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Abstract: The application of Internet-of-vehicles technologies in automobiles drives the modern automobiles developing towards

electronization, networking and integration. The rapid development of Internet-of-vehicle technologies causes the problem of rapidly
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increasing data volume and constrained bandwidth for in-vehicle CAN (controller area network) networks. To solve these problems, this
research addresses the signal packing problem in the design of CAN network. First, the signal set is divided into signal clusters according
to signals’ period. Next, the clusters are sorted in order of increasing period. Then, combined with two presented bandwidth slack
evaluation metrics, a signal clustering-based signal packing (CSP) algorithm is proposed to realize the optimization of bandwidth
utilization. Finally, by comparing with the state-of-art algorithms, the optimism of CSP in improving the bandwidth utilization is verified.
Comparing with the algorithms proposed in reference 7, 8 and 11, the obtained average and maximal optimization ratio in bandwidth
utilization for CSP is between [0.5%, 6.4%] and [2.4%, 22.65%], respectively.

Key words: Internet-of-vehicles; automotive electronic system; controller area network; signal clustering; signal packing
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256kbps B¢ 125kbps). £ % 1% il 8, BLARVZE Lok FUAH 4R S T 53 SR B AP ) 4% 10X FlexRay FiI CAN FD,fH & 7E AR
SR K — BN ) A, CAN 75 1H A2 7 A 52 I 9 288 A 1) 3= £ 2L DR I AT b CAND 4% R 48 A 74 8 v 2 i 4k
BEE B4 Tl B A A v (10 96 B ) 7.
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Fig.1 System architecture for CAN-based automotive electronic systems
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Table 1 An example signal set

F1 HpIE S

== =N

E 3 S S2 53 S4 S5 S6 57
=5 ¥ (us) 100000 200 000 400 000 400 000 400 000 400 000 400 000
155 K/ (bit) 30 2 2 3 3 4 12

SCHRE7,81H, ARG 5 o0 BTG SRBEAT 4T A 20 A 4001 2645 sy AT E31 my 2 BRI s, 93T 65 8 347 43
BT B AR @~A (O H AT i A LR T s, FTE R 7 — AW EZ P s 5% DB a8 8 o g
By 229 AR 5 R 7 0 S R RO %6 2). PR TT S I IR 5 R R v ST R
o TE L KNI BRI
(1.9+0.65)x107°=2.55x107>:

((55“0{3;}}2}100000:1.9x10‘3,
2 4
55410 S x 2 |+200000 = 6.5x107*;

o U7 2 A B A R
1.9x1073:

[[55“0{3052Dx 2}100000 —1.9x107 .

PR F 3 2 AT 405 SR T 01 K sy R s T 31— O v sk R SR X s EAT AT AT, R s, TR
AIE my 2SR AN 2.0x 10 ) B AT BB S — AN B2 PSR R 2.225%107) 5 5 2%, )
B TR RAVE T sy 05 A AT LB AT TR my 2 oho0S I A s 58 R S v 200 181 b R 0 SR 7,81 4 7
VEZSF OIS TN NI SH B R K m, H P m = {51,52,53,54,55,56,57} .

A 2 2R (6) 7T 00, 7 2L 1 R BT e 5 T A 0 R P R0 RIS SR 42 TR A S SRR AT 40 5, R R LS B T
AN BN 5 2 U AT 1A, K 43 30 SR 00 58 R RS S R O TR N (1), {52} {93554,55,56,57  »
{50 A0 {2} BOFT L3 HT 55 1100 08 20 T AR TR) ABLZE T8 3 15 5 R {53,54555,56,57 } FRTHT AL 40 7 AT 1 5 AT AL 28— AN BT i
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o U7 1R AL R 2
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IS A AT i, ARSI /AR A5 6 5 A IR A A D S TG REAT TR IR D A i 98 R T 2 7 i S
N R ARTCRE X BT 0 R AR 5 4T A T PR 4.

