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Abstract

Much of the previous research has focused on reducing boarding times. This is
because the boarding strategies currently used in many airports have been shown
to be inefficient. For example, back-to-front boarding strategies, which are often
used as boarding strategies, are inefficient, and in some cases, random passenger
boarding strategies are more efficient.

Therefore, although various studies have been conducted on efficient boarding
strategies for aircraft, such proposed boarding strategies are rarely used in airports.
Thus, the fact that efficient boarding strategies are proposed but rarely used in
practice is problematic.

In order to ensure that boarding strategies proposed in various studies are ac-
tually utilized at airports, I thought it would be necessary to compare boarding
strategies. In addition, many conventional studies compare boarding strategies in
terms of efficiency. However, if a boarding strategy is only efficient, but places
a heavy burden on passengers, there is a possibility that airports that use that
boarding strategy will be avoided in the long run.

Therefore, it is necessary to make comparisons not only in terms of efficiency,
but also in terms of the burden placed on passengers.

The load on passengers for each boarding strategy is measured by simulating
the boarding process.

In addition, although most of the previous studies on boarding strategies have
focused on aircraft with a single entrance, there are currently aircraft with not
only a single entrance but also two entrances. Therefore, a boarding simulation
using an aircraft with two entrances was conducted.

The simulation and the measured stress values of passengers revealed aspects
that could not be seen only from the aspect of high efficiency. For example, the
strategy that was considered the most efficient had the highest mean and median
stress values, while the strategy that was not inefficient but was less efficient than
the most efficient strategy had the lowest mean and median stress values.
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1.1 B=

2SN\ ORI Z FAA S 2 2 & 2 B & U724t D5 Mg 12 B 3 2 fiff
ZEI WL O dH B, FlZIX, Milne and Kelly(2014)[8] I& R D) D & % i 2k
EIRTHFICR 2 XS ICHBL T 2 X 5 hFELIEIEL, Shengjie et al.(2014)[11]
BREDFEVIORIZE o TREZAE L, WYIDZNVREDI BRI Y L FELTR
IBLTW5. 7z, Steffen(2008)[14] 13 D IME DO R WIERIEIEZHEIBEL TV 5.
X 51T Steffen and Hotchkiss(2012)[15] 1%, # Z THEME L EDOEIEFERIT-> T
W5, MZEHEANOBRRENE, b 2RO T3 RHCRED 25 %
HATHD., ZOBERMZEMRT 2 21X o T, BEIBINC D 5 TR
MZzEoTIeNTEL L L HIT, AT IMRITROMEIEZ 5 Z & Tz
ZHOFRRICD OB D . UL, BHES bt Tw 3 AR IR D
DB HDTHD. DI L oMZEEANDORERER I Z FEHE 3 2 BRI
BHFEEZ {IThbIh T\ 5.

295 L THRB SN HIII IS  OZHE T XN TV B HBEIIE X D B4
REFREBRILLDTEZ D00, HPICETHHAIATHSE
FA. RSO REIE 2 ZE S 2D a R M REIg 2 288 L
72l I L BEEANDEBEEEZ 712D TR RVWHIEEZS. 2070, ZEHEMH
DI IR FE TG 2 AT 5 72D 12iE, BB R DSREFINICRIR P RV & 72
JIWCEHZ T 2DTRERL, REPBRIT LT TRELLAMIOVTHEHZ L
THEEREIE O ZITS Z L BRELEEZ 5.



1.2 ERAZE

MERDWIFLIIFE R 2 < T 2 B RIBIB2IZET 2D D% H 5. HIZ,
Steffen(2008)[14] 1ZFEME U 7z 153 EME I outin /7305 random TR K D & 2 5D
RTHEFET LDV ARETH S L/RLTWVWS. X 51T, Milne and Kelly(2014)[8]
X steffen 777 %E S L IZHT L WERES 2 42IE L, Steffen TIRED S 1.1% ~ 3.0% £ T
BREHPEZE NI RLTWS. fIZH Menkes et al.(2005)[18] &, reverse-
pyramid 730 & WS BRIE 23R L, &K 39% e ZHIT TZ 52 LTW5.
Shengjie et al.(2014)[11] 1, Steffen 73X & RE DR 2 A G D 728 L W ER
HEEZIEIEL, AT —F— b by ZHAVTY I 2l =2 a v 2fToTW5. £
DFER, BEFFEIREDH DT, EBWIGATDH Steffen A 26.61 TH D, 1%
IBLTVAHIEA25.62 L o TWd. Fiz, RWGELHBEOHETHD LIER
R Z BT 2 22 TETVS. 2O X1, #RMRERIISIIRIBE AT
W5, %7z, Zeineddine(2017)[20] X, RMEAVRIERZ T TR, KIEPRANRE
DI N—TTREREITA D HEFEIEZIZIE L, steffen HRUTIH VR THERE LT
ZBERLTWVWD.

I THhN TV RIS WL D2 dH 5. Schult(2018a)[12] IEFEERD 7 — & % v
TREDETMEEITH>TWAS. F72, Schult(2018b)[13] IIFRALTE A DHERIIHTLL
BERET A ZMHL, W OO R 21T TV, fiZd, Landeghem
and Beuselinck(2002)[19] 13> 2 2 L= a Y 21TV, FRZHWTW L D205k
W 72 Lt LRI O JMi T 2 2 RMIZ/R L TW 3. & 512 Tang(2012)[16] &
REDENFHEEE R LIS RSN BIER L, #7725 RERAS 2218 L
TW3. FEICTEHZ L TWAHFLE LTI, Baek et al.(2013)[4] 3% D ZEE)
DIERIZED X5 3B RIETONERLTVS.

ZD &SI, FEERER RIS 28 LS RIIE OIRIBZAT 5 ISE o8 - 72 €
TV W TIERR R O LR 217 5 e iThbhTwn 5.



