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Fig. 1.1: Number of workers for construction fields[4].
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Fig. 2.1: Architecture of a MOSAIC Model
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Fig. 2.2: Configuration of Hydraulic Excavator
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Fig. 2.3: Conventional Lever Pattern of Hydraulic Excavator
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Table 2.1: Posture and engine speed conditions

Dynamic
characteristics | Inertia Engine speed
A Small Low
B Big High
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(a) Inatia:Small (dynamic characteristics A) (b) Inatia:Big (dynamic characteristics B)

Fig. 2.6: Posture of hydraulic excavator for each dynamic characteristic
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Fig. 2.7: Proposed method of video presentation
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R e U7z, B ZCDMEREMRIC I TR 2 FHEi§ 2 729, &lBSEMIcEsIT 5 Py
& Pga, Pg & Py p DIERHRERE O RBERE PG 2 LB L7z, HEIC X o TERDPTHEE &
AU, BIRMEYI D BRI K 2 EL Doz WA b, Tz, IREFIRONE LGS % 72
B, FMHEICHIT 2 HEEEREREZCE O 2MRE T 2 R U7, el ER 2L RS,
BIRFEACBI L TUE Ppog & Py DFEEHRIER I O, BIRHEB TR L T Pap & Pp DBEE
BERROZ L Lz, ZOBE/NEIWIEY, SR ZEILoB 2T 2 MR ARKE Ve

W2 5. BRBIFHEICIIERF 10 B0 7 — &2 Z2FHEIC W,
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233 HEREER

Fig. 2.8: Swing Operatin task

Fig.2.23, TABLE 2.6 12, &5 TOERRIER R OFRZ RS, XSO D 5 t ME DFGR,

Conditonl IZB1F % Ps_p DLEEIIRIERIE DS, P L LI L THEICHNT 2 2 & ZHEGR L 7=,

B, BREKHEILXS5% £ L7z, Conditon2 TIXEIREDZELDOEEIZ1 22 53, HEERIERE

MicEE R EZRIIMER SN2 o7, £/, Fig.2.24, TABLE 2.7.2, FEiREICET 2 el

Table 2.2: Switching Patterns of Machines

Patterns

Explanation

Py
PB—)A
Pp

PA—)B

Operate with dynamic characteristics A
Switch dynamic characteristics B to A
Operate with dynamic characteristics B
Switch dynamic characteristics A to B
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Table 2.3: Test Results of Average Operation Time for Each Conditions

Py Ppa Py Pasp
Condition | mean + SD | mean +SD | t(5) | pvalue || mean =+ SD | mean + SD | t(5) | pvalue
Conditionl | 6.3 +044 | 6.7+0.70 | 2.3 | 0.074 63+049 | 6.7+0.59 | 3.9 | *0.016
Condition2 | 6.8 £0.61 | 6.7+0.67 | 0.61 | 0.57 63+0.71 | 61058 | 1.7 | 0.16

Table 2.4: Test Results of Increase in Average Operation Time for Each Conditions

Dynamic Conditoonl | Conditoon2
Characterinsic | mean + SD | mean +SD | t(5) | pvalue
A 0.34+£0.32 | -0.047 +£0.20 | 2.5 | 0.081
B 0.42+0.21 | -0.19+0.22 | 44 | *0.012

BERHZ LR DR e RS, MCDDH 2  MEDFER, #FRiEB ICHBWT, Conditonl & Lt

LT, Conditon2 CTHEMRIEREZCENEREICHD T2 Z & 2R L 7.