3 EFHH%EBICAN ES3THE X

A SCEE LT R 45 5 31 B BV (clustering-based signal packing, fii #X CSP) L35 P AN <5l 20 IR

(1) 5 1Ep B

T {8 W AR 5 AR AT 4358, 5 4 3ol e ORI 1K RS 5 K /NI T e A5 5 SR ARR N 145 5 23R4T HE
Mg 54 S AR AR 2 MG 5 75:{S1,5 .. .Sk .Sy} LN Forx S WA S 5 5 A5 Hb M <MT 5
THE GIE S P IIPIANE T 5, 1 5:41,8C<SCry

(2) A RAFT b B

oz PR AR /N T T (R0 I3 A KT 85 A5 5 SR IEAT T 6. 08 7 S 5 ) 26 10 S pI Ak, 46 3 R 3T AL B
PR S i ORI A T L2 4T A5 B0 3 R e i) A7 38 T B A S A N B AT SRS BE R SR A i B e A
TR bR, A SRS T B AN 2 I A TE VP FR AR R R ELAT S R R S I 9 AT R AR T
R AR S SR A5 5 AT A I R rh ) AS TR 4T 6, 5 38 6] Y. 147 o R T 2R JEAT o2 == 9 AT

R CAN s, B 09 £ 48 p; LL719 hy ST (H 2 3T 6L J5 759 31 (10 S5 B R /I DL LG S 7. e A 3R (S) mT 4,
p; T AL A5 5 I /N 2 Rk 8 b 5 45 1. DALkt 6 05 5 19 47 28 A7 A 70 1) 2 PRI 5 T SR % s R AS
ke ) PGSt 7 [ 7 5 o A TR 2

EX 1(FHRMIAHE T byte_level bandwidth slack, 7 BLBS). CAN i & i) SZFr 77 2% o 77 78 7 =5 IR B
B SN T AR N AT B

TR m; A E 1) BLBS, /Nl 3% i dn ~ A U7 o8

BLBS=8p~MC; (10)

CAN W BT SV 1 05 K 57 32 8bytes, (HUR AR FT ALK I A& by, OV W B 09 52 s 518 T g /N T 8bytes. BRI, 7
ELA T S A 38 A TE S B G I 2 PR AT

TEX 2(F B KB R 45 35 payload_level bandwidth slack, &%} PLBS). CAN W & foVF 15 K 1 8% h 774
(R A oy TP 228 PRI 5274, 58 S B 8 2 1) o TR A

T L my TP PLBS, 1 /N A 4% i R A AT U

PLBS~(8-p;)x8 (11)

MR HEAS CLAT 1 S 0 40 155 D 2 P 2 9T 7 i SR I SE B K/ A 1 bits, BT p=2. 32630 JE T B 55 IR 9 A U7 THI

1) 25 PR A s PR 23 3ol Ky

BLBS=5bits,PLBS=48bits.
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Fig.2 An example to explain signal packing’s result

K2 55T aa v 4

PRI A R b, — 07 TN 2 B /M © AT W R B BLBS (R1K /I, LA A A 58 AROR 3 53— T 1, 24 1T

o SR AT EL B CAT T B 2 AP b A 2390 S 2 B TR A 5 S8 I 1 9 A P 23 ST AR b i AR, AR ST
SR RS AT AL CSP i H kA

Bk 1 LT RRRIN CAN 5 59T W HA D AU,

Input: signal set S;

Output: message set M.

A A T o B e

NN N N N N N — o ek e e e e e e e
S U E BN =S ® N YA w b=

Divide S into clusters of signals with equal period: S={S,S,...,8...,Sy} /M5 TEI% H YK NIEAT 5%
Sort signal clusters and signals with increasing period and size /{5 5 &M {E T KNHF
for signal cluster Sy in S do

if k==1 then //0} i i /N A5 5 AR AT EL B 4T B0, 90 20 M1 26 R 199 5 1) BLBS A1 PLBS

Pack the whole S; into null messages and add those messages into M
Update BLBS and PLBS of the obtained messages

else //F H AT 5 7%, 7 20 AT 2 A CATIH Re 2 2 R 2+

Pack signals of S, into BLBS of existing messages in M and update the corresponding BLBS
Update S by deleting the already packed signals
while (S;=NULL) do
if sum(PLBS)) of m; in M=sum(MC,) of 5;in S, then //C AT K1) PLBS /£W 749N S,
Apply Bandwidth_Utilization_Analysis(M) /71 % K FH 53 Hr
if insert S into null messages is better then /4 A\ 25 5L 45 % J7 TH 56 =144
Create a null message m; and pack signals of S into it
Add m; to M and update its BLBS; and PLBS;
Update S; by deleting the already packed signals
else //i N CLA W JEL 1T 0 U7 THD B e 80
Pack the whole S; into existing messages of M and update their BLBS and PLBS
Break;
end if
else /AR PLBS Z G S, 5 e T S H I 6 5
Construct a null message m; and pack signals of Sy into m;
Add m, into M and update its BLBS, and PLBS,
Update S; by deleting the already packed signals
end if