1.3 BM

AHREDOHINX, BEREBIEERBEAOEARM WS IEEEHWTEHMES 2 Z &
Th?. ZhFETOBRFRRIKISERRENEHZ L CHBERIfTOATHS. L
L, BREEGEBERFEEPELSRS Z2IERDTVWE 0D, FRHCARSDRWE
I D RO TVWEDTIERWLEEZ S, Z0D-DETEME DI READ
BRE WS IEEEINZ 3 Z I & - T, BERNEIFE VI TRFEEANAEE
5 Z 12 WIEREIR 2 R T



1.4 FRM

AHFLIREANDOEFNCHER LA Z1TS Z 2 ICHMENH 2 &2 5. 7
e T, BERREICOATFHEZ L TWAIMENZIEAETHS. ZIUIFEER
Mz 322 T, RonkRKHOFTIHETHZ  OfMZERZRIXT DI
BRHERZETHS. £-F5T 22 L THESHORREHERS T Z LRELZD
FRER R DRI D DR D KERFRELD 5.

¥ 7o, RIS Z L TO RIS WL 202 H 5. 121, Cimler et al.(2012)[5]
AN DB RBIE DI TS T —Y 2 ¥ P R—ZAETARERLTNVWS D
DD, RFIDEHEEIToTWVWARE LTIXEREMTHS. £/, Audenaert et
al.(2009)[2] BV ALF T -V 2V PEHVWEY I 2L =Y a Y ETV, EEEREO
BN MMEREERNTNVS. X512 Camelia(2018)[6] d =—F = ¥ P R—ZD
YIal—YarETOWEBREEKOLKZIToT0w52500, HFHLTWSAIX
BROMB LR TH 5.

ZD KD I CIIE R OMMICHFEEIEE 2 Z I3RS TE 5D
DD, REPIBRERT AT T Z2ARCOVTHITEHTAINENDH L EZS. &
IS DTS, A& T46ES DI Z < 12 5 R ENCKR 2 00 D /i) %
JEOLLS R 2D H 21T TH 3. ZDDEEADEM L WS FEIEE FW
TR %2 AT 5.
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2.1 MZERCEERSE

KL THOVAZEHIEIK 2.1 D L5 BBDTH 3. —Fl6 N, 20FDEFT 120
ANFED OffiZEEHHT 5. £/, EBEIETa /) I - I7RAPLIRRT TR
D &I BREFINIIR L, TRTOPEFICREDES. Z LT, EARICRERRIIRSE
DI B RS DU i 2 B 212k b, Lo LINEWOBE %282 TR
FELZLIITET, RENMEMOEGEIIIMOT| O INEMIC Y % E = 1217 <
TG, BEIMYEEL DIZrr2REE LT, 0~ 100 F TORTE T~
RXLZEID B ToNE., GEIEZOBFZFMYOEI L LTHHHLTWVWAS.

F7z, [EROMKR T, MIEEANDADOE—D LTHEELZDDIZ V. L
ML, EBIWEAD OPZOFET 2MEHIFEHINATHS. 20D ADO
M DTFET B2 O NWTEZ ZREDNDH 5.

ZEBANDAD AR OHBZ2I1I2L>T, ADABR—2DEGELZELT %5
BN Od 5. £35, ADAX—DODOMEEDOLEX, K221Hb X512, &
LYPBEDOAD O 56 —/78TT, RNAFIEEIT 2 Z 23R EEVPHIEST
PEREETREIL TWL. Mz &ezb, @RMORENBMORERLENENS X
I —EMIRICHTEZD T2 K5k, TEDEBFICHE %z LTt
DRENZDRERELZBL TV ZERTERWY. %D, FOENIEF->TL
Eo58, FeEDRIEF-oTLED ZICRDE. 2D X5 BREFENTIHORED D
5. F7=, 195|HDEENH G DPERFIRES 7=DIIFNA T, 2051585
BREHTL 5.

—HANABZOD 2MEROHEITIX, K231XHb L5112, ALYIDADO
MOH3. AABROHBIIZXo>T, BEBNELRRERIZI,105HDOERE
TH OB 2 IEHED 10 FEEICH D AR —2DFE XD L 2 3.
F7z, AFDGED REDPNE L HEREFA LB TIVES BDEIEEND. 5
WADAB—D0DMZEROGE R UL, REDVPEFICERZ 3 2%HE LTW»
2HEE, ZOREVPERFETHETEZDOHEBT Z LITTERL.

ZDEIIZ, ADODOEBMPELZGEIEBRLZ2FEPHTL 2729, AbO
M—DDIZERD A 5F, AD OB ODIZEHICOVWTHEZZNEND S.

F 72, RN THEBICHOW O N BRI N O d D, ZOHEFEHEE
AL TW(.

3 1 DHIE, back-to-front FIRTH 2. ZDEEIKIIH 2.4 ITRSNLTVWS.
Ki2H 2 HEZEIHE > T EFEDNEFZFDFHITH 2. Z DI TIIRADFICE
BT AREDPOBRERIETVWEIETH 2. BREDEEIHIODL DT WVWHDT
» %7, Bachmat and Elkin(2008)[3] i& back-to-front /77 i& random & D b
20% DL ERWHEREZH T Z 2 IETE RV EIRIBLTW2D, Jachn(2015)[7] IXFEE
DEFET 5 ETITh > BRHNZ <, random AR K D BRRID 2> T L % 58K
%72 IBRTW/= DT 5.

2 DO H DI, back-to-front 774 LF % Nl 2 7=z back-to-front-outin 777 &



WOHBIETH 2. Z DEERKIE back-to-front T2 & FIRIKIA DR A ICEFEE T 5
REDPOLHE TV, ZOHTHEMDFERZELINTEH LTV L &S HREE
ThH3. BRI, K250 KD RIEFRTRERENEEL TWL.

3 ORI outin AR TH 3. Z DEREEIX back-to-front-outin 77D & 512, ZEHl
DFEICE D RENHERIFT TN EWH FIETH S, 7272 back-to-front-outin /7
AEWEEZD, BT LUOBBRARDRAICE R Z T 2 R/ED HHAE TV I TIER
V. X 2.6 1IXBEIBEO—FITH 5.

4 DHIE groupd HTREWVWHI D TH 3. ZOHFAUFX0~ 19 T THB5% 4 7%
L, BRIETWHEIKETHZ. BIRFNTIX 15 ~ 19522 R-E, 10 ~ 16 51
PEDRE, 5~ 11FNCPERTE, 0~ 6FICELZFEDIEFTRERE L FE TS
S TH B, K2.71—FlEZRLTWS.