234 EE

BIREE B ICBWT, BIREDELT 258 DIEENREANOHEDHRIN DL L L big, 12
FFHRIZENZIH T 23R D 5 Z L D3R S N7z, Conditionl 1231 2 1EZER R DN
1%, FEOBEEREDE NSRRI LZZEAEZXONE. & I TEEMICEBT 2 Em e
DIEZIT o 72, Fig2. 11 IZBEFICBIT 2 Py B X O Py p DFEEAHE O 2HERE T %
RT. WIEDDH 3 t BEDFER, Contionl IZBWT#(5)=3.1, p=003727kh, Pyl
Paop CHEfERIFAERENERICIRT T 5 Z e DR S Nfz. —75T, Contion2 Tl #(5) = 2.0,
p=010r7%h, BEEIERINLIL-7-. REAERZIIBEELN—ICE 2 ANICE-T
RETDZehs, TDI XX Contionl IZBWT, HERE DREIEANDEFRIMEZLOFET
BIzolZ B LTWS. Fig2.1212, BFEMITEBIT 2 Py BEU Pap DhEEIFRIEAT]
DRI RS, FHRRIOEHICE, FRIIF—Z2OBEMEEZEHNT 2 FIETH 2
Dynamic Time Warping(DTW)[49] & @B DOFRRI T — X D2 A $ 5 FHETH 5 DTW
Barycenter Averaging (DBA)[50] ZH\ /2. %7z, BIEANTOHRAMEIZ100THS. MED, )
FEZ OB D & FTHER DO NHERERIIR K ETANL, B 2HE0 5 AN EED X
BIHIREZ 1T 5 T\ 553, Conditionl (2B} 2 [ERIFGEIRESYI D BEZX OFMTELR 5T
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Fig. 2.9: Result of Average Operation Time for Each Conditions. Error bars indicate standard
deviation. Asterisks indicate significant differences (* : p < 0.05).
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Fig. 2.10: Increase in average operation time for each dynamic characteristics. Error bars indicate
standard deviation. Asterisks indicate significant differences (* : p < 0.05)
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1(5)=3.5, p=0.023 £z b, YD ZIT XD IERFEEERERRE A REICIEM L 7. Contion2
TWEr5) =23, p=0082 &b, AREIHEZREINGEL 0. 2D o BEREE,
FREDZ(IC & D S IREICRB 2 B L2 52 5%, 72, Fig2.1412, {&MITBT 3
Pg & Pop D, MATHDREFIREREOHR 2R Y. 2B, HMITICBT 27— X K32
BEICBY 2 EETHS. K& D, Conditionl IZBWT, EFENEILL ZEXRD S Pass
DFEEHRIER D Py & LR L THEM L 7ZIRETHRE L T2 20 d. 202 ki, #

BB DERHE O ZICHE S YR NERE T VDY D Z 2175 T e BT E T, ARARIRME
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Fig. 2.11: Average swing angular velocity. Error bars indicate standard deviation. Asterisks indicate
significant differences (* : p < 0.05)
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Fig. 2.12: Average swing input of subD.
DATZ o T Tz 2 DR E N,

—75 Condition2 T, #EANDZILIHER I N T WD o7z, BEFHEIIREAT TN
TR R EEA L —RIHERT 2 FIETH S 205, HERE IR X Lo
PHETE, WYIBRNTETVCYIDBEZE 2N TELILEZRELTED, #EFED
SIERDIER T E /2.

¥72, SEIOFERTIE, BIFMEA BV TEREY D B2 OB IMEI L2 o7, H
Ke UTERE A FBED NS W Z &2 S EATNTHT 2 IWEDFL, Fhzry v EEg
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Fig. 2.13: Swing deceleration time for each conditions with dynamic characteristic B. Error bars
indicate standard deviation. Asterisks indicate significant differences (* : p < 0.05).
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HRTZ 2 Z eI NS. ARV ZIOBICE, 72y FAY FPORKEIPLHESX
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D SRS 4 BRI 5 2 L ZNEETH 5 [52]. & o THHIEEIC X b AL — X ITHIRY
A R BAXE2FEE LT, Fig2151RT 512, BIFERIEL TV AR R ORICERET
ZADMERKZENTRRT 2 Z e R IBET 5. FOWZIEOBIAY 1 XH, BERIEL
TV EEES 4 2006 EOREENT 205881 T2 22T, TDMIIEORAY 4 X2
BCX2ER. £, 7Ry F XY MR LEHREEEOY A IPHELLTVE WS E X
25, WKROMIERE AW, 728, EEROLANIFEEREL TV 281K, GRIERICHEE

TR L, ROBIIGCDOEIED 3P D T 728 XOMTHFARRTL TS,
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Fig. 2.14: Transition of average operation time for each conditions. Error bars indicate standard
deviation.
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Fig. 2.15: Proposed Method of Image Presentation
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Fig. 2.16: Simulator Environment
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(a) Side View of 4t Class

