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Abstract

As a method of combining physical objects with their virtual replicas, digital twin technol-
ogy has achieved remarkable results in the fields of smart manufacturing, smart cities, Internet
of Things (IoT), big data and artificial intelligence (AI). This paper aims to provide an in-depth
study of the challenges and solutions of digital twin technology in practical applications. Firstly,
this paper reviews the basic concept and development process of digital twin, focuses on its ap-
plication in the simulation manufacturing industry, and analyzes the key role in the product
life cycle. Then, the difficulties encountered by digital twin technology are discussed in de-
tail, such as data quality and accuracy, visualization and interactivity improvement, model and
knowledge analysis and storage, mathematical analysis and simulation technology, rapid model
construction technology, multi-field application practice, and real-time application challenges.

In order to solve these challenges, this study proposes a universal digital twin platform
scheme with efficient performance, ease of use, and rapid construction of scenarios from three
aspects, and attempts to apply it to practical applications. Firstly, in terms of data quality and
accuracy, this paper constructs an autonomous distributed real-time message communication
network to ensure that the real-time requirements of messages are met within the hardware
network, and the efficiency of message sending, distribution, storage and response is guaranteed
throughout the system. Secondly, in terms of model and knowledge analysis and storage, this
study proposes a system based on graph or semantic construction logic model, which provides
users with convenient interactive response logic editing ability of each node in the scene and
simulation logic editing ability in the virtual scene. By parameterizing the design of the model
and the logic of interaction between the models, and designing the appropriate storage structure
of the model, the storage and transmission of the model and knowledge at each end are greatly
simplified. Finally, in terms of real-time application, based on the first two technologies, this
study explores the whole life cycle application scheme technology of the system, from historical
data analysis, data monitoring and logical response in real-time scenes, to partial data deduction
and simulation in the future, realizing the unified integration of history, present and future data
of a single twin scene, greatly expanding the application scope of digital twin technology.

However, in practical application scenarios, we still need to face complex practical prob-

lems, such as massive information modeling and processing, model structuring and proprietary.
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In a single scenario, it may be necessary to build thousands of digital twins and process hun-
dreds of thousands of levels of data per second. How to use existing knowledge to quickly
deduce models, and how to associate, analyze and respond to massive heterogeneous data are
still practical problems that need to be solved when exploring the above two technical directions.

In conclusion, the applications and challenges of digital twin technology in multi-domain
practice still need to be deeply studied. By reviewing the development process of digital twin
technology, analyzing its applications and challenges in the simulation manufacturing industry,
and proposing some solutions to these challenges, this paper aims to provide reference for the
further research and application of digital twin technology. With the continuous development
of digital twin technology, it is expected to realize more efficient, sustainable and humanized

solutions in smart manufacturing, smart city and other fields.

Key words: digital twins, distributed message network, knowledge model, time series
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FEVE GG WG, PR AR B — 4 EHR AT J5 A B . X BARAR NS . PA8G
JCUERL . DGPTSR BB ROR, DA 9 AR S B o

262 THFiEEK

= YRR R 3R T AN R s — e RS 1 SO R A X e U L
Ry G M5 shm DAL AR S 3D SRR SRR B . ETFRALEIESE . Sieskdt A B
SRR LA, A 2 MR =4ERR RS S0, e B HA MR R R i, R
ARG NS T WS AU AL R DAl SCHF, W AR AR 0 obj. stl. ply. 3mf.
dae. fbx. gltf . MAELEN TSR, BEHRAAHRK IO viis viu 58, B 7T EE AT
=R, X SUE ] TR EE O BB AE R, N At NARY . RS,
AEEEE, M. ShiE, HEEEER . IR T8 2R A SN, X e SR
A% H DL RANER R, HAANRL & X T S A O T A i 2

Hor A AR AR R B R B 5 DL A, T A RS 0 LS M S
B, MBS RS BoRS, SRR TR B R, BT A U
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#a DME AL AT, B s, T A T 2RI A%

Scene

Node

(o) (o] (o

accessor

J

Material

Image ] [ Sampler ]

[ Animation J [ Physical ] Simulation

~—

B 11 BE5E X Mesh fRfE4H

* scene: WmAitiR K H. EiEit 5| node k& X5 K.

