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W TR ET A P L EXER, AP KA 38128 K (5th generation mobile networks,
5G) An 2 KRG F LKA B B R HE S LR, ZRIIRN 585 A B E 54, 56 @R
BARRIC G R F AKIER  FH AT AR LI LR BRI RN RE KT E, R o, éﬂi‘\/ﬁim
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Development of millimeter wave radar imaging and SLAM in underground
coal mine environment
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(1. School of Automation and Electrical Engineering , University of Science and Technology Beijing , Bejjing 100083, China; 2. Key Laboratory of Knowledge

Automation for Industrial Processes of Ministry of Education , University of Science and Technology Beijing ,Beijing 100083, China )

Abstract ; Environmental detection and underground space navigation is an important research direction in the field of
intelligent information for coal mines, which is very important for the realization of unmanned , fully automatic and intel-
ligent coal mine production. With the development of the Fifth Generation Mobile Networks (5G)and mmWave ima-
ging technology , the integration of hardware and software design of millimeter wave in the detection and communication
has been a considerable growth. The 5G communication technology relies on the characteristics of high speed,low de-

lay and high bandwidth, which brings great changes to the existing radio communication technology. Compared with la-
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ser, mmWave radar has the characteristics of low cost, anti-jamming , and the point cloud pixels for each frame of image
are 1-2 orders less than that of laser, which makes its more popular in the 3D imaging of underground environment
and simultaneous localization and mapping (SLAM). The V2X ( Vehicle to Everything) technology based on 5G com-
munication combined with millimeter wave SLAM navigation provides a new solution for the autonomous navigation of
coal mine robots. This paper systematically reviews the problems faced by the autonomous navigation of coal mine ro-
bots and the realization of intelligent coal mine, and the research progress of mmWave imaging recently. The sparse
feature extraction method for high-resolution imaging, and also the schematic diagram of communication and signal ac-
quisition for multiple module groups are introduced. The processing strategy and algorithm evaluation of sparse point
cloud and the research status and development direction of deep learning in sparse point cloud processing of mmWave
imaging are summarized. Finally ,the problems and challenges of SLAM map construction, path planning and obstacle
avoidance in the underground mining environment , the research status of SLAM algorithm applied to different environ-
ments and SLAM navigation algorithm are categorized and elaborated. In addition, the problems that need to be solved
in the further study of millimeter wave communication and navigation and possible future development directions are
proposed.

Key words ; millimeter wave radar;underground mining;3D imaging;sparse point cloud ; simultaneous localization and

mapping ; deep learning
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2.1 ZKREEE

2K A (mmWave radar) B9 KA F 1 ~
10 mm , %R E FL R 30 ~300 GHz, ZKUiH ik
RSTHIRRE IS 5 WAL R B AR B R B I
Bt B E S, IS AT LA HARA B
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BRI s 3 AN R A B 0 . AR
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Fig. 1 Working diagram of vehicle borne ,airborne and
mobile mmWave radar in different scenes
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Table 1 Comparison between Lidar and millimeter

wave radar
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Fig. 2 4D imaging radar
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sive Machine Type of Communication) 32 FF T 245 )&
#5495 /M, URLLC ( Ultra — reliable and Low Latency
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KM E LT, & A T HRMEE ) AR
P DA KL FOREE 5 o 2 TR, mT L[] P 52
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Fig. 3 Diagram of mmWave and 5G communication interaction
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Fig. 4 Perception and communication synergy of millimeter

wave in coal mine roadway
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Fig. 5 Design of millimeter wave antenna for coal mine robot

FREATBIL A DU ) R e 22 oK gk 7 38, SRS Y =2

Kl B IR T HE B AR 5G m THAY ER R A R
BAL, 5350 3 AR S S A B BRI, &l 6 B
N, el gR CPU I 5 2 kiR s KRG 5
TR BURR B A5 B, ZJF Tt 3D s = ab 3 PR
FE2%2] SLAM iz s il , 52 B 1 S 5E b iy



