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Abstract: A dependable communication mechanism based on error correction and line codes is an essential
part of distributed real-time systems, such as humanoid robots. Since strong error correction and line codes
introduce performance overhead, combination of these codes should be carefully selected, depending on the
transmission line and type of communication data. In this paper, a dependable communication mechanism
that supports any combinations of three error correction codes and three line codes is designed by extending
the Responsive Link for actual humanoid robots, and it has been fabricated as a real chip with a 130 nm
process technology. We evaluated the proposed communication mechanism in terms of hardware amount,
packet error ratio, and jitter for all combinations of the error correction and line codes implemented. The
results show that the line codes significantly affect the packet error ratio.
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Fig. 1 Example of distributed real-time system.
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Fig. 2 Network switch of Responsive Link.
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Table 2 Combination of encoding method.
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Fig. 6 Block diagram of expanded decoder.
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5. Dependable Responsive Multithreaded
Processor

RELHMEEREZ ) TV A LY AT AT
SoC (System-on-a-Chip) T& % D-RMTP (Dependable
Responsive Multithreaded Processor) 1[18] 1254 L 2012
F£1AET—=F 77 FL7. D-RMTP LIE5H) 7 v s A
AV AT LEFEBRT D70, UTIRT TN, AREREL
TWh.

o UT7IARALMNEATOL Y RMT Processing
Unit (RMTPU)

8 way BESGEAF & SMT [19]

— IPC (Instruction Per Clock) filfHIF## [13]
- R MN)OAYTFAMNFY YT
b L — AR
o UTILZA LSRR Responsive Link
o I ¥ 1— 2RI
— PCI-X, IEEE1394, DMA Controller, DDR SDRAM
Interface, % &

e Oy MIFIAI/O

— PWM (Pulse Width Modulation), Pulse Counter,
RTC (Real Time Clock), 7 &

B 7 D-RMTPIOLA 77, B 8ICF v 7THE
ZRY . PRPSE TP TOEGIZ, )V TVY A LA
HH 7Ot v RMTPU 2SRESN TS, HFLELOEN
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HEEHENEREIN TS, ETOHSIEa Ry MK
I/O % SRAM ZEESNTEBY, NS IEEWLE & Ok
WEFICE TNy 77y T7ENRTWE, 20720, Bl
HEWFREIZ S 7= 2 asRy M 1/0 OIRELZ RFEL
TBLZENTEL, Uty FHOML—ANY T 7}
Ny TNy 7Ty THEIBICHRE SN TWb., £ o)
(213 IEEE1394 % Ethernet, DMA Controller 72 &, I~
Ea—4HEHO 1/0 BEE SN TW5,

D-RMTP I DG %E 3 3 I1IRT

EH L 7ol ERRE L, 4 ¥V D Responsive Link @
BUE D PALERTH 5. e KASH A 13 800 [Mbaud] T,
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10 mm

7 D-RMTPIDOL AT b
Fig. 7 Layout of D-RMTP I

wwot

8 D-RMTP I DF v /B
Fig. 8 Chip micrograph of D-RMTP 1.

# 3 D-RMTP I ®ifot
Table 3 Specification of D-RMTP 1.

71t A V=) TSMC 130nm CMOS 8 & i il
ZAHFA X :10.0 [mm] x 10.0 [mm] = 100 [mm?
R : Core 1.0[V], I/O 3.3[V], DRAM 2.5 [V]

JENENIZ8 N v PR EELTWAE. 237 v MR
DOHEBRLIEREE 121E, K 256 [MB] @ DDR SDRAM %
PFR=PFLTWVD., V=T 4 T F—=TNVDOTr b HKiL
256 2 R ELTWA,
6. FT
6.1 N—K9Jxz7aAXEb

