheduler Unit - Monitoring Unit

Program
Counter

Scheduler Bus

[0 8.15: Deadline Monitoring Unit
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9 OO0

gobobbbbbobouodouoooooobbbbboooooooad
gobobobooobbbooooogoobbobbuoooooobboboo
O000000O0OooooboDoDODbOOOOO SakuraProcessor 0O O O
gbobboooobbbuoobobbbooooboobooon

SakuraProcessor 0 0 00000000000 OOOO0OOOODODO
goboboboobbooooooobbbboobbbboooooooooo
gobbbbbbuooooooobbbbboodooooooobbo
gbboogobbooogbbboobbooobbooobboonoon
Lnix OO vwCOS-IIOOOOOOOODOOOOODOOOOODOODOO
gobboboobbuooooooobbbobbououooooooobo
obogoboboobbooobboobboobboobuooobbd
gbooooog

26



[

[

gobbbobobbbboouoooooobobbbbbotbouoooad

gbobggoogbbogbboobboobooboboooobon
gobbbbobbtbouoooooobobobboouoooooobbbo
gooon

[
1]

3]

oo

oo oo,b0ob,bog bod,bg bbb 00000000000
ooboboooobobooboobobbboboono,b1sb O
0000000000000 0000000000o00, pp.1-6 (2013)0

Giorgio C. Buttazzo, “Hard Real-Time Computing Systems - Pre-
dictable Scheduling Algorithms and Applications”, Third Edition,
Springer (2011).

Yunsup Lee, Andrew Waterman, Rimas Avizienis, Henry Cook, Chen
Sun, Vladimir Stojanovc, Krste Asanovic, “A 45nm 1.3GHz 16.7
Double-Precision GFLOPS/W RISC-V Processor with Vector Accel-
erators”, Proceedings of the European Solid-State Circuits Conference
(2014).

Tomoyuki SUGIYAMA, Takahiro SASAKI, Toshio KONDO, “De-
velopment of C++/RTL co-simulation environment for accelerating
VLSI design of an embedded processor”, Proceedings of the Inter-
national Technical Conference on Circuits/Systems, Computers and
Communications (ITC-CSCC2013), pp.281-284 (2013).

Tomoyuki Nakabayashi, Tomoyuki Sugiyama, Takahiro Sasaki, Eric
Rotenberg, Toshio Kondo: “Co-simulation framework for streamlin-
ing microprocessor development on standard ASIC design flow”, Pro-
ceedings of the Asia and South Pacific Design Automation Conference
(ASP-DAC2013), pp. 400-405 (2014).

OO0 0OO00O0O00 000b0o0o 0OO: FPGAODODODOOODODO
gbooodgboboobbodobboobba,bboobboobog,
Vol.J-86-C, No. 8, pp.299-807 (2003)0

27



[7]

00 00000 00000 00000 00: 0000000 RTOSO
00000000000000000000000000, Vol.J-96-D,
No. 10, pp.2150-2162 (2013)0

N. K. Choudhary, S. V. Wadhavkar, T. A. Shah, H. Mayukh, J.
Gandhi, B. H. Dwiel, S. Navada, H. H. Najaf-abadi, and E. Roten-
berg, “FabScalar: Composing synthesizable RTL designs of arbitrary
cores within a canonical superscalar template”, Proceedings of the
38th IEEE/ACM International Symposium on Computer Architec-
ture (ISCA-38), pp. 11-22 (2011).

28



