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ABSTRACT

Autonomous driving systems are likely to be operated in various complex environments. However, the well-known integrated
Global Navigation Satellite System (GNSS)/Inertial Navigation System (INS), which is currently the major source for absolute
position information, still has difficulties in accurate positioning in harsh signal environments such as urban canyons. To
overcome these difficulties, integrated Visual/Inertial/GNSS (VIG) navigation systems have been extensively studied in various
areas. Recently, a Compressed-State Constraint Kalman Filter (CSCKF)-based VIG navigation system (CSCKF-VIG) using a
monocular camera, an Inertial Measurement Unit (IMU), and GNSS receivers has been studied with the aim of providing
robust and accurate position information in urban areas. For this new filter-based navigation system, on the basis of time-

propagation measurement fusion theory, unnecessary camera states are not required in the system state. This paper presents

a performance evaluation of the CSCKF-VIG system compared to other conventional navigation systems. First, the CSCKF-VIG
is introduced in detail compared to the well-known Multi-State Constraint Kalman Filter (MSCKF). The CSCKF-VIG system
is then evaluated by a field experiment in different GNSS availability situations. The results show that accuracy is improved in
the GNSS-degraded environment compared to that of the conventional systems.
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1. INTRODUCTION

AA g5 A8 33 2HF3}, Personal Air Vehicles (PAVs),
Urban Air Mobilities (UAMS), electronic Vertical Take-Off and
Landing (eVTOL) 3-27]9} o] 34k $1%] 402 Ba = 3}
© A AR P A& 3l T2 Tleolt v AllA
S5l 9l Inertial Navigation System (INS)-& SHAlZ Q] 314
Al AEo]t} INSE Inertial Measurement Unit IMU)2H-E] 174
o8 FUHL 4R ASE SYAE BEI] AL 9
2], &5, NS A 23} (Goshen-Meskin & Bar-Itzhack 1992,
Britting 2010). INS1= 9]3-0] of el 415 7h4], WHF 93} Sof
sk §2 BAo] Srhs Aol EAIGT Leh ulnA
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o Aol wle} 912 @ 2p7h B8] Zrehe TS AU,

AlZro] Aol weh Z71eke INSe| @aE B Slstol
H|ZHA] SHH A AEIC] Global Positioning System (GPS)E AgH
S} INS/GPS A|AHlo] ZHts] 91tx]o] 2t} (Godha & Cannon
2005, Noureldin et al. 2008). INS/GPS A]AE-S A|7tof W2 ©
2] A gl GPSel A SPXE 83U IZH INS 025
BIH o 2 BAsia 2HHE P FRBIF A 2hmAo) A
A o= EAE 7Hch vl=oll A APEE GPS 9k of gt F=¢
9] BeiDou, #A]oFe] GLONASS 18] 1§ dste] Galileoo} Z+
o] ikt YA AlAaRlo] Ealist o] 2 A YA Al
AHEl (Global Navigation Satellite System; GNSS)©2.2 2}, 9]
A o] 7HeAS Zo|E)SE multi-GNSSe} INSE ZATlsH A|AH T
A= R o S5 GPSol Hls| Q1 Ad5S UERT (Gao
et al. 2016). BHH GNSS9] AJ5-© HAk-o] GNSS A5 b
olef& &A1 27ef qiZksitt (Kim et al. 2022). ol § S,
52 o] B SAIAIL B B7ol At HIHAHR) GNSS
57} AT A AE7E 441517 94 4 9lom GNSSE &
#5101 INS 9442 FIH 02 WA & g7l Hok