R—EFHOFEREIZED LI NI 27 I A MIDOWTE
iz 479 . #FHliClx Synopsys #1 Design Compiler 2010.12
vy, TSMCH:130nm D 7a+v 2% ¥ —47 v MIFHHA
WA AT\, THifE % L 4. Responsive Link O Tl
KAR—L — F%%800 [Mbaud] &£ EFES N THB Y, Serializer
& Deserializer (& 800 [MHz] TOEESER SN L. ZD
72®, Serializer & Deserializer 1213 800 [MHz] ® % A X
TR R 5 2 5. FNLAIOFES 1L Serializer & Deserial-
izer D 1/ALNTO 71y 7 TEET DT, 200 MHz] ®
SAIVTHINELZ D,

7B L 7230 FTIERF S, B X MEREAF 5 h
FNEDREN—F 7 27 2 A MIEEE RIZTIEHS
MPCT B0, ZEHFOLya—F L Fa— YOk 4
R, 18 FHAORR Y ETIEFF 512358\ T, BCH 775
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KA FEALEY 2= VDON—FT 273X

Table 4 Hardware cost of codec.

HRALEY 2 — L i [im?]
NRZI/BTFS | Encoder 6,711.6
Decoder 4,841.0

4B10B Encoder 7,791.1
Decoder 5,226.3

8B10B Encoder 9,699.0
Decoder 4,998.9

Hamming Encoder 215.6
Decoder 1,240.8

BCH Encoder 329.3
Decoder 2,417.1

Reed Solomon | Encoder 22,375.2
Decoder 38,654.9

x5 HHLEY 2 — LV OEHKER
Table 5 Area ratio of codec.

gAY 2 —)b | FERH ] | A [pm?] | IR (%]
NRZI/BTFS 4 46,210.0 19.6
4B10B 4 52,069.4 22.2
8B10B 4 58,791.2 25.0
Hamming 4 5,825.5 2.5
BCH 4 10,985.6 4.7
Reed Solomon 1 61,030.0 26.0

A PFNONI Y IFT LR, Ty a— T
AE2.8%IIMLTHBY, 72— ¥ TIXmIAEA 94.8%34 N L
TWwh, fFFFEN12E Yy hONI V772 L, BCH
BFEofFsRIII6 Yy heERw/izo, "— K7z 73R+
AL T 5, mEBRFFI2BWT, 8BIOBIE4+ ) ¥
VD NRZI4+BS kI, T2 a— FCIXmEED 44.5%3E
LChBY, 7a—FTIXHEED 3 2%l Twb. 4B10B
340 YF VO NRZIFBS & bR, =0 a— 7 ClIEmEs
16.1%8IMLCBY, 73— TIXHEED8.0%H ML Tw»
H. ANA PHEAOFRY) ETIEf 5 TH5H ) — PV B EfF
T, 15 PRALOFRY FTIEfF S TH AN v 7 s
WY AL, T a—FTIREENH 100 1%, Fa—5
TIREFEAR 300 &L KRELRoTnD,

13 MEALOF Y FTIERF 7 EARE AT 7, =2 a—
FLTFaA=FDOEF v ANICENEN AT OFEEINT
W, 48 FERORY ENERF T THL ) — FYHE S
Frldnrya—5e7a—yogF v 2V LETo%EE
ENTWE. FHLEY 2 - VOMHELELZR 5 IR,
ROHMEDOF A AWK ED o720 — FYOEVFTIER
ROE G Z DTS2, {R%57% O 8B10B, 4B10B,
NRZI+BS & OZEIZHAETH 0.95% ~THEEDETH 5.
)= BV G EREFT 3MOGET, MEEERD
3% EHOTWA, ZOMRLY, REFLEON-F
Y7 aA ML, )= FYVOE G EEGE O SB10B,
4B10B, NRZI+BS »"XECHTd 5 Z L0 5.
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3 6 Responsive Link &fADO/N—F7 =73 Ak
Table 6 Total hardware cost of Responsive Link.

THif% [mm?]
Z 1) ¥4 )V D Responsive Link 3.21770
PR T % 923 |72 Responsive Link 4.55141
AR = 41.4492%

®T ARG D /ST X — 5

Table 7 Parameter of noise immunity test.

