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!"#$%&'()'! Details of the proposed multimodal navigation system, which includes a battery, a GPS module, a RealSense camera, five 

ultrasonic sensors, a headphone, an embedded computer, and an RGB camera. 
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!"#$%&'*)'! The annotated samples for walkable regions recognition. The original image is on the left, and the marked result is on the 

right. 
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!"#$%&'+)'! Overview of the proposed lightweight image segmentation model. The proposed model comprises three parts, including 

stem block, dual-branch feature processing module, and multi-scale feature fusion module.  
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Table 1. Comparison with lightweight segmentation methods on our dataset. We report the results in terms of mIOU(%), model 
parameters (M), and computational costs (FLOPs). 

 

Method Year Backbone mIoU Model 
Parameters 

Computational 
Costs 

ENet [17] 2016 - 71.3 0.6 15.0 

ICNet [18] 2018 PSPNet 82.2 26.5 14.6 

DeepLabV3+ [19] 2018 ResNet-101 97.6 62.7 306.5 

ESPNetV2 [16] 2019 ESPNet 74.2 0.5 6.9 

BiSeNetV2 [20] 2021 - 94.0 47.1 59.2 



 
 

 
 

MobileSeg [15] 2023 StrideFormer 89.2 5.7 4.6 

Our Method - - 94.9 36.5 140.6 
!
!
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!"#$%&',)'! Visualization results of our segmentation approaches.  
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!"#$%&'-)'! Visualization results of 2D object detection.  
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!"#$%&'.)'! The comparison of the original depth map left and completed one right. 
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Table 2. User performance in the task of navigating to specific locations. 
 

User , "  , $ , # , % , & 

Success Rate 0.4 0.8 1.0 0.4 1.0 

Avg. Speed (!"# ) 0.14 0.21 0.27 0.08 0.75 
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Table 3. User performance in the task of passing through obstacle regions. 
 

User ! !  ! " ! ! #! , $ , # , % , & 



 
 

 
 

Success Rate 0.5 0.7 0.7 0.6 0.9 0.6 1.0 

Avg. Contacts 2.4 3.0 2.2 3.6 2.0 6.0 0 

Avg. Time (#) 183 192 173 181 166 228 31 
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Table 4. User performance in the task of navigating to specific locations. 
 

User , ' ! , ( ! , "  , $ , # , & 

Success Rate 0.6 0.4 0.6 0.8 1.0 1.0 

Avg. Time (#) 51.9 55.7 49.5 51.8 41.9 9.7 

 

K)! &,+&1.#*,+ '
Y(!&),&,%(!'! /0.+$/,1'. !*'-$@'+$,*!%3%+(/!4,)!)('.!?,).1!(*-$),*/(*+ 7!?#$2#!(O0$&%!/0.+$&.(!%(*%,)%!?$+#!'1-'*2(1!

2,/&0+()! -$%$,*! '.@,)$+#/%! +,! #(.&! 0%()%! ?'.>!(44$2$(*+.3! '*1! $*1(&(*1(*+.3! $*! '*! 0*4'/$.$')! ,0+1,,)! ,)! $*1,,) !
(*-$),*/(*+5!"#(!*,-(.!%3%+(/!2'*!2,/&.(+(!2#'..(*@$*@!+'%>%7!%02#!'%!?'.>'6.(!)(@$,*%!)(2,@*$+$,*7!.,2'.!&'+#!&.'**$*@7!
,6%+'2.(!'-,$1'*2(7!(+25!;*!,)1()!+,!(-'.0'+(!+#(!%3%+(/A%!&()4,)/'*2(7!?(!(/&.,3!%(-(*!&')+$2$&'*+%!(O0$&&(1!?$+#!+#(!
*'-$@'+$,*! %3%+(/! +,! 2,*102+! +#)((! +'%>%7! $*2.01$*@! 4$*1$*@! %&(2$4$2! .,2'+$,*%7! &'%%$*@! +#),0@#! ,6%+'2.(! )(@$,*%7! '*1!
2),%%$*@!$*+()%(2+$,*%5!"#(!)(%0.+%!1(/,*%+)'+(!+#'+!,0)!%3%+(/!2'*!'%%$%+!0%()%!$*!2,/&.(+$*@!+'%>%!(44$2$(*+.35!;*!40+0)(!
?,)>7!?(!?$..!4,20%!,*!)(%(')2#$*@!%(/$D%0&()-$%(1!$/'@(!%(@/(*+'+$,*!/(+#,1%!+,!$/&),-(!+#(!%3%+(/A%!&()4,)/'*2(5!