* node: W REPH—ANE AL, EA LIS AR (thanieE Er ), SIHEZ
745 rlo BRI LAG]FH A MR, DA S Ho P b AR 46 1 52 K o

* camera: & X | AT EGS = A AEARCE .

« mesh: #fiR 7 & Ech L) 3D X RIK MRS R . B 5] F 1) accessor % R A LA K
Vi A S A U . e 91 FH Y material XF %€ X T 3D XS4

o skin: & X THTZEENSH, SHHMERT — accessor Xf RIK 1.

* animation: FIR J — 825 SN A [A) BEAT AR e (LU 57 7%) o

« accessor: — /7 AR EE M REAEVR . ¢ mesh. skin A1 animation 762 i F
RIRME U, RS EONE TR AR shEE. &l 5] H—4 bufferView X}
o RTIHSEBR ) I .

« material: £, 5% [ 5€ X 3D X RAMUHIZSE I H 51 17 HT 3D M RIE L) texture
X

o texture: & X T —> sampler X} G F1—> image X} % . sampler XJ % & X T image %}
RAE 3D X R _E 5K 5

« image: & X T —/ 2D E&. E5IH 7 — bufferView X R, K5 FSLpri —i#
il o

« sampler: & X T —> texture X RASKEERS . B2 X 7 SO AR JE a5 ARG Ty 2.
« simulation: & X [ i E8HE, OFHTEBHERIRM., 0T BEARH4ER . OF B8R 1)
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-2 ONEDT ¥ &% i%it

KN DFE AR a7 BBER 0 o HR e, 07 AR B R AL 1 AR

G/

« physical: & X T YHEEHE, GEVEEEE R, VAR YT . YIEEEE 1)
KN VB S L B (0 o R e . DR EOHE RO B R AL . B 1Y
Bl a5 .

Ry b ak SRR glef A AT o J, BRI mT DU glef #% =X 00 A 28 3547 A T
AN A IAE EIR A = 4ER AR 2, U obj. stl. ply. 3mf. dae. fox. gltf %%, {HZEX T
5 BATUS B A7t s 75 BB IT R R HT, W0 vti/vik/vtr/vtmb/vtmg/bthd 25 18 Fiig X, %
Stk NN 2 B %, I B AT OGS R T 5a@ H 1 vtiveu #8358, 58283l
It T HAT A AT A SRR

2,63 EFRFBARMIL

TEIA W ARG 3d FE Y51 3, B0 T RoR g1 ia sk, % T JERUS AT,
W R =M AT 7y, PO =M A CME RO ERIEAE R, AETH RS
. SMERIEEEAR. ST AN R, R

ERAAERFAFAERG Y, FEARARIE R T B S AR E 2, 1002 7 2 T
DLt A T AT PR, IAEE R R b, 5 o R SR #AT i, A
Pk TE YL TR), SR ENEGRCR, RN S B R A BT B, SEELE S B R AR
R EAH R IC-E R I =FH G

e

1. EMEHE 3. L5 IA% 5. ZIMFER

A g,

;;
|
&7

2. HLERE 4. e 6. IELEULIE

-
0
A

K12 MEEET

mER2pR, EEEEE, BHLME, Sipirg, kgt a, Zam8dE, 4R
PR RE , XS A BUE O T S B B A RS TH SRR T, IX B i n] UIE I AN [H] 1
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JrAHATIES,, AU EPARR DR RIS, RS R R AR AR
KB AT RPN, 85 7 Z A AT B AL B, AT 2 SE P KRR, W
K13, WAERIAT MRS AiAb i R, XS R o 0 B AR TSR0 BE R I, TSR 1]
PORBEIN, GBSl R PRI S5, 45 & bR RERIBIRE S, AT IEDRILE 99
AR PE I DL A3 B AR R B e B, AR st SRR, SEBLANAT R Ze A R e