5 2HE random FXNTH 5. 28F—fFlTchHh, ZOHFNIIEIEAIIEREE
BRERIFETHVL EWIIETH 5. Jaehn(2015)[7] & Z D#EMZIX back-to-front /5
A& D BRI ZREIXENE LTWA.

6 2 HiZ reverse-pyramid X T&H D, Menkes et al.(2005)[18] 23FE/ L T 5§k
T3, ZOWIKIIBEBOREZELEMBRIETHLID, IRTOEERED
RELTRELDTIIRL, DIEEOHNETHERIEE, TALIEOREDR
KPR d R, BBEORENT TIHEE - TV A5 DHIoEEREICE 3 fE
HEBE TV 2V ISR TWIEIETH 2. BRINCIX, K2912H 3
EOWBERERESETNL.

7T OHE steffen TR TH 2. Z DHIIEIZ Steffen(2008)[14] 1 &k o TIRIES N7
IR TH 2. REBRIBERIEEZ 7L T) XL EoTHELEL, W O EBEIED
BleRLELTWS, ZOHNER2.10IRLTH B, T OISR ORI
F—HFROWIBRKIE /S SR TWn 5.

8 DOHIE n-car FIXTH 3. ZDT EJFE (2021)[17] 23EME L 7-¥H&ETH 5.
AL REOTFTHEIL, TDNEIL N HEDERED B % FEZTED AN
FETWL., 20X, FEDEZEI DB TEI e TES%D, HIEEFE
MR D 2. FEs57EL, REILEY 7ICEHEDREND 2 RE 2 4% &
TWL GEOEBEIEO—HIZX 2.11 1TRT.



X 2.1: fiZER% D 2R I5

2.3: AODB DDz

X 2.2: ADS—D D 2Lk



[124 [ 135 [ 216 | [ 127 [ 118 | 119 | [ 38 [ 78 18| [129] 79 [ 39 ]
[108 [ 100 [110 | [11a | 112 ] 113] [36 [ 76 J116 | [117 ]| 77 [ 37 |
[102 [ 103 [ 104 | [ 105 [ 106 | 107 | [3a [ 74 Jua | [15] 75 [ 35 ]
[ 96 [ o7 [ 98 ] [ 99 [ 100 | 101 | [ 32 [ 72 J12 | [13] 73 [ 33 ]
[0 [ o1 [ o2 ] [93] 94 ] o5 ] [30 [ 720 Jao ] [a1 ]| 71 [ 31 |
[8a [ 85 [ 8 | [ 87 [ 88 | 89 | [[28 [ 68 [108 | [109] 69 [ 29 ]
[ 78 [ 79 [ a0 | [ 8 [ 82 | 83 | [ 26 [ 66 [ 106 | [107 ] 67 [ 27 ]
[72 [ B[] [ ]7m ] 77] [[24 [ 64 Ja0a ] [a05] 65 [ 25 |
[e6 [ 67 [ 68 | [0 [ 70 [ 71 | [22 [ 62 J102| [103] 63 [ 23 ]
[60 [ 61 [ 62 ] [ 63 [ 62 | 65 | [ 20 [ 60 J200 | [1201] 61 [ 21 ]
[54 [ 55 [ s6 | [ 57 ] s8] 59 ] [18 [ 58 [ 98 ] [ 99 |59 [ 19 ]
[48 [ 49 [ s0 ] [ 51 ] 552 ] s3] [[16 [ 56 [ 96 | [97 [ 57 [ 17 ]
[[a2 [ 43 [ aa | [ a5 [ a6 | a7 | [ 14 [ 5a [ oa | [ o5 [ 55 [ 15 ]
[36 [ 37 [ 38 ] [20] 4] an] [12 [ 52 o2 ] [9]|53 ] 13]
[30 [ 31 [32] [ 33 ]3] 3 | [10 [ 50 Joo | [o1]51 [ 11]
[24 [ 25 [ 26 | [ 27 [ 28 | 20 | [ 8 [ 48 [ 88 | [8 [ a0 [ o]
[18 [ 19 [20 ] [ 21 ] 22] 23] [ 6 [ 26 [ 86 | [8 | a7 ] 7|
[12 J13 [ ] [ 5] 16 [ 17 ] [ [ 2a [8a | [ [a [ 5]
[ 6 [ 7 [ 8] [ o [ [ 11] [ 2 [ 22 [8 | [8]a] 3]
[o [ 2+ [ 2] [3]a]5s] [0 [ a0 [8 | [8&]|axn]1]

X 2.4: back-to-front /7 X DIEHE/IE X 2.5: back-to-front-outin /5 D& HE/IE

[ o [ 40 [ 80 ] [200] 60 [ 20 | [90 [ o1 [ o2 | [93 ] oa [ o5]
[1 [ a1 [81 ] [a2] 61 ] 21] [96 [ 97 [ 98 | [ 99 [ 100 [ 101 |
[ 2 [ 42 [8 ] [w02]6 | 22] [102 [ 103 [ 108 | [ 105 [ 106 [ 107 ]
[ 3 [ 43 [ 83 ] [203] 63 | 23] [108 [ 100 [ 120 |  [221 [ 112 [ 113 ]
[ 4 [ a4 [8a ] [104] 64 | 24 ] [124 [ 115 116 | [ 117 | 118 [ 119 |
[5 [ 45 [ 8 | [105] 65 | 25 | [ 60 [ 61 [ 62 | [ 63 ] 68 [ 65 ]
[ 6 [ 46 [ 86 | [206[ 66 | 26 | [ 66 [ 67 [ 68 | [0 [ 70 [ 71 ]
[ 7 [ a7 [ 87 ] [207] 7 | 27] [2 [ B ]| [ ]| ] 1]
[ 8 [ 48 [ 88 | [108] 68 | 28 | [78 [ 79 [ 80 | [ 8 [ 8 [ 83 ]
[ o [ 49 [ 89 ] [209] 69 [ 20 | [ 84 [ 85 [ 86 | [ 87 | 88 [ 89 ]
[0 [ 50 oo | [10] 70 | 30 ] [30 [ 30 [ 32 ] [33]3 [ 3 |
[12 [ 51 o1 ] [m1] 71 [ 31 ] [36 [ 37 [ 38| [39]a [ 4]
[12 [ 52 [ o2 ] [12] 72 ] 32| [42 [ a3 [ aa | [ a5 | a6 [ a7 ]
[13 [ 53 [ o3| [u3] 73] 33] [[48 [ 49 [ 50 | [51]552 [ s3]
[[14 [ 54 [ oa | [114] 7a | 33 | [ 54 [ 55 [ 56 | [ 57 ] s8 [ 59 ]
[[15 [ 55 [ o5 | [1s5 [ 75 | 35 | [o ] 2] 2] [3]a]5s]
[16 [ 56 [ 96 | [16] 76 | 36 | [e [ 7 ] 8] [ o ]w]n]
[17 [ 57 [ o7 ] [wr ] 77 ] 37 ] [12 ] 13 ]| [15]1 [17]
[ 18 [ 58 [ 8 | [18 ][ 78 | 38 | [[18 [ 19 [ 20 | [ 22 ] 22 [ 23]
[[19 [ 59 [ o9 | [ue] 79 ] 39 ] [24 [ 25 [ 26 | [ 27 | 28 [ 29 |