%3C3%3+&3# '

EFG! W5!K#(*!'$!()*7!jP)$-$*@!?$+#!WW<%Z!Q0%$*@!b6C(2+DW(-(.!S(2+,)!<,1'.$+3!4,)!fB&.'$*'6.(!R0+,*,/,0%!P)$-$*@7k!
$*!+,+-!.///!.0$'10($"20()!3204'1'05'!20!6272$"58!(09!:;$2&($"20!<.36:=7!<'3!H_HJ7!&&5!FJ_VIl FJF__5!1,$Z!
F_5FF_Vm;KTRLNFJN5H_HJ5F_MFF_FU5!

EHG! [5!:7!:5!<7!d5!d7!h5!87!'*1!95!:67!jQ'2(!1(+(2+$,*!$*!0*+)'$*(1!1((&!*(0)'.!*(+?,)>%7k!>($;1'!52&&;0"5($"2087!-,.5!
FH7!*,5!F7!P(25!H_HF7!1,$Z!F_5F_IUm%JFJMND_HFDHNM_MDV5!

EIG! g5!:#'7!jf44$2$(*+!Q'2$'.!W'*1/')>!P(+(2+,)!63!h*,?.(1@(!P$%+$..'+$,*7k!$*!.///!.0$'10($"20()!3204'1'05'!20!
:;$2&($"5!?(5'!(09!@'8$;1'!6'52A0"$"207!P(25!H_HF7!&&5!Fl U5!R22(%%(1Z!d0*5!_L7!H_HJ5!!

EJG! g5!:#'! '$!()*7!j<(+P;"Z!")'*%4,)/$*@!'*1!R*'.3^$*@!K.$*$2'.!<(+'6,.,/$2%!P'+'!?$+#!K,*-,.0+$,*'.!a(0)'.!
a(+?,)>%7k!:0()B$"5()!3%'&"8$1B7!H_HJ5!

ELG! g5!:07!"5!W'*7!X5!W$7!d5!e07!g5!Y'*@7!'*1!P5!K'$7!j9'*1'89"Z!b*(!<,1(.!",!;*%+)02+$,*DQ,..,?!"#(/!R..7k!<'3!
HL7!H_HI7!(1C"DZ!')e$-ZHI_L5FMILL5!1,$Z!F_5JULL_m')e$-5HI_L5FMILL5!

EMG! K5!W$!'$!()*7!jWW'SRD<(1Z!")'$*$*@!'!W')@(!W'*@0'@(D'*1 DS$%$,*!R%%$%+'*+!4,)![$,/(1$2$*(!$*!b*(!P'37k!
:9D(05'8!"0!>';1()!.0421&($"20!E125'88"0A!FB8$'&87!-,.5!IM7!&&5!HULJFl HULMJ7!P(25!H_HI5!

ENG! X5![',7!W5!P,*@7!:5!9$',7!'*1!Q5!Y($7!j[f$"Z![fT"!9)(D")'$*$*@!,4!;/'@(!")'*%4,)/()%7k!:(&5!_I7!H_HH7!(1C"DZ!
')e$-ZHF_M5_UHLJ5!1,$Z!F_5JULL_m')e$-5HF_M5_UHLJ5!



 
 

 
 

EUG! "5!X03*#D"#(7!n5DS5!9#'/7!e5Dn5!9#'/7!"5!"5!a@03(*7!o5!X'*7!'*1!P5D:5!h$/7!jR)+$4$2$'.!$*+(..$@(*2(!4,)!+#(!
/(+'-()%(Z!R!%0)-(37k!/0A"0''1"0A!:GG)"5($"208!24!:1$"4"5"()!.0$'))"A'05'7!-,.5!FFN7!&5!F_LLUF7!d'*5!H_HI7!1,$Z!
F_5F_FMmC5(*@'&&'$5H_HH5F_LLUF5!

EVG! X5!K'(%')!'$!()*7!j*0:2(*(%Z!R!<0.+$/,1'.!P'+'%(+!4,)!R0+,*,/,0%!P)$-$*@7k!&)(%(*+(1!'+!+#(!9),2((1$*@%!,4!+#(!
;fffmKSQ!K,*4()(*2(!,*!K,/&0+()!S$%$,*!'*1!9'++()*!T(2,@*$+$,*7!H_H_7!&&5!FFMHFl FFMIF5!R22(%%(1Z!b2+5!F_7!
H_HJ5!!

EF_G!95!f5!X')+7!a5!d5!a$.%%,*7!'*1![5!T'&#'(.7!jR!Q,)/'.!['%$%!4,)!+#(!X(0)$%+$2!P(+()/$*'+$,*!,4!<$*$/0/!K,%+!
9'+#%7k!.///!H1(08(5$"208!20!FB8$'&8!F5"'05'!(09!3B7'10'$"587!-,.5!J7!*,5!H7!&&5!F__l F_N7!d0.5!FVMU7!1,$Z!
F_5FF_Vm"::K5FVMU5I__FIM5!