I [

A h\
B 13 RS RRE L

2P 7

HIER BB R

JERTE
PR :
HIEHR HERTR - HHEITR

Bl 14 BIEx R EEEL B E R ATHMLETE Pipeline

WP 14 TR AR A e A SR, B T TR = 4R ARG [T A, R FOREE B (S
AT AT B A5 U2 DL BRI [ S B T 045 B A 2 N B IR, IR S IS I IR
%, BLRoREANAERGER, LI EAUHMERS BRI ER,
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=8 SHRHEEMEt

3.1 #hAR

AR A S R 5 38 8 AN R IS AR AR, T 72 MR T MR 45 B AR Se AR S 1045
FEIXFh o3 A AR b, SRR R E 2, I Ak, T SR 34 DO R i R G PR £
WMITE, Bl A EEVE A 5 P L B I RS DL I . 1948
TR ORI #E X SCRF L R ARAE AN AR B 3L [F) 8% 07, T BB 2 oA v 2 1 H AR 55 1
fEH JE AR, I RIM BV 2T 7H E AR SS, W MQTT. RabbitMQ. RocketMQ
Fll Kafka %5,

IARG> A1 23 JE W 2% 38 A — Pl T 00 A0 R G A AL i A =) IR 2% 240, SCHF
A R RRAVE AN A SRR R IEAE o XM N 208 R 2 AT AR, IR BT ST PR
VIEEHLAS . BRI 98 . X Sy B 2 08 1 R R AT AT DA e At i AT
Btid . ERAAT A, R EHHEE R (topic), 9 1T B
R 32 RSO LR S o E ROR U, T B R EORIR BIBA S, R —
ANV T BRSO A T ZIE B o TH B NS A% O R B AA, R — Rl R IS
X 2T R LS E . TS BFEHE GFE AL # . 1 # FARE (broker), H
A P B KT BB B BAF 3 9 A BA S O Bk AT AR B, AREERAE N S A
AT i, SBTHES RS I T SRR R B T S AR i

RAE R EREA R SRR CEAEE B, HEMEAEH T AR 5.
X LEHE S8 T = IR 55 2 [ 1) BaEAE, TSR al 48 A 4% PLC (5 X R Agid T8
i, NEEGHEEEMERSG (CPS). HAIMIEEW I RKER & |5 AMEILL
PRV 58 BB EAE T R . WEISFR, 1XDU 75 2 (A1 B3 /R SR AV RE SR & A
FAEL, [R5 RS RIS H 7 20 A R A RE ORI 2 AN S RS 5T A, W AR 05
JF| HTTP. MQTT. CoAP. XMPP. AMQP. DDS #1 OPC UA, Egi&Hihill i 4G.
5G. NB-loT. LoRa. Sigfox. ¥4 . Wi-Fi. Z-Wave. ZigBee 1 WirelessHART % [21].
PRl e 2 et — B O B R 2% DU R 2R AR R I BE N B AR A L B . A Bk
P A5 111N A ) VN = S RN v R D% W N R = D B G X SR € A L Rl 1R
FIF R HEEHESE
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RN R RS
BiERRS. RPE

it K—p»

IRRIARE RS
mﬁg%\ﬁm¢% HENRERE
BURBDIABELEE. SRIE

s, TS
R BESE. RS @
A

B 15 rEsfhReEiR

Sub-
Server

Sub-
Server

B 16 BEIRML

27



HEE A UH BB

3.2 @il

B 1679 B AR — SR T ST U, FER— 7R 1 client 9 5 B 2RI 34T
e RKILANWNY RUR TS, A DT RARL T R, R RIERZY A, RO
TR EIER, BABERR RO RS AR A, RS AR AR 2 A MR T
XA ROV EBEA P A% 0 L, FORYES T mUIRES IR T RIZVIRES, BAAM 2 P =
TR T, il BT A BRSO U AR N, S S ECEETR IR T
WE B, PSS 1s, (HERANEIHLRZ XM LRI, RE ELR2FRADNA
IRZS, SRR R 25 (B & — 2k

FAERET ROk, H B R S S TR AL IR AR BTN,
ERRAEH 2 0 R EAAE B2, ERNPTA Y R #2 TRECE WA Y, 44— BEHE
R, R EAMICA TR BN H AR S W AT A NIFAS BRI R T, U AT
FAT B R, b #648 Ia 5 f BARENC T BRI H AR A LR K 1,
SR ER T A AR =, R BRI 1 A U ) [R5 B AR R
WEEE, BRI, ARG AR KR, MV B s, KIWITE. XFE, 2R
AT BV SR AN S T R AT T, IR ROl R R AL 3k
BEAR. S RENH R, RIEEERAILS, AAAEMRCNF &, AFENTFTE.