RAe] £8.02 T AA Q21 2 As] A ghom ARk

+
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FhlEhs 7P A 7o Al
A AFEE Gl B2 Fo AR
o} o3 AP o & qlsf o 7iH|t
Bgato] Zrleke] ArEel $171/AA
& Visual Odometry (VO) &rarz]Zo] 7 =it (Nistér et al.
2006, Scaramuzza & Fraundorfer 2011, Forster et al. 2014). ¥}
H QA AA 33+ P HeA depth FEIF EAE 2344 F
Hol7] wjZof 7iHlzte] 2ol ¥ 3] FAUE +
Hol7]7h oot Rk A4S Xt &Y 2o wie v1Izg
DHE 7T o8 S5 flste] 45 B £4
A 7lHEke} INSE Z3slst Visual-Inertial Odometry (VIO) &
g So] k] s o] gt (Mourikis & Roumeliotis 2007,
Leutenegger et al. 2015, Qin et al. 2018, Zhang et al. 2020). &1
St QarozRe HsE At SAxe) wE 54 849)
ol YT INSE YT VIO 7% 5 INSLE V0o 1] L5}
o] A¥bE o8 o] I ¥ VIOE VOL} uhztrtA]
2 o A AL 912 FRAE Ak g 59 (relative
positioning) W41 0. 2 AJ7to] z]de] me} 91X @17} FA =
= AL oJds] ARt A S99 eAIE SE5] A
Slo] Visual Simultaneous Localization and Mapping (V-SLAM)
o|1} Visual-Inertial SLAM (VI-SLAM)& VOl} VIO9]| loop
closing 7|HE& F7}ste] A= 2215 &<It} (Cadena et al.
2016). 22t i 71R & Ags17] HsliMe Gzl $IXE &
Al A HFE s]jok S} (Cadena et al. 2016).

Z|o] Lee et al. (2022)& Fg & o] AJ7te] WhE F2H <
2t glo] BEst g R E AlFshy] $18le] GNSS, INS 18]
I SR TS AR M2 AT 7IHke] B3t R AlA
HS Ajtslgith M2 7423 718ke] Visual/Inertial/GNSS
(VIG) A AR 7]& A AR D 7t AJejiiag e g
SHA] orom] A A AR et ol a4l H AT
A2 AT Lee et al. (2022)0014] o] S44& 11y
Slo] A|etEl LE]E Compressed-State Constraint Kalman Filter
(CSCKF)& wgslaict. Egt sl Alaglo] AMEE Al $572

A E L3 o] 50 & CSCKF-VIGR £0A] REC & =§
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olliE AM2e FE 74| CSCKF-VIG AJARLS AFAls] 270
shal 3 E AA Al HAlE AlA HolgE 7ite g 7)E
P A AR ] A 5e ]l EAR

= et Zo] FAE 2o 71 AM 57
T A5 afstaL, 3ol A= CSKCF-VIG] Hishia 271k
ot 4ol s Al dde Sl 71E AlARF CSCKF-VIGE]
‘deS BRItk iRt B 542 A golth

2. RELATED WORKS

CFE AL §3t Btslel 2Rgen A el e u
Aol |27 By let AT £ 3], 7uleh
o} IMU 2] 31 GNSS 4-417] 7]3ke] 414 §31& 9] e 7el 3
i

W] Fhulekel IMUS 23He 34 el Eel VIO (Mourikis
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& Roumeliotis 2007, Leutenegger et al. 2015, Qin et al. 2018,
Zhang et al. 2020)= ZE{® 9}FA] (recursive estimator)x} 2|2
S} BFA] (batch estimator) o2 I A FLEHCTH e v &
of 7P 2 &z VIO Multi-State Constraint Kalman Filter
(MSCKF) (Mourikis & Roumeliotis 2007)0]t}. MSCKF:= =
SF 3] B4 (feature point)of] tht o8] et Aol A
e A= 47t &% (triangulation)ste] 7|518hs] 4 20
2 285 4 Joke §4& Ad ZEo|t}. FidEkel IMUZE B