2186 # 2

www.chinacaj.net

F #® 2020 4E45 45 %

‘ /l ///
&3] g T

K6 KT RGN = PBORE
Fig. 6 Sketch map of sparse point cloud acquisition for

mmWave radar
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WOSRAE S I DR T R0 1 PR, PRI mT i B
Blasr 207k JUHOR IR EE 27 > T V6 e A A BE A A
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TRIE 2 2% 3D s 2= B v 31 v b PR = 4 T
SAHLAL BT 40 88 ) BT 58 # 2Z —  Daniel Brodeski 5%
& L TR o ) TR B B IR K 75 % ( Deep Radar
Detection, DRD ) A4b B 2 K i 5 =, H 52 ) iz 47 3
J¥ (50FPS) it T 1% Gt 5 g 4 48 i 8 (5 5 AL 35
£ (2 Dimension — Cell Average — Constant False Alarm
Rate,2D-CA-CFAR) "™ R 28 s KifiF HHA
W IREEE Y T s B S R AR B SR
WIPERITC R TE R = b E N TSR — PR,
CAMRZECTAERRNS 3D o5 =it 2 0 E & 52
e R s o i A A R R B AS T BT
B 28 A0 B AT W ST #7048 B 3D = kAT
B4 10 PointNet ™' | InterpCoan] 5 Rk
ARIURET FE T ARG RELRLEE (19 5 = U IR S Pl a2
> 58 Ly S PR 2 A2 2R PR BRI I B B 5 1)
3.1 R

T 3D LA R A S s ML 2 B S
g fEBE A SR AR, PR R o
SEHE g FEMEAE AL B, A L TR o T
G 23 R R TR R R IR A5 2 T 5 e K,

R 114 OC B 4 A 42 B AR 25 J7 12 25 (Mean Square
Error,MSE) , 3D miz=FEME 50 3 28, 5L T RA%
(RN LT R R e S T RO R REME . 3R 2 510
A FEAEAH R 5 ModelNet10 T 1 MSE

R2 RoMEBEEIL

Table 2 Comparison of point cloud denoising algorithms

SCHR WiReS /3 MSE/107*
ELMOATAZ Abderrahim'#''(2008)  PDE SIS 2.324
SCHOENENBERGER Yann!#!(2015) GBD ] 2.552
DIGNE Julie!*!(2017) BF [ k& 1. 654
DUAN Chaojing!*!(2018) MWP Ei'e 2 1. 636
DUAN Chaojing!*!(2019) NPD 82 1.569

P22 B 52 % W ( Neural Projection Denoising,
NPD) “ SERA o T H AR ST MSE B, A8
LML S o S5 s R 2%
ST TR B AT LSS B P RE RN, E i AT
Wt 2 45 R U1 2, s £ B SN A5 17 i MRS
JE X IESE A H T 3D BB A 2 R M 9 A R 1Y
Jitks
3.2 mnblf

HABHERES PR 50— H a5
WA i, 700 R R e AR R
Jigag 2T R R i £ HAFAE R R LA AR )
DI I EORMER RO TSR0 . IERe R AP T 7
A7 4 5 M A% 2% (Root Mean Square Error,
RMSE) 72 s  BCHER L PPN T b5, 4 3 S 7EAH
[ E 5 ModelNetdO T /N [R] fic #fE J5 ¥ 1) RMSE (R)
1 RMSE(T)

*3 mRREUERERNLE

Table 3 Comparison of point cloud registration algorithms

SCiik ik RMSE(R)  RMSE(T)

BESL Paul J*57(1992) ICP 45.8016  0.283 69
AKIYOSHI Kurobe!*’1(2020) DirectNet 22.002 4 0.017 12
AOKI Yasuhiro[#1(2019)  PointNetLK ~ 21.086 6 0.035 25
AKIYOSHI Kurobe!#1(2020)  CorsNet 16.792 7 0.013 98

ICP J& 28 Ry AR IC I Jy 12, (H 2 G vims FE AEAR
KA FEOR TR i TR 42 R e o
ITE AR A G B, 2 T IR B2 2% 2 1) PointNetLK, Di-
rectNet, CorsNet Gy g2 th . S TR = 107
e va e 7R RE N AR B /I P ) A ST R
MIERRACIE, {548 bR BUR JF A& 5L TR 2 2 )
B VERR YN RSO HESRL X SLAM b &1 44 2 %8 3¢
HE,
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3.3 BiRen

RIE I8 3D s = i Hbn el b A B2 0t
FEMSR . HAHT 3D H ARSI 7 12 KA 7y g JE T X
VERE 7 LML B R 285 69 07125 i AR Ll 2 AR
AT BE X 45 ( Regions of Interest, ROI) , P-4 B X du 45
LR 200 5 i 7 B4 TOUI 2 A4 AT 3 0 1% [ % R 1Y
3D L, &4 5 HATTE KITTT £ g b 3 ARk
A7 N2 b S