2.6: outin /7 NDIEFENH 2.7: group4 7 NOIEFENHE

10



53 91 17 31. 94 95 | 46 75 107 119 79 51
75 97 98 55 0 101 | 45 74 106 118 78 50
102 103 14 105 10 107 | 44 73 105 117 77 49
108 21 69 63 112 49 43 72 104 116 76 48
114 46 116 117 118 36 42 61 103 115 71 47
12 27 62 111 64 65 26 60 102 114 70 29
66 5 68 110 70 71 25 59 101 113 69 28
42 33 74 96 76 72 24 58 100 112 68 27
88 41 80 7 82 51 11 57 99 111 67 23
84 59 86 87 78 89 10 56 98 110 66 22

=
Q
o
o]
5]
]
g

[31 [ o]

[55 [ o]

(205 [ 10 ]

[63 [112] a9 |
[117 [ 118 [ 36 |
([ o4 65 |
(10707 |
[96 [ 76 [ 72 |
[ 7 [ 8 [ ]
[ 87 [ 78 [ 80 |
[73 [ 34 [ 2a |
[ 39 [ 40 [ 79 |
[as [115 ] a7 |
[8 ][5 [ % |
[ 57 [ 58 [ a5 |
[3 [ a6 ]
[ 9 J106[ u |
[15 [ 16 [ 92 |
(109 [ 22 [ a3 |
[o1 28 [ 1 |

119 37 38 39 40 8 54 96 108 64 20
77 23 44 45 115 a7 7 53 87 95 63 19
48 113 50 83 52 90 6 52 86 94 62 18
54 99 56 57 58 85 5 35 85 93 41 17
100 29 2 3 4 67 4 34 84 92 40 16

6 81 8 9 106 11 3 33 83 91 39 15
60 13 104 15 16 92 2 32 82 90 38 14
18 19 20 109 22 43 1 31 81 89 37 13
35 25 26 61 28 1 0 30 80 88 36 12

2.8: random /7 XN D5 EJIH 2.9: reverse-pyramid 77 X DFEHE/IH

[39 [ (1] [109] 65 | 2 | [39 [ 79 [ 119] [118 ] 78 | 38 |
[19 [0 [0 | [ [a0 ] 5 | [ 29 [ 69 [ 209 | [108 [ 68 | 28 |
[3 [ 78 [118] [108 [ 68 | 28 | (19 [ 59 [ 99 ] [o8 [ s8] 18]
[18 [ 58 [ a8 | [8 |8 [ s | (o [a[e ] [ss[4]s ]
[37 [ 77 Jar ] [ao7 [ 67 | 27 | (37 [ 77 Jar | [u6] 76 [ 36 |
[ [s7 Jor ] [s]a ] 7] [ 27 [ e7 [107 ] [106 ] 66 [ 26 ]
[ 36 [ 76 116 | [106 ] 66 [ 26 ] [17 [s7 [o7] [o6[s6]16]
[16 [ 56 [ 96 | [8 | 46 [ 6 | [ 7 [47 [ e ] [86 [ 46 [ 6 |
[35 [ 75 115 | [105] 65 [ 25 ] [3s [ 75 [us | [1a]7a [ 3a]
[[15 [ 55 [ o5 | [8 [ a5 [ 5 ] (25 [ 65 [205 | [108] 64 [ 24 |
[30 [ 74 | 114 | [104 [ 64 [ 24 | [ 15 [ 55 [ 95 ] [ 9a [ sa | 14 |
[14 [ 54 [ oa | [ 8 [as [ a ] [ s [as [ 8 | [ 8 [4a ] a |
[ 33 [ 73 [ 13| [103 [ 63 | 23 | L33 [ 73 [13] [112 [ 72 | 32 |
[3 ]3] [&]8]3] [ 23 [ 63 [ 103 ] [102 ] 62 | 22 |
[32 [ 72 Juuz ] [a02 ] &2 | 22 | [13 [ 53 [ o3 | [ 92 | 52 [ 12 |
[12 [ 52 o2 ] [s]2]2] [3[a[e] [&[a]2]
[t [ 7n Jar | [a01] 61 [ 21 | [38 [ 71 11 ] [20] 70 | 30 ]
[11 [t Jon ] [81 [ a ] 1 | [21 [ 61 [201 | [100] 60 [ 20 |
[0 [ [io] [m]e ] [ [si (o] [s0]5s0[10]
[0 [0 Joo ] [8 [a] o] [[1 [ 41 [ 8] [80 [4 | o]

2.10: steffen 77D IEENE 2.11: n-card X 2 FROEFE)E

11



2.2 EEXETI

REETVIZOVWTHAZITS. EITRFEIZNENHEOEFE 2R > TW\a5.
ZDREEIFNBES LITHSEHVWTRLTWS. flziX, BEAOHEDRERIZ
105, 3fTHE WS XHICERLTW3. £/, FBREIMYE ZNZNHE>TWVWT
BB K> T2 DR OBREBEZIRET 5.