3.3 @Y

RN, WHEERPMSCRH 18T BUR R BMiigs i, W Sl ares . K2, 28
BLpRids WAL BART AL HUE4IE Rt TR Bt as, KEMT
FIWTH B WU EE R, KRR T X ERA, trdH TR E, 5 S H TR REE
Kis, HART R A TRREE S, HUEH TS EHENE.

R 1 B

prefix count

typ | tag | source

target data

data

data

o prefix(8bit): MIFTEE, F T FIWrH Bl 46
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+ count(8bit): ¥H &K

o typ(4bit): JHERM, . FRE . k. SOk, json &
« tag(12bit): ¥4 EFric

» source(8bit): YH S KU A

* target(8bit): {2 HFRTT A

« payload: #4# 4

332 HEZRHA

FEAZ AT G B, SRR K AT PR, T B RRAL Sy, — M
FHE, —MEITHHEE, | EREIA T A EIRHEE, TREERERA
B Tzl BT A4 2 RIRE R . BT RENTTHE, X BATET 7R
vt 7 A FE DR H B HE BRI R

o [+ NARHIE

* /inner: T IREAAIE, ALBEAT)HE

o /sys: RGHE, HTRGENFABEIR, Aol AR A 2 SCH R E ek Bom 244

« /sys/base/log: F &G HEMIE, AT RANTHE LK

« /sys/base/heartbeat: RGOEMINIE, T RS0 A 0Bk

* /sys/base/auth: RGUINUEANE, AT RFEHNHINIE

« /sys/topic/subscribe: FRGuiT FAIE, T IH BT

* /sys/topic/cancel: RAHGHIT FAIE, FHTHUHHE ST

* /sys/node/admin: FRG T R EHAUE, T REH

* /sys/cluster: RGEEHME, HTHEAFEH

« /sys/cluster/id: FHT RGERE NS id ZH

« /sys/cluster/level: FHT RGERE NS = J AL

« /sys/cluster/info: FH T RGHHFE NHLNE T SUE B S H

« /sys/cluster/redirect: T8 K115 i H € [A) 237 (1) 52719

» /sys/cluster/heartbeat: FRAEERFOBAINIE, FTHHE A 5L B AS I

333 EFMY

WENTRR, AR T UCRA 7SR T ORI R FH0 3 RIS I 7 BLFR A
UEHL o
o EEWRETIER: EINRAT SOERE TR, JFEPE QK id
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HEE A UH BB

o BENT BTN AT A A S R A B id

o« BENTRETNIE: BT SARGEX T id MAYIEHMT I, RE ARG EEh A
o EEWRETHIN: N SR AP E & id @R, BT B, IR
PEANT A id FAPIEATING, RIBL RN R

« BB RE TN Sl SR AR B id @R, BT B, BT
3y, RO EE

1 /sys/clt ister/id

2-/sys/clt ister/id

B17 FREFHR

3.4 RHBEZE

FEVT DAV S I AEAE S FAT B oK, 0 TR 20 mOR U AT BE 75 BT B R 2 A AR
TR, XTI ST Bl R A ORI, AT BRI S, B A
AT BIALE], AT B B B E, T BT S W B R g BT T R
RFEAEHEAT I R 00 AN AN BE T B 18 L H W AR L AR 2 5 e, FrDCRA T trie BYSRLI:
pIIBCRIER YW

trie B SCHARONRTZER . 7 S A2 — b TR R 3R 1 2 W S5 . 7 JRHE 74
A T AT B, RIS AT R T A5 A B 5 e U R A L BRI S, A2
HIEE— SR IL RS B — AT AT o T BN A7k 7457 BRI MR T R B84 i 2 T
2k igAe, FFAEL R R B ID” 2 RO ROEE S5 R, IR ONAT 2 /1 R
AEAE, 7 SR ANBURT LASCHIL T B A A5 A, G AT DASEELF A R A, 7 EEREAR
X L MBS AR 2 T i B RIAT