®4 RzBRRNNHRER
Table 4 Research progress of point cloud target

detection technology

HER R/ %
SCik ik - —

KA (GUN

WANG Zhixin[®(2019) Frustum ConvNet  87.36 52.16
LIU ZheP'7(2019) TANet 84. 39 53.72
CHEN Qi'*?(2019) HotSpotNet 86. 40 51.29
YANG Zetong!%1(2019) STD 87.95 53.29
SHI Shaoshuai'*(2019) ~ PV-RCNN 90. 25 52.17
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HAF— PR AR 1 PR AR L T M b IR EE 3 5t
PSP G IR W) i A 2 b B AnTE L B AT K
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IIAT N = 4500~ B A4 () PR R X B — | 33X X T
W5 B AR 2 A F
3.4 BYUSHE

PRBE A o BT S A 3l B o A
W AHERR U B g A 450 ] Rl ) ) 1A £ Ly
NCid S RA REIRUEA T 4. B K =i
SOy BVEAE T i s B AR (PR IR 4 | A 2 st
SAE) MBS B AR (7 N R ESF) MK, JA-
KOB Lombacher %54 H 2% DNN $75 523U % #25 H A5
(5326 ; 2 J5 , OLE Schumann %R I 2 T % B f)
R (Density—Based Spatial Clustering of Applica-
tions with Noise, DBSCAN ) % & K % 12 12 W 4%
(Long Short—Term Memory, LSTM ) SEIRRTEh S B AR
G320 PointNet++28 R B & X S H AR/ 25k
£ OLE Schumann %5 3R HH 22 K I 5 =518 531
M SEREHELR ) S A2 B AR FFR S B bR 25 A 115
o) AEAH R AL T 2has H AR IR PR 5245 73 %1 75
A HESCHRL 57 T DT ARG RE i 4. 14%

TR EE 2 S e 5 05 = A BHURS B35 19 (W) B R b T 4%

GEF D RN T e Ak P B A8 5l e, o 38 iy
BSR4 3D A5 2 A BEAH LU A% 58 58 1k SN i 4
B BB ARIE SR T AR A R A v
SR i ELER IR [ 7 A2 i B TR B~ > B 5 %0
M A 25 AT IR INC 9 | B G DU R S 4 Ak
HEP SRTHET AL A M PRBE R 32 48 1 12 A
SIATRETD, RIS SLAM 2 B A F A S s

JRAE BUAEAT TR B 2 2] Kb 32 DK g 1R 15 7
TIIFEIE AN TE A R (B SR B 2 S e — 4 e =
AP R A B BT A R HAERR B 5 2= B ] L
AR T 4248

4 SLAM 2B 5SS

4.1 SLAM

SLAM SZALaS N R 2R Ge i A v 2 s Mot
IR K IR AL AR AR RN FR B P AT M AT
IS A B R R, SLAM 2 HLAF N BERE 5E
B H ESAEEATE

FHEE T BULE T 2RI A0 Hh B i 1 ) B I 158
I SN AV W [ RN I Y S VAR
FE1% SLAM AR Sy — T = Sl 44k 1 58 BAT e 1Y)
PRIEE L I EL AT AR R PR 58 w8 G ) ]
HIERE Y EMH ESH, SLAM 19 FZ A0 HAE T
B 1 X N T A Bt sl R B e 3 A MR AY K, 18
TCTEARAS 4t %57 B mORS 0 b P A5 81— R 30 1 v
HAA AR e

SLAM DUAE G Bt o dan A | i s &0 70 HE 4T 007 45
FTT 5 R I i Ak AT 2 R e B Al Ae . 1)
A3 A [l A I T B SRR 25 ] 7 O SLAM 33k
HEZR B 45 PEIROR

[w@% B A IR [E%ﬁ% ]
Bl P Ak " A

K7 SLAM HikHEs
Fig. 7 SLAM algorithm flow
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OGN SLAM % HR T 117 35 59 $5 16 DE fic ) i
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WOLIEZAE SLAM 1 75 E R TR XA PR
TG T Jo s 92 LS 4R A, T2 K P & 35 3D
Ay TNk SISO NN (TR N R Sk I
TR S HEE MR B PR

J Sk ] LB A SRR T, Dy SLAM SR
DR, R SLAM R A MEAR (], HL S o3 vk A
DEWVE N T AEAE I T T 408w Mo 1] Y 30 4 Ak B, ke i
IR R ox AR iR 22 BB, LN, JE T /R 3%
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Fig. 8 Block diagram of coal mine in underground environment navigation based on mmWave radar
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