(b) Side View of 40t Class

Fig. 2.17: Side View and Viewpoint from the Cab for Each Classes
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Fig. 2.18: Step Response in Swing Operation of 4t and 40t Class
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(3) Loading

Fig. 2.19: Digging and Loading Task of Excavator
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e U7z, ERHREREIZ LR, 4t 27 5 RIZBH L T Pagos & Py DFERHRIERFEI D2, 40t
WCBI U Tl Pasg & Py DHEMHRIERIREIDZE L L7z, ZORUEN/ NI WITY, 'DHAZ OFE

ZIHT 2RBRENENZ B,

253 HEER

Fig. 2.20, 22112, il L TsubAICBIF 2 4t 7 5 X, 40t 7 5 A ZFNEFND, ZE&MFITE
F B EIIREEEERB O MR 2R 3. EREUIDEXEL, BRETIDEX DD OrEEMN
HTH5. £/, FEHOHEBIIEERZTHD, UWFOIESOZ 2R LTS, K&, F
DIZ DERIC K AR ODTOLRERIIA SN Z2DDD, MEfBINI5DXITKE
7270, Fig. 2.22, Table2.6 12, BEMETOIEEMTDOIX SO X DMREZRT. MEDH
%t BUEDRER, ROMZOERIC X 2H DX o0 e ERIIMRI WL o7, 7B, A
BUKHEX 5% Lz,

RIZ, Fig.2.23, Table 2.712, &M TOREHRERBEOMERZRT. MNSDD 5 1 RED
FER, Conditonl W23 B Pys, Piso DHEEHFRIERIEDS, Py, Py & EHEEL THEIZHEMS
% Z %8 L7z. Conditon2 % Uf Conditon3 TIIHIATE D #2 OFICH DD 5T, FEME
TERERIC B B 22 BIIER S e o /2. Fig.2.24, Table 2.8 12, %7 7 R BT 2 Jiglhl#
TERZ (L E DR 2R3, Holm DZELLEL [57] DRGSR, 4t 27 TR, 40t 7 5 RITBWVT,

Conditonl ¥ tt# L C, Conditon3 CHE[IHRIERFZLEVNEREICEDY T2 Z e 2R L2

Table 2.5: Switching Patterns of Machines

Patterns Explanation
Py Operate only 4 t
Ps_4 | Switch Machine from 40 to 4 t
Py Operate only 40 t
P44 | Switch Machine from 4 to 40 t
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Table 2.6: Test Results of Average Standard Deviation of the Trajectory for Each Conditions

P4 P40_>4 Hedges P40 P4_>40 Hedges
Condition mean £ S D ‘ mean £ SD | 1(10) ‘ pvalue mean =S D ‘ mean £ SD | t(10) ‘ pvalue
Conditionl 257 =77 298 + 89 1.7 0. 44 0.12 613 + 172 567 + 315 0.50 0. 17 0.63
Condition2 | 280 + 100 263 = 130 0.81 0.13 0.43 608 + 179 655 + 211 0.62 0.22 0.55
Condition3 242 + 69 311 + 126 1.5 0.61 0.16 553 + 103 571 + 106 0.43 0.15 0.67

Table 2.7: Test Results of Average Operation Time for Each Conditions

P4 P404)4 Hedges P40 P4H40 Hedges
Condition mean+SD | mean+SD ‘ 1(10) ‘ pvalue mean £+ SD | mean+SD ‘ t(10) ‘ pvalue
Conditionl 11.2+1.1 11.9 +0.96 4.4 0. 57 *0.0017 160+ 1.5 16.8 £ 1.7 2.7 0. 43 *0.026
Condition2 11.6 £ 1.3 122+£22 1.5 0.27 0.17 163 +1.1 17.1 £ 1.7 1.8 0.48 0.098
Condition3 114+15 114+12 | 0014 0.0017 0.99 156+1.3 153+14 0.91 0.17 0.37
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Table 2.8: Test Results of Increase in Average Operation Time for Each Classes