Trie HI#% 0 B A3 [ N 18], A 3 T S o -

o R EAEETH, BRIRT SAME D SRS AT
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AL AR K A2 8 5

o MR RBIZE 0, AR Bl P RRERGER, Ny mUR B 743 8

o BRI T RS AN ]

TR RENS R AT AR A SERT L, XFERTRES T AR, A T ARFER I A LT
23T LA/ ) 7T A A TR], BENS B R PR B A TE T (10 74 B ELB, RN E B Y
RERE AN TR TR B AT R KR, WY R I EEAT ULAC, B RCR LERE

3.5 PINIEEEY

7
TERALER

18 AWM

BN R 2RI R DA BT B NS EARIE DI I B M 2%, 2K
NL%%%?H@%%?&T%N%@%?%@$,@$ﬁ$—@&uwﬁﬁ%@ﬂﬁ
HAM AT SIEME, FFAER LA R BRI A ML L, XA
R BB NARGE AL R B)Z . TR A% 2 18] R fie /IR AR AR 7 A ik
P, A RAE I ZIAE T U =ARE L

< A3l

. fREH

- B

i BB, TRVE B R S AR BIIRAS s AE— B Ta) Py A SR AT Ui 2
KB EERLBE, MASITIREMEEE, Ak, GRIEIRZHMFAESR (FEC
K22 MY LR AR R IEAR Y Rl b B S, WSR2 B

B2, RETRE RA AT R, WERAE B ) BUZDIBA £, W50
A RRE N B EESAMERNG NS OBEEE, R E SRARIRE. R
TN R, A MBI RS Bl RIS, ERrE
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3.6 FESCETIR{E

FE kA s, SEF P (Real-Time) & — M REPERIF R L R0 —RKiTHH

248, HAESVERO TR A IR DU AR S RO B, IR S RS 2
FETHUE (IR 8] BR A A 56 BRARFSE AR 55, I W] BE PR SRR SR b 47 1 45 14

AR LR LA
Lo APl R M AR: S ARS8 RENS SN i 28 7 I o i) & A oc s S 4 (BT AR . T

JrRnED, DA ORA P i R SRS EVE . ARSI R S8 TIAAE TUE I 8]
B 1) P X S H IR A e N, FTRE S R B R N, BB R R e FH.
BRIBAT SYEY: SC XS T B0 IS AT A4EY BAT B R o SE R GEnT Bl
M BIREEIE, S BB E, I OuiRE N SR gtk b2 WrAn i 2
FEL o ARSI 2R G TCVA A TIUE (A 18] PR P 5 BOX BEAE 55, BE#% ml RE 2 [ i fae
TMAEHL, AT A R

T Az St SERHELE Tk B Sh AR RE e s 2R R MR . 5K
I 28 48 R] LAAE RN 8] A 5 R B R R ACA T SR 55, AP i AR SR (I e R SRS
Fro XAIMTREETHCR . BARRAS, o™ fh i .

LAGHEMYIE . AT, SCIN R G A RS Y T A AR
SN M A T R RT DA B AR N 53 SO A B AR 1 2 R, JFREGL 2
BRI F . A SRR AR L, TR SBUMEMEM SR, Wik
Sy A, HEEANRGT.

DRLIE - D A2 18 8 TA) S AR 9 S RORGE P W oy 2 ) 5 5K AR BB P R G 5 A L

(RS B 5 SRR RE 2K . #E CPU BRIETASER, OS T ZRME— D245 (multitask-
ing) WIS AT 8, PAJTER I BIOT . AETFARIEAS B N B 638 TAR IR R 2 ME 55
(Task/Thread), F/MT55#0 AT A4 f— > 187 B8 B TS BRAE A [22][23]:

void MyTask (void)

{
while (1) {

1

2

3

4 Wait for an event to occur;
5 Perform task operation;

6

7

RA% 3.1 ERFELRE

i B EARS TR, AR5 (Task) #2564 event, SRJGAEBEEESS . AR —MES515 L
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i