Yy hxI—L—}|1/10!, 1/10%, 1/103, 1/10%, 1/10° , 1/10°
JA XDy M E 1 bit, 2 bit, 4 bit, 8 bit

RICERDON—= K7 27 3 A DOBIN%E BEED 5720, §
KTk % 33 L 72 Responsive Link &, fE3£® Responsive
Link OHIfEE 77— MEER 6 IIRT. REFHEEHERET
5T LT, HEREIERL TA1AR AT 5 2 & 2%
Mofz. N—=F7 7 I3AMOEEININE CIE RS, 7
ZFP % EE L 72 Responsive Link (349 2.2mm £, &1L
BoOv—Y v % 5 EEAALEATH 3.0mm £ O Hifk
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6.2 /A XMt EHAh

RILY I a2l —Ya v 20T/ A XMtz i+ 5.
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Wiz,
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Hiovy bR, BXU, NA MEMON—Z MDY %
FE L7RHEZ AT . A CHWA 2 4 XETIVDINT
A—=FE LT, ¥y bro—KLEy VEZERTA. (&
EL7ZEY MU LT, RiBL7-Ey NMEo#EEGE2 Ly
LT —EERL, LEROMEERTNNTA-F LT
b ) A RGERGER L TS Ay bOEEEy b
REERL, /A AOBHEBIEEERT NI A= LT 5.
FHE L7726y NOBHEIZ ) A R5ERKE x ¥y hEER S
7280, JARBEEEY -y LT —KE Yy b E
THS/MERT /A X% ERKL, €y VETIRELZE Y
MEZER LT Y PR RIESE S,

AHIiTIZ 8y MERERIIGIER D 10 787 v b (640 /34
N 274 —=AT7 vy TH A7 NVELTHEEPSBRIL, #
DED 1,024 237 7 b (64 FO 51 b) Z3Efikg e L7,
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Fig. 9 Packet error rate (NRZI+BS).
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Fig. 10 Packet error rate (8B10B).
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Fig. 13 Evaluation result of jitter tolerance test.

1X 0[sec] ~1/boudrate [sec] DHIFH T, WL 10 [Hz]~
100,000 [Hz] O#iPHTEE T2 b D & L7z, FHili Tl Re-
sponsive Link Z )V — 7 /Ny 7 Tl L, TORIZY v ¥

ETFVEFAL, N7y NOREZEZITH. kL — MZ
400 [Mbaud] & 800 [Mbaud] ZfH L, L+ 5. Y v ¥
ETNEMHAL Tk LTy vy ¥y 2EKL, X7y b

IT—ReENT 5. FITIE 7y MEEBRIEZD 10
Ny b (640 34 ) IREHLL, ZOHOD 1,024 87 v
b (64 FT51 1) %?ﬁiﬁﬂ%&?% RS 55/ 51LD
AR, Vo dICL B EHEICT A -DI5R8 ) ETIE
T 39, fma_éft%ﬁ% 8B10B % L 7-.

X 13 IZFHlifE R 2R T, ISR LD, wWIFhoftk

© 2012 Information Processing Society of Japan

= MIBWTY, ZLHEHT10Hz TIZY v ¥ O8I
ZEAERD -7, 100Hz TIEH 35%, 1,000Hz T3

50%@/\7‘/ LT —b7%o572. 10,000Hz 2 5% L

HETRTONT v PP T =LA, BENFTELVIK
ﬁ‘ék?l‘of’

EATLIBIT LY v ¥ OFERERNIL, Bk Oy
OA =274 LAFBITS5NAE. F72, LSI BAOEE
sy 7 ERERTAKEBIRT, $/EPLLOY v
PZRD12THAH., 70y 7 F7—=5) AN)EKEDOT v
TR BR LY v INFE LIS, Rl A3 07
TT—70T7 v F &N, HRELTRET—-FDOEY M
F—e LTHHENE, 20720, Vv ZitEdMREk
Bl Tid, MYETEFT2MH L CEF T 2 LED
5.