Hel A7 5l wet ohdRt fxjollA] FYRt 33k PR
ARE 72 Tt 4 QA "ok ZH2e] FhHlet 914
ol HRE &eto|gd dEfol 715
A 3% Zelof] FYAE o] EFl
oluff £l thste] A= b2 Fhult YX|eA A S5 4
151 4 27108 283 4 A "ok MSCKF&=
xtended Kalman Filter (EKF)-SLAM¥} = 5}x]qt
MSCKF& &gto|d 599 A7t Zof H]z|slo] SLAM AFER
T (5 ) & Agkshe 545 2dot. ojehe 24
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5] VIOS] SHA| & Q1A E )
N74] T2 @3} A o) BAIE s 5] SahAlE GNSS 4
A7) B2 o R AAZEE AFE e A SHXE AHS
oF 3H}. Sun et al. (2020)= T 2=417]0]| 4] B E == GNSS &
Wl G1X, 5% 94 2 WY SPH ek FAT PAlo
=)o) EKFZ &-&5}o] VO, GNSS 18] 1 INSZ 23
AH|etstar, Cioffi & Scaramuzza (2020)3} Gong et al. (2020)
Tl 2417]0]14] BEE= GNSS FHshS VIOe} oFAglsl
1S ARISIATE ShAT A5 eFaet 719k VIG ¢ate]S
0 52 VIOS} GNSS9| A28 #lHe] Agto]n g ofu]
1 e 2 AR dag]EE R AL 4 gl7] el
A28 Fo] Golsteh g 7ML ¥HA GNSS 7hA] $14
7} 470 IRkl 7ol A= GNSS 441 7| 25 E] FsE AlF
4 Qloke AL Ay ghck 351 GNSS 74 914347 8
317 ol A & non-line-of-sight (NLOS) 2-& multipath @ %}-9}
#7474 29l ols) Fshel Fehert 24 sk 4 9
t}. whekA], Bl VIG A|AR 7|& VIO A|ARlo & Hebd 4
o §EoF GNSS 4241 7 27l o] w2 A A= 2] d=ttH
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A7 Fgsto] QAL U WY S} ATV 94 o

jul

~

2 < 4
=
4 o
ox N
i N o rlo e

= A
o

ron
i

1

mN
rlo

H
|

(HU ]

EA|Z F83F 4 Itk Vu et al. (2012)E 7|2 VIO A AH
o 44171014 HEELE GNSS 241712 (pseudorange) &4
MRS AT U S ARk Liu et al. (2021
e walo] obd 2125} BAlS Beale] T 44170
A B 55 GNSSe] ex1712] 9 £ 22 (doppler) 5%
£ VIO A28} AT WA S ARk b e 7

i:‘
e

¢

oL,
N
N
N



Yu Dam Lee et al, Performance Evaluation of Visual/Inertial/GNSS Navigation 131

ge 2001). o|:=
centimeter-level AU E = x‘.: VIO A|AEIT}H

o [e) ]

g g fAl7|2RE 255 GNSS oapAE] 5429 4
eI o2 dol e = YA 2 Qls) VIG A|ARLY]
FEEE A7) A177] diZeloh

GNSSE 7jHto g de(nmeter 2.8 centimeter 74%} % al

_,_;'Lo 2 EE Q,%Q GNSS &4
o) x}E (Single-Difference; SD) 71 % Sl
AT BHE o3 A= o
3} 4= 9lt}. 0] 212 (Double-Difference; DD) 71& et

1' rz

] SD HFEAAlef| 3hel xR E A)A T AlA 7V55)e}. Liao
et al. (2021)= 2HEE Th= GNSS A 2|9} AHH L JAF &

HAE Bgslol INS 312 BASHE WAL ARksigon ol
L 71 AFjele VIoe) AE GNSSE ARe obag wlo]
T} Li et al. (2019)% XHEEl ThE GNSS 94] Z3 ]9} ©) 7}
vleke] 4 SHAE Besiel INS 0348 1

A& 79k o DD F =k kgt 23] 7]uke] Real-Time
Kinematic (RTK) 7|¥ & Z-&35}%ich

A A7 AFollA & 4 1ol XHEHE GNSS SH A&
g Eotd VIO AlAEITRe] Ao glo] £9 J5E &
W} o2 FAFAD £ ot &3], vhpn SYAE EE5HH
centimeter-level Y EE A& 4 qlrt vk o]z|3l FWSH ut
Lot S E §H 02 AgslY] HsiAl= g S Ao =
T A5 YTEA] ook ghrt. A8 GNSS A|AE 9] 7

¢ LS 2457] sl E 2olA E Eo AJ7to] £ 8F
o] 2As)jof k= n|A G 4] e AMEE S A T
Z71RHt Rizos 2001). A A] Eo|ut efd 3} -2 2o &
GNSS 215 $Alo] £7]= gAlo] HIEHG]A] 2y m O]— cycle
slipE RHIAIZICE whebA, 914 4157t #2717 @ 7S sliE Al
Jof| haliA] u|zH 5 ohr] 5| of St OIEH OlFE Li
et al. (2019)= GNSS Z=410] odolts} 8170 Al= DD vt %

il

2] th4lef DD SjapA ] SEAE S-8sI3inh

3. CSCKF—-BASED VISUAL/INERTIAL/
GNSS NAVIGATION SYSTEM

o]t Aol| A= Lee et al. (2022)0]|4] A|¢F=l CSCKF-VIG A]
AEIS ATRICE CSCKF-VIG AJAE]S 7bA3) 7]uto 2 A=
A Helw BH 279} AEH ThE GNSS A S B8
Slo] INS @X}5 58408 BATF o] EYolct. B3 7|&
VIG A28 T} &2 CSCKF-VIG A|AELL. 3HHo] Qs A
Tho] AeiRigrto 2 A|ARo] A Alo] EFJolt. CSCKF-
VIG A AHIL dlo|g] ¢+ 7|9 (Bar-Itzhack 1980, Medan &