EFFG!"5!K#(*!'$!()*7!jR!K,))(%&,*1$*@!T(@$,*!Q0%$,*!Q)'/(?,)>!4,)!<0.+$D/,1'.!K()-$2'.!W(%$,*!P(+(2+$,*7k!
.///I:3J!H1(08(5$"208!20!32&G;$($"20()!K"2)2AB!(09!K"2"0421&($"587!H_HH5!

EFHG!d5!X,7!R5!d'$*7!'*1!95!R66((.7!jP(*,$%$*@!P$440%$,*!9),6'6$.$%+$2!<,1(.%7k!$*!:9D(05'8!"0!>';1()!.0421&($"20!
E125'88"0A!FB8$'&87!K0))'*!R%%,2$'+(%7!;*257!H_H_7!&&5!MUJ_l MULF5!!

EFIG!g5!:#'! '$!()*7!jX()6<(+Z!f*#'*2$*@!/(+'6,.,/$2%!1'+'!'*'.3%$%!4,)!'220)'+(!$1(*+$4$2'+$,*!,4!K#$*(%(!#()6'.!
/(1$2$*(%!0%$*@!1((&!.(')*$*@7k!E%B$25%'&!:0()7!R0@5!H_HJ7!1,$Z!F_5F__Hm&2'5IJIN5!

EFJG!85!<(*@#'*$7!jf44$2$(*+!P((&!W(')*$*@Z!R!:0)-(3!,*!<'>$*@!P((&!W(')*$*@!<,1(.%!:/'..()7!Q'%+()7!'*1![(++()7k!
:3J!32&G;$*!F;1D*7!-,.5!LL7!*,5!FH7!&5!HLVZFDHLVZIN7!<')5!H_HI7!1,$Z!F_5FFJLmILNUVIU5!

EFLG!:5!"'*@!'$!()*7!j99D<,6$.(:(@Z!fB&.,)(!+#(!Q'%+!'*1!R220)'+(!:(/'*+$2!:(@/(*+'+$,*!<,1(.!,*!<,6$.(!P(-$2(%7k!
R&)5!FF7!H_HI7!(1C"DZ!')e$-ZHI_J5_LFLH5!1,$Z!F_5JULL_m')e$-5HI_J5_LFLH5!

EFMG!:5!<(#+'7!<5!T'%+(@')$7!W5!:#'&$),7!'*1!X5!X'C$%#$)^$7!jf:9a(+-HZ!R!W$@#+DY($@#+7!9,?()!f44$2$(*+7!'*1!8(*()'.!
90)&,%(!K,*-,.0+$,*'.!a(0)'.!a(+?,)>7k!&)(%(*+(1!'+!+#(!9),2((1$*@%!,4!+#(!;fffmKSQ!K,*4()(*2(!,*!K,/&0+()!
S$%$,*!'*1!9'++()*!T(2,@*$+$,*7!H_FV7!&&5!VFV_l VH__5!R22(%%(1Z!b2+5!H_7!H_HI5!!

EFNG!R5!9'%^>(7!R5!K#'0)'%$'7!:5!h$/7!'*1!f5!K0.0)2$(..,7!jfa(+Z!R!P((&!a(0)'.!a(+?,)>!R)2#$+(2+0)(!4,)!T('.D"$/(!
:(/'*+$2!:(@/(*+'+$,*7k!d0*5!_N7!H_FM7!(1C"DZ!')e$-ZFM_M5_HFJN5!1,$Z!F_5JULL_m')e$-5FM_M5_HFJN5!

EFUG!X5!o#',7!e5!n$7!e5!:#(*7!d5!:#$7!'*1!d5!d$'7!j;Ka(+!4,)!T('.D"$/(!:(/'*+$2!:(@/(*+'+$,*!,*!X$@# DT(%,.0+$,*!
;/'@(%7k!&)(%(*+(1!'+!+#(!9),2((1$*@%!,4!+#(!f0),&('*!K,*4()(*2(!,*!K,/&0+()!S$%$,*!\fKKS]7!H_FU7!&&5!J_Ll
JH_5!R22(%%(1Z!b2+5!H_7!H_HI5!!