7. BbVIC

KL TlE, BHEEOEN) TIVY A LABETERT S
f:éf)bi, )78 A LdfEHIF D Responsive Link & N\ —

L 7BfER R RGT L, Ml AT o 7. RETFHETI,
Responswe Link OFR Y TS5 AR5 2Lk L T
it 7 4 AEfER T LS5 & & 12, [msigsrrEicie U7
FrOMEETHRENRTH . REFEIERAT 5155
RFED 1oL LT, DCNT Yy Y TIZEBIL Uy RT Yy
Kooy 7z LIRS, 1¥y PORRYETIEE 2 €y PORA
DRI ATI RE 2 AB10B & 72 IC32 5 L 7-.

FEMAE S L D, 4 ¥ F VD Responsive Link & g
L T, 8B10B Zfni#i Mo |2 L7236, RO
FRETEH ) A A ErEHTE 2 2 LAVRENT:.
4B10B & faik B m IR L7256, /4 AEME WG

2737



[EERUIBF S

A=A EE
BT

EEEFEETIZ 8BI0B £ 0 b @/ A itk x R 28,
A RAEDPEWEEREME T 8B10B & M%7, ZNnLT
DMWREE 72 B 2 EDURENTZ. MEFEEFEET L LT
HEH D Responsive Link & I8 L CHFE A 42%, 7
Hs 13.5% N 5 2 Lo 1z, IRETEF FE Lt
Responsive Link AN Z 4.55 mm? TH Y, 14712
WA TH D EARENT. RETFHEICL > THIEL L
Reponsive Link % 57800 7V % 4 & ¥ A5 AT SoC T
%% D-RMTP IIZ## L, LSI & LTHEELZ, ZhHD
R LD, ?4A/&7»&ﬁ%U7w94Avx%A%
EHRT 272012, RETFEPAMTH LI L5 h o7,
RIFFE Tl i% ?T% Responsive Link % #R L7225, Z
THEO NI MO B EFAEIC S EHATHETH 5.
Lte, BE& AR E ST A B R AR 5 L DML
TEHELPIIT D &L DI, [REBF 5120 U CEICEH
FALZEIR - BHL, FA XYY TR TIVY A L#E
PEHT L7007 MY o TEREBEAEERTLTETHS.
it,DRMHW@%%%ﬁwt%ﬁ%?5?%?%%
HEE AR ISR BT IR RE CREST O 12
%@Téé;k%ﬁb,ﬁa%%ﬁ.it,ﬁﬁn®~%
I RMAEE 70— 8V COE 7u 275 o [Bigdd - %2
BYATLATHA COFEPE] 1L Eb0THLEI LR
L, #EERT.

SENH

[1]  Ademaj, A. and Kopetz, H.: Time-Triggered Ethernet
and IEEE 1588 Clock Synchronization, International
IEEE Symposium on Precision Clock Synchronization
for Measurement, Control and Communication (TU
Wien), pp.41-43 (2010).

[2] TTTech Computertechnik AG: TTEthernet — A Pow-
erful Network Solution for All Purposes (2009). avail-
able from (http://www.tttech.com/fileadmin/content/
white/TTEthernet/ TTEthernet_Article.pdf).

[3]  Anderson, R.D. and Shanley, T.: PCI Ezpress System
Architecture, MindShare, Inc. (2003).

[4]  FlexRay Consortium, available from
(http://www.flexray.com/).

[5] Emani, K., Kam, K. and Zawodniok, M.: Improvement
of CAN BUS Performance by Using Error-Correction
Codes, Region 5 Technical Conference, 2007 IEEE,
pp.205-210 (2007).

[6] IBTA: InfiniBand Trade Association (2011). available
from (http://www.infinibandta.org/).

[7]  Mizuuchi, I., Nakanishi, Y., Sodeyama, Y., Namiki,
Y., Nishino, T., Urata, N.J., Hongo, K., Yoshikai, T.
and Inaba, M.: An advanced musculoskeletal Humanoid
Kojiro, IEEE RTCSA 7 (2005).

[8]  IPSJ-TS: 0006:2003, available from
(http://www.itscj.ipsj.or.jp/ipsj-ts/02-06 /toc.htm).

[9] ISO: 11898:1992, Road vehicles — Interchange of digital
information — Controller area network (CAN) for high-
speed communication (1992).

[10] ISO/IEC: 24840:2008, available from
(http://www.iso.org/iso/iso_catalogue/catalogue_tc/
catalogue_detail.htm?csnumber=>50352).