Feedback CSCKF
] ]

PVA
Extended
l\1l‘ IN.S . Kalman > (position,
mechanization . velocity,
. Filter attitude)
Maintenance
GNSS
(user) GNss || [ ppcodes
idati D i
GNSS Validation Carrier
(base)

Sliding Window

Time-Propa.
Features

Mono. Image [ Tracked Compressed
Camera Pr ing Features Filter (CF)
¥
_ Check
Features

Fig. 1. The overall structure of the CSCKF-VIG system.

Bar-Itzhack 1985, Lee & Lee 2007)o] S5+ HPO]- L—_%— IE
(Compression Filter; CF) o] & (Lee & Lee 2007)2 v}Elo 2 &)
2 g A AE EAH 24 ] (tlmefpropagated feature
measurement)% A erslsint. alig S8 2| & -85 7]& VIO
2 VIG A| 2RI A 4285 7iojat Adef4s 71 2 o] glo]
FoHoE QA 2|2 B8 4 9ti= o]Fo] ETH

S AA AAR AFE ST INS AJeiid e T US|l AE]
$9] 71 GA5H7] whigell 71& AlARle| visle] 4k Bt
o] 3A Eoleths A& Adoh

CSCKF-VIG A|AHEIo||A] GNSS Hhul 225 2451 Q)
4 =2 AH4FITh DD Wk 24 2of A12H
85lo] A x}E-= (Triple-Differenced; TD)
AR 371491 AR O R W 25 7o]
o

_l

o
an

rj'i;,ler
N

>,

vk 2212 A
2P BG4 0XE £AF7] o] A Auef A HES o
A4 24 B obA] eerh GNSS 24| 2o 9lo]

cycle slip?} multipath= ¥tEA] A& 5 ook slt}. CSCKF-VIG
A=A WAL GNSS 24715 4% 9Islo] Fault
Detection Exclusion (FDE) &11g]Zo] 2= ¢t} (Kim et al.
2019). o3k HFAl 0 2 CSCKF-VIG A]AE]S Hokst GNSS 4=
Al FOM = QP A o] 31 F &5 P B E AlFRich

3.1 Overview

CSCKF-VIG A|2]8] RAH<Q] 724 Fig. 1o] Uehhgict.
A28 2718} o) Fofl INSE 914, S, b4 24215 whe 5
712 AFRE GNSS 44171 Fluljeb e 5w 24
o] Abg FH5 ol so] Wt INS 031 A5} Hste] S 7

Alo] 4y ct,

}\HE [e) Oﬂ/ll—o] Q%E]

==

wfjuic} FAST &1

Drummond 2005)& &-&35}o] 22} E%

221 ERA L KLT ¢18]= (Lucas & Kanade 1981)2 E3j of

2] Aol A A= s A1 o] INS HBel §HA| Setold o

EQof AAHT) whof Satold AE97F YA A7]o EE5

W, 225 27<H EX-2 INS JBE &-g3slo] CFof| QJsfiA] A
AR SAAE At st S84 AL ST &

E]% (Rosten &
&5} 2249

_IIN
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CSCKF
(proposed)

MSCKF

O: 3D Features Q : Tracked 2D D : Camera A INS [:] : System
(Static) Features State State State

D :Sliding  <7:: Time-propagated \__/: Augment =——: Cam-IMU
Window Features State motion

Fig. 2. Difference between the MSCKF and the CSCKF in a graph
representation.