end while



WE F—AEATERRIREYER CANE ST A% 2371

27.  endif

28. end for

29. if Schedulability Analysis(M)==TRUE do /4> ¥ M F AT BEME, 20 5 M vl i

30. return M;

31.else /M AW R Bk 416007 SEHEAT R4

32.  Packing Result Modify(M);

33.  return M;

34. end if

CSP S5 B 56 # W P /N 5 4 S BEAT 20, A S0 KN AHAE R 455 23 B TR — MR 147). 485,700 3%
RN AN 5 KNI TH P A 5 AR WA 5 AT HE R G 2 A7) 358 KOO0 M8 5 R AT 3T R AL 2
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4 4T~ 6 A7), 15 W, 7 AR A 58 ARG DU S 2 TR 2 CATIH B2 2 B2 AT A (G 7 47~5 28
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Tl 4 0 HADAE A7 AP A AT B A 4T 0007 2, LR ARATT 4T @ B A R 2 th e B B R P T S0
(s 58 M AR T RECR 12 A7) 30 R Bk

B S PRIRAE S5 RN HR SMS, W T C AT QA3 B R AN {my}my 0 (9 SEBR 51800k
AP, H. PLBS; KT SM. 2538 S TR B my W I8 %77 G051l S8 RT3 Uy al 2 SN 2)RE 4T oH 5

_ (55+10x (AP, +SM})) x 1),

12
i T (12)

I S AT BN %5 S N A AR Uy nTHE R A K A3) AT 5
U :(55+10><AP].)><1,,,,+(55+10xSMk)xrbi, (13)

2 T/ Tk

T F O3 AT, T A 5 R 5 BN (K 5 AR O B AT T S AL AR 2 AT AR TP AR E S
ANEA W, BARATE A& B PLBS KT SM(SAFAEZ M LA B & 1 PLBS Z FK T SMi) I fig AL 75
e P S0 e DR TR JEL (R B 2 5 ) BEAT 43 AT BRI AT A% 4508 PR E ) AL s 1

TEIE 1. (EXME T S AT FT AL BT I, G R R I A7 AE 2 A AT T B PLBS W9 Sp, {5 3 S S 4 A\
I KR AT W R 2 2 0 JRBEAT 43 BT B RT I 55 7 X0 S e 70 470 N A ) 0 8 /N £ A7 3 B B AT 40 7

T BB T AR S B IE 5 RN ZHI SMim; D ©AT I R b i g R AR Sy 1) S B 57 880k 4P,
H. PLBS;=SM(AP; F SM; i) 547 byte) AEXS Sy A 75 4102 my 2 T BEAT 20 M7 B A, 75 00 S AT B H my 2 7p
FS AT QBN G my PR T5 S0 I R 56 ) P A2 R4 068 B 20 A, AT S 0T 3 W — o 77 S S AR b 3R Py A
T3 FERT IR 56 R FH 0] 43 i 4 B8 K (14) A2 (15 REAT T 5

(55+10x (AP, + SM,)) x 7,
. 7
55+10x AP, 55+10xSM,

2 :[ T + T, Jxrbit

J

(14)

1

(15)

W U=Uy>0,J5 — Fh 7 SR U1 U -Up<0, T Fi 7 AL IR U-Uy=0, 1 Fh 7 A5 .U -U, (8
AL A AT S
v v, :[55+10x(APj +SM,) _[55+10xAPj | 55+10x5M, ]Jx ’
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WL BRI T RIS L5 S, KRR R, U -Uy 215/ O(BD K S 4T A3 my 2 ) BT my 14 9 T3,
H U=Us (KNG Ty e VG DR 7 X6 Sy (0T VA J A7 40 A 1R IR, S35 % S, S 75 REFT A 31 “PLBS K/MNBEF
40 S, H A5 K A 23T AT BIATL B BEi) U =U, A I8 AT e 2 /N T 0 B4, A 75 T S
FE AT e FT W B HALPLBS K/NGEZEAN S) AH R A S /N[ 47 9 B3 AT 40 4T O