17, #RFAEWE] T — Event, XA~ Bvent AJ AR — AT, tHA] A2 I 211,
Al e HAAESS A IK IPC (55, kLB Ak IPC 155 IS5 i KPRk Event
HE A MBS BB A o T B 2 N BT Timer Hibr. ST 51 1 Event 1%£3%, £
TBNMBATZAMMES MBS (Chain)e — N RA NI RAATERZ KX MR

XS RGERA, AULER OS BEFMEBAT I 38T, 5 ZERAL 55 REAEAR AT I (7]
2P 52 A1 D P B 2

X 24 1 s R U ASE SIS VRV S, ) P b g B o B X T i ) D7) 49 21 1 4931
THEKIE, E R AT R ARG BREMPAT I, ANRAZIRL LTI RE, fEREAK
T IEIR 52 fi e — 0 th 2 AL B R — Bt i LR R i ok, oA BE b A, Xt
HEBAT %, m el Baseilk rhilmi R, Ol BIPHATIRGS, HARBEE S

(;I

B 19 WkB% A

FE F IR PSR W] LASE AR I 55 A S () S A A v W o BB AE 7R 2L, 8 T A AN
i, ARYEIEAE PPN AR AT IEN O 3 s AT B K, AN BT S IT K
1 c/rust SEAS W ZE FTBET ARAT A, BEHRAE RS N IR B S 4. H 7 AT DA 62 A4
WAL e WA N BB TR A 6, IR E 8 D AT [RIRE S H T 3 5 X5
HEE B E AT SIEERE N WEI19F7R, 1E raspberry4/esp32/esp8266/intel jetson
nano/thinkerboardS/STM32 &5 AN [F]:05 Fr > &5 FIAS [F] SE B ESL i R4 Fadad 1845 i ok
i E ThREM, 7E esp32/raspberry/stm32 it | A HH 738 AE Th RS It
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3.7 TERESTHR

DL PERE IR B 4 2.4 GHz J\#% Intel Core 9 1E9MIRGE Fr,  FEHEATAHOC A% 1
REVADL A 13- 21 AR 2R

Density (a.u.)

Total sample time (ms)

0.04

0.035

0.03 1

0.025

0.02

0.015 +

0.01

0.005

300 400 500 600

Average Time (ns)

B 20 HEmIEERN

50 100 150 200 250 300

Iterations (x 10*3)

Bl 21 B R A

et E20F1ZR2 0 40, VH B K S Bgm S i [A]7E 300ns /24, W& i B

TIRPLE S TRCESON

F| &[22

| = VA
52

ma., EEXH R KR, T wik TR RGHHT R K, 13
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X2 HEHE

grringls) IR fiti{H B

EIJEFes 296.52ns  298.26ns  300.04 ns
A 0.9228055 0.9263008 0.9225949

e 29537ns  297.35ns  299.41ns
FEAAREMZE  8.6420ns  10.325ns  11.813 ns
HH 203.45ns 295.80ns  297.40 ns

dafrifi2E 6.1489ns  8.4741ns  11.089 ns

» ~ wrk -t8 -c1000 -d15s http://127.0.0.1:4000/api/topic/derive
Running 15s test @ http://127.0.0.1:4000/api/topic/derive
8 threads and 1000 connections

Thread Stats Avg Stdev Max +/- Stdev
Latency 6.33ms 1.83ms 59.51ms  98.16%
Req/Sec 19.82k 2.76k  22.24k 97.25%

2366694 requests in 15.01s, 291.16MB read

Socket errors: connect 0, read 3291, write 0, timeout 0
Requests/sec: 157651.06
Transfer/sec: 19.39MB

B22 HEDREREWLER

B 220 DA B, T8 B2 K AE K 40 5 AT 4] i N o8 B0 15 0 R SR T BLIA 31 4 #0
157651 %%, TEAREHUEEERE M N R0 &K IER 6.33ms, LA _E#¥HE H 5 2 2oy 28
RS EDR,
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EU Y2 it