© 2012 Information Processing Society of Japan

Vol.53 No.12 2728-2739 (Dec. 2012)

[11]

[12]

[20]

[21]

Reed, 1.S. and Solomon, G.: Polynomial Codes over Cer-
tain Finite Fields, STAM Journal of Applied Mathemat-
ics, Vol.8, pp.300-304 (1960).
Maxino, T. and Koopman, P.: The Effectiveness of
Checksums for Embedded Control Networks, [EEE
Trans. Dependable and Secure Computing, Vol.6,
pp-59-72 (2009).
Yamasaki, N., Magaki, I. and Itou, T.: Prioritized
SMT Architecture with IPC Control Method for Real-
Time Processing, The 13th IEEE Real-Time and Em-
bedded Technology and Applications Symposium, pp.12—
1 (2007).
Nolte, T., Hansson, H. and Bello, L.L.: Automotive
Communications — Past, Current and Future, IEEE In-
ternational Conference on Emerging Technologies and
Factory Automation (ETFA ’05), Vol.1, pp.985-992
(2005).
Bose, R.C. and Ray-Chaudhuri, D.K.: On A Class of
Error Correcting Binary Group Codes, Information and
Control 3, Vol.1, pp.68-79 (1960).
BOSCH: GmbH, Postfach 300240: CAN Specification
Version 2.0 (1991).
Hamming, R.W.: Error Detecting and Error Correcting
Codes, Bell System Technical Journal, Vol.29, pp.147—
160 (1950).
Suito, K., Fujii, K., Matutani, H. and Yamasaki, N.: De-
pendable Responsive Multithreaded Processor for Dis-
tributed Real-Time Systems, Proc. International Sym-
posium on Low-Power and High-Speed Chips (2012).
Tullsen, D.M., Eggers, S.J. and Levy, H.M.: Simuta-
neos Multithreading: Maximizing On-Chip Parallelism,
Proc. 22nd Annual International Symplsium on Com-
puter Architecture, pp.392-403 (1995).
Widmer, A. and Franszek, P.A.: A DC-Balanced
Partitioned-block, 8B/10B Transmission Code, IBM
Journal of Research and Development, Vol.27 (1983).
Yamasaki, N.: Responsive Link for Distributed Real-
Time Processing, International Workshop on In-

novative Architecture for Future Generation High-
Performance Processors and Systems (IWIA), pp.20-29
(2007).

(R

m

1)

2008 4F B FE R B L R B L
R, 2010 4ERKFKFBEE T
SRR B R B S R AR
T BUE, FRF BRI
) TIVE A LR ORFRIZHEE.

7J< kY4 _%

[ SEE

2009 4 B HEFE R R H 15
FRRRCSE. 2011 AERRF R T
FRTZERRBA i ERBERL 2 B AR
BT, B, HAERHASHA~—
b T ALK —BIEETE . A oS
) v FEEDOFZEIHESH.

R L

2738



BERIBF =R Vol.53 No.12 2728-2739 (Dec. 2012)

W& BRIt (ExH)

2004 4F B2 JE 26 2L K S IR BB R A
! y 3. 2008 fE RS RS B T2
.’ B BCRB R SR L AMRE T, 1
‘ § PR
FEE R AR ARG, 2009 AFEE
X0 2010 4 3 T H AR R0
BRFZE R SPD. FE#MT —F7 27 F %, A F v TRy b
77— 7 OWFFEIZHEE.

Wi €97 (GE£R)

19971 4F B2 E 22 KA B T a3 i B 2

=TV R 1096 4 RAE KSR T

B mat R LR T

-\;A W (T2). RERTHAME B

Fr AT, 1998 4F 10 F Bz gL K23

TN T T, MR %

T, 200445 4 1 LY FEBEIE (B, HED). VT

ALY AT L, Ay FT—FF7F %, LHIEULIR,

VAT L LS, UART 47 AEOWSEIHES. HAT KRy
ba, BFEMEEYS, EEE 448,

—
-

© 2012 Information Processing Society of Japan

2739