Condition1 Condition2 Condition3 Condition1-2 Condition1-3 Condition2-3
Hedges’ p Hedges’ P Hedges P
Class | mean+SD | mean+SD mean + S D 1(10) g value | #(10) ‘ g value 1(10) value
4t 0.64+ 0.45 0.55+ 1.0 -0.0026+ 0.53 0.25 0.096 0.81 3.5 1.1 *0.019 1.3 0. 57 0.43
40t ‘ 0.78+ 0.82 ‘ 0.76x 1.2 ‘ -0.26+ 0.82 H 0.042 ‘ 0.014 ‘ 0.96 ‘ 33 ‘ 1.0 | *0.026 ‘ 2.1 ‘ 0.87 ‘ 0.12
0 ‘ 0
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Fig. 2.20: Result of Average Swing Trajectory of 4t Class
(BRI 2B L7222 %, 40t 7 5 2 CIEEE LR ERTA BN 2 L 2 Bk T 5.
Fig2.18 D@ D, 4t 27 5 R340t 7 7 A L R LT, #HEATNTHT 2 I0EHEL, (F1ki%
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Fig. 2.21: Result of Average Swing Trajectory of 40t Class
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Fig. 2.22: Result of Average Standard Deviation of the Trajectory for Each Conditions. Error bars
indicate standard deviation.
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Fig. 2.23: Result of Average Operation Time for Each Conditions. Error bars indicate standard
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Fig. 3.3: Conventional Lever of Hydraulic Excavator
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Fig. 3.4: Simulator Environment
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(b) Sideview and Viewpoint from the Cabin of 20t Class

Fig. 3.6: Sideview of and Viewpoint from the Cabin for Each Classes
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Fig. 3.8: Definition of Attachment Length and Angle
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Fig. 3.9: Force Feedback Lever
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Table 3.1: Experimental Conditions

Condition Explanation
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(3) Finish Horizontal Movement Distance

Fig. 3.10: Excavation Task

WA —T 5720, C2RUC3ITOHBTIE, LA T7 Xy F XY NEHIOBERIKT
ELT74 =R 27332 BHINCHHAL .

ARFEERTIE, MERFR2R TR LT, BAKHESZLD offfltEZsMiEE e L. B
RENCE, 1 EofEHITEAIS N 2 &%, 1 [EOMANCH - ZZIRBTRLUEE L. 72
B, MES aLZEAT Yy PEEPISOHEE LTEDLNTED, AERICBWT, —

BIciEElE N3 T8O FRIX, ZRZhors 207y vV AE%Z FREYL LTEHEL-.

Table 3.2: Switching Patterns of Machine

Patterns Explanation
Py Operate only 13t

P>y_13 | Switch Machine from 20t to 13t
Py Operate only 20t

Pi3-50 | Switch Machine from 13t to 20t
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deviation. Asterisks indicate significant differences (** : p < 0.01).
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Table 3.3: Test Results of Average Excavated Volume for Each Conditions

Pi3 Pro-13 Py Pi3520
Condition | mean +SD mean £ S D 1(10) | Hedges’ g pvalue mean+=SD | mean+SD | #(10) | Hedges’ g | pvalue
Cl .065 +.0047 | .063 +.0047 55 45 * <.001 .10+£.0049 | .10 +.0052 .54 .067 .60
Cc2 .064 +.0078 | .060 +.0080 4.0 A7 +.0031 .10 +.0089 | .10 +.0093 71 .088 49
C3 .064 +.0042 | .063 +.0052 .63 .069 .54 .10 +£.010 .10 +£.0080 91 .093 .39
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Fig. 3.12: Result of Amount of Change in Excavated Volume for Each Classes. Error bars indicate

standard deviation. Asterisks indicate significant differences (* : p < 0.05).

Table 3.4: Test Results of Amount of Change in Excavated Volume for Each Classes

Cl1 C2 Cc3 C1-C2 C1-C3 C1-C3
Hedges’ P Hedges’ p Hedges’ P
Class mean + S D mean + S D mean + S D 1(10) ‘ g value | #(10) ‘ g value | #(10) ‘ g value
13t —.0022 +.0011 —.0039 +.0028 —.00045 +.0020 1.7 71 12 2.8 .90 %.043 3.1 1.2 %.037
20t ‘ —-.00038 + .00070 ‘ —.00089 +.0013 ‘ —.00093 +.0010 H 38 ‘ 15 ‘ .68 ‘ 41 ‘ .19 1 ‘ .028 ‘ .013 99
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