A ZAHXE s|uto 2 8=} Fig, 2= MSCKFS} CSCKF
o] xpolgoll gk Tyolch. TPl 2 4 9lEo] CSCKF:
MSCKFe} & ff 7iuje} Alguict 7idat e g 71
a7t i

GNSS &3 %] 7J41& th&-3} Zro] STt WA ARgALe} 7]
£330 2 HE] GNSS ¥4] Hlo[HE EE53t th3 22 FDE &
25 £P5}0] o]AF GNSS S E HESH H A AT &
W& &85} DD 9A1A g

% TD sk SHAS ALY A GNSS FPAE Al

E#EE %QEJ% Strapdown INS gsi= &5 FElol 9
s 254 AIN’—*‘ o3} HA AR E AlAF | HH Y5t BA
1l°lE°ﬂ o3 24 = IMU HjolojA L TE

3.2 Coordinate Frames, Notation, and Definitions

V-zlZ A (Vision frame)= B HEAE 7le]7|] 4yt
oz oJu|x] HH (image plane) o 2 &aix] QUct. C-2HA
(Camera frame)+= 7|2} 22 A& 712jich 7hd|Eke] -2
Fhdlate] AA A4S UeRl AL XYZ & ke Av-9-S-ofe)
£ UERdt}. B-21324| (Body frame)= 54 23241 E 7] ITt.
A HEA 0] 92 MUS] ST} o XYZ & Wheke 7|
2} XYz = vlskyl =5l N-xFE A (Navigation frame)= &
H 5}374]‘3]”4 AR el Yol FYSIM, N Fo] E& E
Zo] 5%, D o] $3] ol 2  o|=|+= local-level iz A o]t
E-x}3 A (Earth-Centered Earth-Fixed; ECEF)+&= Z| L&A x|
14 HBAR, 7o) 2R wpet A sl FmA ol
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-2} A (Inertial frame)= A T A 24 KEQ &5 HZo
gl ol Yo B HuAoltt. 1179 $2ele] B
Agle] BxHaol g o] i Fhate] aAole,
CSCKF-VIG A|AHIo| A= 7]& MSCKF 18] 2o A] A}
435} JPL BHA! (Breckenridge 1999)3}= o2 A 71 dutzQl
Hamilton ®4] (Lam 2003)2] HEYUQ (quaternion)S -85}
of EA9) 54 xg_ag 2SI Yo AURL A

TFate] $3o] 43 AsteFo] H o 3|AHE 9] 718 e}
e oMA *7‘3} (g.)¢+ 314 “J°‘=° e & shute] HE
(4, =[g:i  q,j | ¢:k1)Q q=[q, | q, 1 & FHLL,

B =Rl #& 282 WS Uehln du 2820
HElo] RS Uit F& 287ke] 9 et off Mk
7zt gmAeh MM 252 Uehdich 62 Sof, pis 3y 2
A2 238E 79k 9% HElE on|si s HElo] AR
< [xc ye 2 I'e 23"t 2 thExs PE-S el o2
5o, C¥e lolat HEACNN T uAze) Hudayds
2

& gukAel Al © X} (standard additive error) &
oj§ w2 $X], £, IMU Hpo|ojiof A LE . 5EA| T HE]
Yl expo] o= Fo 7 mFc) Z 92} A o= Egs. (1, 2)

0x=X-Xx €))]

ay-ai®a).  af=[1]-ose) ] @

o7] A, 8x, X 2|1 x&= ZHZh AFelH 4 o3}, Ales4 247,
RS e 22 Yehdith Eq. () oA @YE FEUA &
] (Yu et al. 1997), o= 2| 54 HxA2 28 AA 3
Aol 248 T4 2hEA Atole] 24| 23} (= tilt angle)S
Uehdth. ® 71 5= HEUY 55 71X

3.3 System Model

v

CSCKF-VIG A|AEIS A AE] ox}o] 243} Kz
St ZAWZE]E TAI5HY] $iste] ARkl N-2 A 7
Strapdown INS (SDINS) 2} Relg 3 o3} RS 14
T MM 9} @2 A AR (random constant) 2