NSRBI EEDRER N5 5| TRENZ1TS. ZOBEDIE, BEEDY]
WIREDPVRWGEIZIETCIBHZ T 52208 TES. LarLl, BEPVY
BRI ZDREDER =T 20, ROFINBEIZ L TWRLRLBRWVIEDBHT
5ZEMTERV. £z, FROBHIEDRNAMTH > 7581 TIES Z
EMTED.

BEZTWHEL T2BEDOH BN D BV, MYEHES 2 WS1T
e 5. MeHELs e LEGAI, BICERESINEIIIOBRRE XD B,
REDRYDERDIZ D DRKZD o 1HEWITRZIIMMDIIAREE L, BEIED
DU Z TGN S 5. i) % #8722 ICE O HEEDSINBE T 5.

HIEDHIANEE LAY 2 BRI, BREEEFELZT 5. ZOFNEITEED
EBRLTORPSERETCRER 2T 0gEThb. LrL, BFE
ZLESELTWVWEERID D X DERHOFICT TIIREDERFL TWBEIHEE
WIEFEEZANEZ 2REDDD, Fe ANBZTRICERT 5.

12



2.3 PZal—IaYvRRCEERE

ZHE I 2l —a il Renew[l] 2 W B DEHVS. Renew & 13 Petri net[10][9]
IS I2al—ar®2i75Y 7 027 ThHb.

CODPetrinet I 5093 are L —AD DBV TH AR DERFT
LZEMNTES. K21212HB L5112, PIrPyare L —AXKRHTOR
BoTWd., b7 rIa3@fET 2RI, Mooy a YA REIZE
DT L —=ZADHIZ b =7 U3 TR sRL, K213D0k51, vFrYya
UHEWELRICE T O a v TV RHIOODWE L —RIZ =T >
M—oBMEhsb.

I/, BEOTL AR 700 a VAo TWERIRIEE, PSP ya
UHEMET 2720121%, TRTDOSL—RIZ b —27 UB—2l E L Tdk ok
{, FIRRIZ N >V a yOBEHERIE, HTOWRHIN ORI - TWBERD
TL =2, IRTDOTL—RZ =27 UhR—0BMENS. OEEEHEAR
WLT, BEIaL—varyZ2EHRLTVWA.

F7z, renew l3A TV 27 MEFIDR M) 2y NEFIDNTIENTES. 207k
D=7 e L THART —ZMERS ZePTE, DI/ LTERELT
T=RBERS b TEL., IHLKFEIIOVWTHRIT S Z e TE, BfE
DD 5 F THREID 2022 b Db FNICEDLELREZ2PITEEX R 2 Z 23T
x5.

FERROERY I 21— a YORRFAX 216 TH D, B (2021)[17 NOET
NER—ZL LTW5, MiZE#IER 2.1 ZE T L TWT, 617 20 FITREE D
BLEXNTED, 6{TOEAFICHEHESE> TV, 3178 3fTICnE XN T
W3, BHINCEFMYOBREDNHREINTED, ZORBZEH L TCWB3 752N
X217 Th3. K2I8WEEEETNLTHD, FEOFKS, BEL T25FKS, H
Y 3 2/7H%S, MYOEIZED. M |ENFOZRICIE, MOFERL T
E S AR RENER T 2ETORMEH 2, THOEHVWTREREDRA ML
2ZEBEFHET 2. COXIREREFioREDA VAR ABITIHERZ LY
T2l —yarvEToTWL. K216 DHIZH B pBREDA VARV A5
TW3,

N=RE LIETIADLDEERIK, BEPAS ZDTE L5, 041H
C1FIHOZ S D, BERLHTIEI N TELXIICHE->TVWEEL,
BN OREPERINTED, FORBEZBEI MY EHE S ZLIETE
3, ‘BN OFIABE L TERLBVE WS ERZID ANZHTHS.

K 2191353k 2 2L — > a Y OHFOFREDFIOMIC W B GEDH T TH 5. F
BETIVOMEEHET2 L5 FICHR> TV, BRUNCEHAD L —RIT h—
IO TVBRREREDA VAR AMA-TL B, ZDHEIFNVT L — 212l
DERIERE VA MR- TEHIL, 2 IHEEDHTH - 5E I3 mYE R
AT oo arERAKL, BRERIT NI I a vy ERKIES. 72, f#{
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VMOBEIDPIEMDBERE L D /NI WIGEIIEZRKDARETH 503, ZD5%M%
Wiz R WIGEIEFKNTE S, JOFIcEE % LRIROZE TR EZ T5 T
FoUITarvERKTSE, FREFREZRIT I IO ayOPTHEOANE R
HITH-o> T35,

X 2.20 \3|E DB DIN KB %2 T BE7TH 5. RO T L =R HBD S L —
2 FNZNBEE T 2 EEDOH L PEFEADA D O%2ET. EEDHRNT L —R L
FooPTareEBD T L —AD 3 DERDINIFEER VR NVIGEITH KT S
H DT, BHOBREOBEZRLTWSE. ARIZHEZINVDOHIPD T UITay
i, BRERTLBTNES 2L 2R LTWAEDTHS. ZDLESITLT, FBED
HIEZDFNZEEZ L TWE, ¥Ial—Yary2{ToTWwL.
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2.12: Petri net DEHE 1

Place

Transition

Place ken

2.13: Petri net OFE) X 2
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Place

Transition

2.14: Petri net O#Efj = 3

Place

Transition

2.15: Petri net D= 4

16



7585

172

PA

REJE & B E)
&

e LS
o7} tier
@ fis @ -fis
o g1t o @it
oA e
00 Qi 110
e q1i3 @ qis
0" b1kt oo
o e
o’ ¢l tior
o i oAl
o olil o dir
o4l e
o} fier
io-fis @ -4lis
o giit o gik
o~ wu.v.
o 10
0 -is @iz
)t

"
ra

s,

arah),

@98 eceasogasaratagas

o,
e

128K AR,
oy e

srariReR

G
1 o 04 Ao UMM s Dtk 104

(erem

«)}'?
‘
"