EFVG!W5DK5!K#(*7!85!9'&'*1)(,07!;5!h,>>$*,%7!h5!<0)&#37!'*1!R5!W5!g0$..(7!jP((&W'6Z!:(/'*+$2!;/'@(!:(@/(*+'+$,*!
?$+#!P((&!K,*-,.0+$,*'.!a(+%7!R+),0%!K,*-,.0+$,*7!'*1!Q0..3!K,**(2+(1!KTQ%7k!.///!H1(08(5$"208!20!E($$'10!
:0()B8"8!(09!J(5%"0'!.0$'))"A'05'7!-,.5!J_7!&&5!UIJl UJU7!R&)5!H_FU5!

EH_G!K5!g07!K5!8',7!d5!Y'*@7!85!g07!K5!:#(*7!'*1!a5!:'*@7!j[$:(a(+!SHZ![$.'+()'.!a(+?,)>!?$+#!80$1(1!R@@)(@'+$,*!
4,)!T('. D"$/(!:(/'*+$2!:(@/(*+'+$,*7k! .0$!L!32&G;$!M"87!-,.5!FHV7!*,5!FF7!&&5!I_LFl I_MU7!a,-5!H_HF7!1,$Z!
F_5F__Nm%FFHMID_HFD_FLFLDH5!

EHFG!"5Dg5!W$*!'$!()*7!j<$2),%,4+!KbKbZ!K,//,*!b6C(2+%!$*!K,*+(B+7k!$*!32&G;$'1!M"8"20!N!/33M!+,O- 7!P5!Q.((+7!"5!
9'C1.'7![5!:2#$(.(7!'*1!"5!"03+(.'')%7!f1%57!K#'/Z!:&)$*@()!;*+()*'+$,*'.!906.$%#$*@7!H_FJ7!&&5!NJ_l NLL5!1,$Z!
F_5F__NmVNUDI DIFVDF_M_HDFpJU5!

EHHG!<5!X07!:5!Y'*@7![5!W$7!:5!a$*@7!W5!Q'*7!'*1!e5!8,*@7!j9fa(+Z!",?')1%!9)(2$%(!'*1!f44$2$(*+!;/'@(!80$1(1!P(&+#!
K,/&.(+$,*7k!$*!+,+O!.///!.0$'10($"20()!3204'1'05'!20!6272$"58!(09!:;$2&($"20!<.36:=7!<'3!H_HF7!&&5!FIMLMl
FIMMH5!1,$Z!F_5FF_Vm;KTRJUL_M5H_HF5VLMF_IL5!

EHIG!R5!8($@()7!jR)(!?(!)('13!4,)!'0+,*,/,0%!1)$-$*@q!"#(!h;"";!-$%$,*!6(*2#/')>!%0$+(7k!$*!E125''9"0A8!24!$%'!+,O+!
.///!3204'1'05'!20!32&G;$'1!M"8"20!(09!E($$'10!6'52A0"$"20!<3ME6=7!$*!KS9T!cFH5!=:RZ!;fff!K,/&0+()!
:,2$(+37!d0*5!H_FH7!&&5!IILJl IIMF5!

EHJG![5!o#'$!'$!()*7!j:O0((^(Y'-(Z!fB+)(/(.3!W$@#+?($@#+!S,2,1()%!4,)!b*D1(-$2(!:&((2#!:3*+#(%$%7k!d'*5!FM7!H_H_7!
(1C"DZ!')e$-ZH__F5_LMUL5!1,$Z!F_5JULL_m')e$-5H__F5_LMUL5!

EHLG!g5!:#' !'$!()5!rK()-$Q0%$,*a(+Z!R!<0.+$D<,1'.7!X36)$1!Kaa D")'*%4,)/() D8T=!<,1(.!4,)!f*#'*2(1!K()-$2'.!
W(%$,*!<0.+$D2.'%%$4$2'+$,*5r!$:2$(*2(7!H_HJ7!&&5!FFFIFI5!

EHMG!g5!:#'! '$!()5!r",?')1%!,22.0%$,*!),60%+!4'2$'.!.'*1/')>!1(+(2+,)!7r!$*!E125''9"0A8!24!$%'!+,O+!.///!3204'1'05'!20!
:;$2&($"5!?(5'!(09!@'8$;1'!6'52A0"$"20!<?@=P!+,+OP!&&5!FDU5!

EHNG!g5!:#'! '$!( )*!rR!*,-(.!.$@#+?($@#+!1((&!.(')*$*@!4'..!1(+(2+$,*!%3%+(/!6'%(1!,*!@.,6'.D.,2'.!'++(*+$,*!'*1!2#'**(.!
4('+0)(!'0@/(*+'+$,*7r!;*+()1$%2$&.$*')3!a0)%$*@!T(%(')2#5!-,.5!H7!&&5!MUDNL7!H_HI5!

!
!

 