2 Art Egs. O (2)9] 24} A olo] o]5}o] INS Qx| AFel
ox € RI¥= Eq. 3)7 2tk

KR
=

[e:

o

rEHJ-?L’FE
P2 B L

suan om0 @) o0 (on,) @

7| b= 9% (), BE (), 1= (WE ZTsh= = 2
ZHe, Ve 3P A2 2E ae] 2R, ¢N% 7‘]’*1] 9—5‘]'
£ Z}7F Uehdch b9} b= 212t TR A9 2lo] 2

olo| A5 LERdTE,

Z g3 FE 79 VIO 2| &9l MSCKF&= lJH 7}“1@ Al
Huich INS @Y JEE F-8oto] i} e e 284
w2k §2] " 2pA FE2DE AL 282 oH e
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A A28 Aepise] ot 5, Y0l BaE Ao
o A7 ol mebd ALAT Aee] 2710k 03 BEAL B
el 2717} 7hHolch W CSCKE-VIG AJARE A28 A]
A SHH 2PNE Dol weh AA| A2H ool 4
7 Qg 274891 hdlet AepE4E BaE ShA) gt
CSCKF-VIG Al A8]9] Aei4-t Eq. (4)9} 20w INS 3} 4F
ei4ok S5

6X = 6XINS (4)

IMU 7R 54 (§5)¢} 2fo| RATZ (@) 2 A= Eq. 92
2d3 ot

f2 = f5+b, +w,

@ =@% +b, +w, (5)

71 M Wo~N@O, W,), W, = 02 I, W,~N(0, W,), W, =
03 Lis. 0,9 o, 242 7HE A0 Afo| 2 S 2] 9] #F
HAHE Uehdict,

gl =LA 7|¥ke] SDINS ¢ 2} 2@ (Goshen-Meskin &
Bar-Itzhack 1992, Yu et al. 1997, Britting 2010)2 =415l
SDINS SHH{HFYAlS AZHPH (perturbation method)& ©]-83]
o] §EshH, MEY F7|7} 28s] Zri= 714 slolA] o]Aks}
% 7 A1335}5] SDINS @ x}HH4 AL Eq. (6)2} 2T}

dx(k+1) =®(k+1, k) dx(k)+ w(k) (6)

Eq. (6)°]] that AAIEH A B & Lee et al. (2022)<] Appendix®]]

A ZlobE % 9t} Eq, (6)2] AE4 A17H 1ol tiah A2
o3} BEA Y (P)2] AR ASL Eq. (77} o] BH Bk
P(k+1) =®(k+Lk)P(k)* ®k+1k) + Q(k) (7

4714 D(k+L k) e olBE & 71T Q) 2G W)

G'MOI™, w2 {W 0;;3}0 T G(k)=GAroltt.

3.4 Time-Propagated Feature Measurement Update
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Fig. 3. Test platform and equipment.
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Fig. 4. The real-world dataset for the experiment: trajectory expressed by
Google Earth (up) and its surrounding environments (down).
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Fig. 5. Estimated trajectories (left up), the number of visible satellites (middle up), PDOP values (right up), position errors in the ENU

directions (bottom) under the open-sky condition.

Table 1. Comparison on RMSEs, maximum errors, and solution availability of position by
different algorithms under the open-sky condition.

. RMSE (m) Maximum error (m) I

Algorithms i N U E N Availability (%)
GNSS-SPP 1.07 138 14.26 6.26 4.28 17.50 100
INS/GNSS (PR + Dpplr) 0.50 0.53 0.61 1.40 1.77 223 100
INS/GNSS (PR + CP) 0.33 0.35 0.57 1.01 0.98 1.78 100
VIS/INS/GNSS (MSCKF)  0.18 0.23 0.48 0.51 0.90 1.61 100
VIS/INS/GNSS (CSCKF)  0.17 0.23 0.32 0.56 0.95 1.12 100
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Fig. 6. Estimated trajectories (left up), the number of visible satellites (middle up), PDOP values (right up), position errors in the ENU

directions (bottom) under the GNSS-degraded condition.

Table 2. Comparison on RMSEs, maximum errors, and solution availability of position by
different algorithms under the GNSS-degraded condition.

RMSE (m) Maximum error (m)
Algorithms Availability (%)
E N U E N U
GNSS-SPP 2.24 0.77 413 4.15 5.77 15.72 76.92
INS/GNSS (PR + Dpplr) 1.49 1.73 2.82 8.93 5.64 6.46 100
INS/GNSS (PR + CP) 1.19 1.25 212 9.08 5.60 4.95 100
VIS/INS/GNSS (MSCKF)  0.59 0.56 1.71 3.11 225 5.84 100
VIS/INS/GNSS (CSCKF)  0.49 0.46 1.29 2.39 1.78 3.94 100
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