R WO

FEDOYHME

pT
:
9 Py oo - N
st

6

/

Tew
o o o

i
1 et T
-y

uxx-u-nq'\s

Tal—Tarv

2.16: &3>

17



2.17: FHEET L

getlD(id)
GOAL
row id
resetRow() row 1D
row preRow

COLUMN

+—()——co——{I] getCol(col)

row newRow Iw
changeRowinewRow) “ LUGGAGE_WEIGHT
Iw Tw
m
getWeillw) putLag()
LUGGAGE_WEIGHT?
Iwr

PASSING_TIMES

pass+1
countPassi ass
0 pass:_!.—p

pre_sir stress

@1
+1:). INTERNAL_TIME

action stress=Math log(pass) + Math log(lw+1) + Math.log(t+1)

STRESS tress ‘getStress(stress)

2.18: FEET I
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pcigetDelayTime(d
pc2:getDelayTime(deZ),
ction delay=dei+de2;

pci

pctcompletedi)

pcl  {pdelayro,lw}

gg;d delay=0 guard dela ﬁ&rFS&M
p.getWeillw);

prgetRowira); {pdelay,ro,lw}

pci {p.delay.rolw} pe2

m'putLagRopr Iw);

{p delayro Iw}

pc2.completedi)

pc2

{pdelayrolw} pc2
guard

guard delay==08&r w==0
) SW
p:getCaol{co);
pctinip);

swileaveRow3()

S
p:getCaolico);
pc2in(p);
swileaveRow3()

/

X 2.19: >3

swcanDown3();
Iglog{™aM™,p,"SW",11);
guard delay==0&ro>3

2L —a VOBREDERE

5}

pgetRow(ro);
proountPassi);
sw.golUp3iro);
lglog("4M" p,"SW" 12);
guard ro<4

?\p,de lay,ro,lw

{p,delay ro lw}
guard delay==08&ro>3

swileaveRow3();
sw:goToRowd(ro);
Ig:log[“dM",p,WA“,p@{]E

9@0-5@

p@o.s

guard delay==08&ro<4
swileaveRowd();

sw:goToRow3(ro);

{p,delay ro Iﬂw}og[ TR

pE0.5 L) p.delay,rolw]
guard ro=3 guard delay==0&ro<4
p:getRow(ro); swecanUp3();
p:countPass(); Ig-log("4M" p "SW" 11 );
sw.goDown3(ro);
Iglog(™aM",p,"SW" 12);
X 2.20: ¥ 3 2L —3 a yOBEREOBETE D
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2.4 FHEIEIE

2LV RADEERZFETZEROFHERE, ve—N—" 72 F—DFEHIESE
WLz, 2O z—N—-7xbF—0DKHNE, ANHEOBEREZEITHNX S DA,
TiD X2 BROFICHR > T NS,

I
P = k:logej—
0

P N DRI

k B8

I AoTK 54

Iy HHEL LR B HHORZ X

ORI X > T ABOBEEEBUENICRZ 2 b Tnws., BRXoNEL
LT, HEXRIHEORZZIDIESIDREVEEICE, Ao TL 2%/
XKL B, 2, Ao T BHEHBREL BTV THDHEDRELEL LA
{oTW WS XL ITH-sTWE., ZoHAESEICAMETIZREL
DFHifEEZ R T 5.

P, =log.(t+1)
Py = loge(lw + 1)
Py, = logesw

stress = P, + Pw + Psw
t R
lw REDOFHPYDEX
sw REDMUDFRE & T IUE o 72 [EI%L

stress TENKL 5 X L ZADH

P, 3EENELC IRHHOBBTHS. FEIF1IRATy 71 3oMEZH
TV, FRIEZLSFEEDPHEDOFICEL ETMREINTWL. 122N TWS
DIIVIHED 0 TH 570 TH 5. HELRIFHOREXTXITL, EBD 1R
TW53,

P EZREDKE AHMPOEZXZELTVS. FHYIOEZIIZ0 ~ 100 DEUEDE]
D4 Tohd, YIalb—ya YHTREREANIC—EDHEE K-oTWa. LaL,
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RRIIEFEZ T 2N E RAL, e NAL7EIHIE, FMYOEIN 01
5., BEDPROWCRZZIELH1E2ELTWS.

P W 3REDTIES BT 2 BHEZR L TW5. #EIZ1ITHD, LRI
2V, R ITILEDS 2NCIE IR TWL.

stress IZFEDIK LD AP L AZRLTWS. SHENE EEETRLUEEY BHIC
BT 3R> T WS, FEARIIZK, FEERL THL S IcBELD L3
REL BTV, e RALBICA L RADIED FRAZ 0I5, F
BOERT 52 EFTORBPIEVZE2ROBUED /NE 5. Fiz, TILEVD
AIE DD T2 NE S PBUEIZNE S 12 5.
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31 ITal—>arEH

¥Ia2b—YarTRI20 NORENEEERT2E TR 1HORITEL, &
BRAXRZWCEITZ 30D IRT. 77— X 2 HUS 3 2 5 REKIE back-to-front
773K, back-to-front-outin 773X, group4 A3, outin 7, random 773, reverse-
pyramid 72, n-card X 2 53, n-carl0 X 2 /7=, n-carl0 X 4 5, n-carl0 X
6 H1, steffen FHD 11 HOMIETH 2. FT—XEildkT 2 XA IV IR/EN
ROFNEHZAT O BR, TEDTIUED IR, BEFICEDIER, FEFEOANED DD
HEEDADODDRAIVITTHS.

BE3 272031 THS. 11THIEY I 2L — a2 »ORERE, 21T
HEREIHREVIMEBEEZRT. K321cb3 L5, zhrhodlxz L, M, R
D 3HEFITTITTVWS. 3TTHEREFICEH D LY ToNLRERESTHD. 0~ 119
FTOHESHE DL ToNS. 41TH, 5ITHIEREVNHIEL TWS1T - FI%ES. 6
17H, TITHIER 31 OROLF e B TFrREDREBICEDEIFEEINS. 81TH
ERENEL 2 A b L AED RS NGRS S.