HEIR 1. X Sy (4T VA B BEAT 20 BT IR IR, 1 AN ELAT T 1 PLBS NREZS 4N S, 10 ¥ i B4 35 145 5 1%
O B 2 AN CAT I 82 P 10 s A AR5 4% FEUR I KN B PP IR U i 6 <“PLBS. K/NZ FRIGFREZR 4N S, 2 A AT
TR AL A, I AR B 1) 58 R Z AT 4 AT B ) i AN 75 2 oAb <PLBS K/hZRIBERS S, MEAHEA
B AT AT

RS 1 RS AR S B 1 LA SR S AN TR

WK S FTALE) A 2 TP A, 4% 8 Next-Fit-Decreasing SEM&¥r S, K115 5K R FT A H 250 B2 th
CF 13 4T~58 16 47). HHT-1H 200 57 8 A PR, 2 SR 24 i 23 R U S, i M AT 155, I8 4 46 82~ — 46 While 1
X TR 1) S, FT ALV B HEAT 4k 4 o BT ks S, 4T A B B 1 B 2 A AL, 4 B Next-Fit-Decreasing 5
WKt Sy rh A AR A S AR U N E AT T R P ARG 45 O R I While FEFRCE 17 17~ 19 4T).

MO R PLBS KNI R A 5 15 S I %, 3% ] Next-Fit-Decreasing S04 S H IKHE 405 S 4d A
I R AR 4R T 4 While EER 0 S, B R A5 5 14T JE AT 2 BT G 21 47~38 25 47). e AT
IR 25 38 S OGS B BLBS 1 PLBS, LA N — 25 100 T AEAS 5 SE 4T A 45 5, R SCHR[18]Hh 45 i i1
SR S M P B AT R BE AT R 29 AT): W S MR AT I Y AT VA B ELRER R M AR CSP A
PRI GE FE R 30 A7) 75 ), AT T AL S M JEAT AR I P8 5 0 AN ] 1 B (V0 R AT R o 1L AT R T
VAR IR [RME U T SR T BRI 45 G 32 4T 4 33 47).

CSP Sk EEAFE AW B:(1) {55 70 AHE T M BB BRI R S 2% 0 O(nlogon);(2) 155 7541
B B, i B B IR I 1) A2 2% B ER IR T for 3K, while fE3R LA K while 75¥F b {5 546\ 47 1 B3R 1E 5 1,
FLI ) AR FE N O(n®). IR Ik, CSP 513 SR I ) B 24l O(nlogon+n?).

4 EWAH

T 8AIE CSP SVE A MME, AR 34y AE CAN F R0 & W ALA5 5 8 I3ERE 2 B 5 SCRR[7](Sak 51%)
SCHR[8](Pol B3E) A SCHR[11](Urul 538 48 H I SVEREAT T % e 0 i, e h — M5 5 AR A AV E 8 5 T 1L
FLSEAF TR 2, 5 — A5 5 42 W32 HEAE 5 00 TR S R K /N 38 20 43 A )R R BRAL A= i A 0 S 56 5 SR I 1 4%
P A SCRCE RS 5 R P S G 50 AME 5 & A G0 45 RGN Bk 50 M5 SRR LI &5 Rk )
BB AR BAESET IS AEH 40 AN ETH 03 240 A, X N1 9 4477 56 R 2 B 25% 3% 38158 0 2182
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Table 2 Signal period’s distribution characteristics for the first group of signal sets (ms)
F2 A1 AGESEDE DR (ms)
i 5 A 5 10 20 50 100 1000
ST i EE 41 (%) 16 4 2 58 10 10
Table 3 Signal size’s distribution characteristics for the first group of signal sets (bit)
F3 W1 AGETEPE TR (bit)
{55 K 1 2 3 4 5 6 7 8 10 12 16 20 24 32

Jt 7 LA (%) 4 6 7 12 24 6 6 3 4 6 9 6 4 3
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Fig.3 Optimization ratio of CSP based on the first group of signal sets
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Fig.4 Optimization ratio of CSP based on the second group of signal sets
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Fig.5 CAN signal's WCRT and Deadline after packing and schedulability analysis
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