BRI 5D XA IV TIIREDPRDININEE T T B8, REDTILE S FE,
REDEIFEIZIELRR, REDPEFEDOANEZZITOBRDADOTH 5. e LT
WoNTWRWD, RENKL 2WERHES I 2L —va v ORRHE & I
ATV, ZONERRRID 1 #2528 ICR L RHEDFTHEINS.

0 FR ' 115 19 0 WA

1 0
0FR 30 15 0 0 WA 0
0 20M 115 19 1 0WA 0
0FR 82 13 4 0WA 0
0FR 8 1 2 0WA 0
0FR 72 12 0 0'WA 0
0FR 61 10 1 0 WA 0
0FR Z1 3 3 0'WA 0
0FR 66 il 0 0/WA 0
0FR 37 6 1 0 WA 0
0FR 109 18 1 0WA 0
0FR 102 17 0 0WA 0
0FR 32 5 2 0 WA 0
0FR 60 10 0 0'WA 0

X 3.1: BF 7 — X D
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0 oL oM OR

1 1L 1M 1R

2 2L 2M 2R

3 2L 3M 3R

19 19L 19M 19R
3.2: REDBIUEHOK LT

P& DIRAE REDREERITF | REOKEZ R THT
walking(A*TH7) WA 0
ready to get the seat(& )i FIREIRAR) GS 1/7
seated (& &) SD 8/9/10
position change(fif A4UE 2 H) PC 2/3/4/5/6
swiching(§ALE W) SW 11/12

R 3.1 FEDIREZ RS T L T
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3.2 R

FHliHERE 2 VT, R EREEE % 30 MERTT LTI S NG R 2 5 RHEE Z 21
HOUTKNZ L2 DK 3.3 TH 5. FHOMFTRKIHIVELZ VN DIX, FTEIHY %
RALZBOR N LV RAEORAD LRI ErEZTws e Bbhd. O
KTk, DEDRELSFHIEDRA N L ZAEDENL T2 DI K ZoTWS. L
»L, BERNBEEEZ RL2R32ZRTAS L, FHEI RS /NI WFED
n-carl0 X 2 AR B o TED, X T groupd I, KI/PNZ WD n-carld X 6
ERoTWS, HREIZE L THEEEDL/ NI WIES D/NE R TV 5.

REE DRNZR T EGE & Wbt T W 3 steffen 77 NESMNT S FEIFE S HHIE D /)
L BoTW3., fEHERAEZ H 2 ¥ EGED/NEX Wn-carl0 X 2 HRIEEZEFEOH
THENPKEL, APV REIIESDEDHS. L L, steffen HRUXEH /N X
W, ZDZehb, ncarl0 X 2RI RA P L AEIIZSOZEH 20, FE L -
TG NE LD, steffen FRIFEDORE DL L WA L RHIZHR>TWVW3.

T/, K35~ X 3.14 T THKEMZ 30 [T LERE2SAITI L TERE
120D A b L ZEDEEBERZ/RLTWA. BIfIORINTHELRED I OIS T
HECEIBA N ZADEDOEH DA Z L TWS. RINIFFHEDIEO L & DI
A ML ZEPEEFREZLTWLD, HIEEOREIEO e KE AT I
B0, MEDFEIZEL DI E RATHEEER T 2 L REOHYNCHE T 2ED
INER 72272 A ML AENNE L T0b. ZOEIBRT I 7DHER LY DFERET
bREZENTES.
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mean median | valiance | standard deviation
back-to-front 6.891795 | 6.983 | 2.325958 1.525109
back-to-front-outin | 6.892286 | 7.09555 | 2.246985 1.498995
group4 6.78375 | 6.99075 | 2.229906 1.493287
n-carl0 X 2 6.84908 | 7.0534 | 3.042698 1.744333
n-carl0 X 4 6.692849 | 6.899 | 2.778331 1.666833
n-carl0 X 6 6.784748 | 6.947 | 2.633059 1.62267
n-carb X 2 6.930413 | 7.0648 | 2.552664 1.597706
outin 7.007578 | 7.15325 | 2.337339 1.528836
random 6.975322 | 7.0901 | 2.469082 1.571331
reverse-pyramid | 6.867423 | 7.07665 | 2.403811 1.550423
steffen 6.937689 | 7.074 | 2.330127 1.526475

£ 3.2: A b L ADOEDOIEFERIZIC X 5 g

yyyyyyyyy

vvvvvvvvv

xxxxxxxxxxxxx

X 3.3: BREMIE DR P L AEICHET A5 O0TX
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

3.4: random HTRDFITI L DB RED X b L Z{EDOZE
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stress

10

stress

10

stress

stress

stress

stress

stress

stress

stress

stress

X 3.5: back-to-front TRDFHITZ L DR R/ED A + L AMEDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

X 3.6: back-to-front-outin FIRDFRITZ & DEFRED A b L AHDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

0 25 s0 75 100 125 150 175 0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
time time time.

3.7: owtin FRDFTZT L DBEEZD X b L AMEDZ;
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

X

0 50 100 150 200 250 300 350 400 0 50

3.8: gourpd HFRDEALT

100 150 200 250 300 350 400 O 50 100 150 200 250 300 350 400

>
—

Y ORFEDA b L AMEDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

3.9: n-carb X 2 T RADFITE L DB REED X b L Z{EDZE]
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

o 50 100 150 200 250 o 50 100 150 200 250 1 50 100 150 200 250
time time time

3.10: n-carl0 X 2 FRDFIT T L DB FEED A b L R{EDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
time time time

3.11: n-carl0 X 4 FROFAIT L DR F/ED X b L AEHDZE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

0 5 100 150 200 250 300 350 400 0 5 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
time time time.

3.12: n-carl0 X 6 FRDFI T L DB RED A b L ZEDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

3.13: reverse-pyramid HFRDFITZ L DEFED X b L Z{EDEE
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stress

stress

stress

stress

stress

stress

stress

stress

stress

stress

3.14: steffen TRORITZT L DRFED A + L ZfHDLEE
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3.3 EZ%¥

HHIEDERE T2 2REZHOTRNIC L2 DK 315 ThHh 5. KiZH
% & 912 steffen ARUFFEHPHRAMED NE {, —7 T back-to-front 7T FH B
B, B/ME, NdRELBoTW3. (7, £33 TIXEKRNLEERZ RS
TenTE, —FHVY, hUYELS/NI V. ZFO7D, AL AHEICBIT AR
I BEFITNEINVHDIEEZ NS, A ML REDNNZWFETH - 72 n-car
FHRIIIRE A TR,

—HTTIEVDEEIZOWVWTRTAS LK 3.1612H % X 512 steffen HRIT T
FUE WA Z VIR IZ 72 5 TWT, n-car TRUZD R VEIgBIC R o TW5. £/
X317 TH ZDERNPATHNS. TILEWEED 0 ~ 1A DFED, n-car /730
3% <, steffen FRIEID R Z-oTWVWA.

back-to-front AR FTALEWEE DWWz b5, BEOBEEISEHEL
T HEFEDINZ L IR L TV EIRD DI TIUEVWDEIE DD 7o T L.
A, HBRIEDOFHTEBOFIDPIERL TWIFEITIVES AJREE D EL o
TLES.

ZD X 51T steffen TRUIBRIFENIFND OO, TIEWEEI &KL LTZ
{7725, FO-DEFREBOE X Tld n-car FZ steffen TR ED B EL KT
LESHDD, TALEWEEDDLLKRD, XML REDHEEITS & steffen /7
AELDb/NhNEShreEZILNS.
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groupa ncarloxz ncarloxa, ncarloxs, ncarsxz oin  random

3.15: B O FENEFE L TITH 2 3 REOFEMTH

mean | median | variance | standard deviation
back-to-front 311.6625 323 22011.8 148.3637
back-to-front-outin | 278.8186 286 18167.04 134.7852
group4 205.12 205 8458.954 91.97257
n-carl0 X 2 135.5428 142 3275.607 57.23292
n-carl0 X 4 152.4403 160 3848.47 62.03604
n-carl0 X 6 197.6786 204 6356.565 79.72807
n-card X 2 142.9506 150 3060.01 55.31736
outin 93.13083 96 1839.324 42.88734
random 147.5678 155 3266.427 57.15266
reverse-pyramid 102.5472 105 2117.683 46.01829
steffen 84.66944 87 1368.162 36.98868

3 3.3: BHME DB T TIThh 5 K
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°
ws
° °
o ° ° ° ° °
150 o ° ° °
° ° ° ° ° ° ° °
° ° ° ° ° ° ° °
25
—_ ° ° ° —_ —_ ° —_
° ° ° °
100 ° ° °
£
s ° ° °
° ° °
15
° °
° ° °
s0 ° °
° °
° °
25
00
backto-front backto-frontoutin ot arioxz ncarloxd arioxs a2 autin andom everse pyramid seffen
W, N *\’ N
3.16: BHME D T IE VR OFE O
back-to-front back-to-front-outin group4 n-carl0x2 n-carl0x4 n-carl0x6
2500
2000
2 1300
£
1000
500 B
3
ncarsx2 outin random reverse-pyramid steffen
2500
2000
2 1500
’ I
] |
500
3
Go 25 50 75 100 15 10 175 Go 25 50 75 100 125 10 15 Go 25 50 75 100 125 Bo s G0 25 50 75 100 15 10 175 Go 25 50 75 100 15 150 175 Go 25 so 75 100 25 10 U5
passing times passing times passing times passing times passing times

3.17: BHKEE D T AuE W [EIEL
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mean | median | variance | standard deviation
back-to-front 0.503333 0 0.992767 0.996377
back-to-front-outin | 0.524444 0 0.978291 0.989086
group4 1.296111 0 3.481763 1.865948
n-carl0 X 2 2.858333 1 11.81215 3.436881
n-carl0 X 4 2.036111 0 9.512029 3.084158
n-carl0 X 6 1.619444 0 7.481289 2.735194
n-carb X 2 2.667778 1 9.777962 3.126973
outin 2.982222 2 10.34524 3.216402
random 2.721667 1 10.02309 3.165926
reverse-pyramid 2.316667 1 8.689167 2.947739
steffen 2.917222 2 9.851481 3.138707

K 3.4: BB D FILEWEEL
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4.1 #55H

JEANDEMZ BB L 188 E W18 RRIE ORI 21T - 72, BELZITF S
2 ML REOFHEHRICOVTIE, Yr—N—+ 7z bF—DOEHESE I, F
BOERZIRD THOOEKT 52 FTORM e ATUEVWDEE, FAYOEXITE
HZL7dDIiZhkoT.

FOHBEERZRD ANTERERS I 21— a Y EITVERZTROBRAGRD X
FLAEOERE L TA S L, ncar TR EEMETIZA L AED/ N WS
DI o7z, 7272, D EHERE S HEHMNINCKRE VD DITR > TV,

72, RN RDRVDDEFHLNTWVS steffen HRIT n-car K HH A b
L ZMEDFEMEIZ R E VD DI > TLE o708, DHMBEEREZD/NMNZIVHOD
2o TW\Wa.

BRI THEZIT-oTA B &, steffen HR D n-car HRD KERETR W, 2
D OEERMMPE NI EIERA ML RAEIZHF D EENR L, TILEVEL
MEZNGEDHENREL RoTWVWS., XoT, BROIZHIETRE L —EIC
BRI B IHMIBOADVREDTIVES ARSI EED, A FLAEIKRE K-
TLEH>EZIOLNS.

DX, AMVREZIO ANTEHiZ1TS 2 & T, HBRNEIENZITT
R REDIELC MG DR VE R BRI N TELXOICRDIEEZS.
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4.2 SHBODEE

SHROFEL LTEIRA L RAEOFERZHEL TV 22 TH L. BEDOTHERE
TlE, FBRRE L TIVEVWERE AYOEI D3I EZOEEZMET 3 2 WS H
MDD TWVE D, WEPKNETHS. Tz, 3ERITOVTHMITHE
REZDJARELRBEZICONVWTHEZIZDNEND 5.

SENEA L ZEDATHEZITo TWED, ESHtERGREEBEFED
ADPOEFEZT RO AR MIEHZT2DTIERVWILEEZSL. £ TH5KE
AR E R a R b, BRFRNEMGEL TOLSBICHEICR 2 a2 2D AR
R IToTVWE WL EZ 3.
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