FE BFRE

1 ESCRBRATEEC T2 R NHEAR R JJAGUARR . 2 W, TS s . Hod T
R AE DY T KL AR R g o e o B2 2 R B BBOR BRI TR RE T, A2 L S e A (B P A 2 P
2o TEBUFZRAR DS T (B0 25 )RR 0L 25 R) 2L T B PP DI R B 4 X 28 v, 38 IR 0 1
TEWSIE] . ZS (R R g pe)_L AR B R K R e MR SR TH [24), B R U B2 A2 1 TR0 1)
AR, S B AR ] 25 58 SO, ] SRR T 1) E AR ECE PR SR, T LTS
5 RRIX AN P 25 FIX AN X 2% 130 ) R G, TnART 25 45— 2 TR0 (99 2% AR AR 45 1 55 2 I 245
SHRN RS HL [25][26], XEDRATRIF TN . T ORI BUF 22 R 5
MOFRIE, FELOIRAS B L RiR R 28 A BN R I 2%, FH SRR TR 2 i IR 5 X 2 A
WHIZN T3, BT A Y 2 AR R 3 2 I 2 T 1 22 J2 U (8] 7 51 S 400 T ] 4 [27]

4.1 FE S Fr

0 — b A FH B RS TR R 73 B R R AT e A AR IR DL RO 3, NP 2% b
mzGr. [%. BT #ES, HARR NRAERMEERNERE, B e E &I
THRIFNSENS, ATLUA R R BRI B 5R5a40 g, AU AN (T Ab BB Sk R GE Y
AHENE B SIAMESERER, DL ORAE T 45 SR A HERR PE AT T Stk o Tt 2
WA H AT £ MR A RR, W AT IR R . XTI R P8, 3@ H Al AR
o) D S R AR, R R L SR B SN AR RAEL A AR o AEAORIN TR BEPY, R
AN 8] Fp 270 B T VR 22 3 00, LRI SR (RR 9 sA T T DX 18] L 7 2 r oA A
T 3 AT, XL REG AT LA TN TN RS VE 2 A SRR,
T H bR T Re R F AT (Bl tbEsE) [28].

X AT AT 2 s B, 8 BT LR LR AR [29]:

NI ALIESEN NS 5

2. Al AR

3. TRINEERA S 2 B H 4 .

TR RS, B IR TR AR s, AR B, BRI, R
S, LAHATRIEARIKT, /T I i i 45 R AR R, (B2 S BOLE TN A5 L
KA, BT HETRZEAES RSN T WAL N ED G RRE, BRI AR, B
IR R B PN S H 25 R M N K e 505 0, TS ELAS B A Je BT DA DAL
W, B RG] DUSCHLL T D RE,  HOR P 2 1) X 52 A 22 0 1 A P AT )
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P,
42 BIEFHIEIE

PR 2R A R G LA B R AR (B B I TS 5 808, DR e R 47 2 209l
AT, FRATFEZ oA (8] PP AR (R, DUME T £ 5 0& B PO AL . i) 18] 7 1 $icdhs 2
e R ST [R50 F7 HE 1 Py — 2L 5, 36 e 5 AT R SRR 14, B 0 2 1) 5000 (e w2 B B )
TAb, BA—E st I RBENLE, XSy e 1 ) 5 2 S0 ) TN A 7
WARAE N RIEVEAERRE, 7 fe SE o hod S 8] 5 5 3800 (3R A . AE IR BE
Bl b, ARSE AR, KR
1. ffE PR (RO

X SEHE R AT TR B e 35, JRb R i e MR R 51 R ), wZEitk. &

FEL AR, XGRS T DA Y, DRI I 2 A P T AT

Foa R R B KA, ey DU ek, F T DA ARIKE,

LR, FRECFIPHJE % [30].

2. IRECE AESMEETR)

ZHRE TR R I AN [FIFR B AR LR 1 0 AE DG, 38 R R N BA 58 A B AR I

ZMRERA Z M, HON W6 61 B B M BUR RS, RS /1 HR3h sl

iz FEEIR T IR TSR, IR % 4 FPLT- Ptk e 78 5 0

WA E LN, EIEKIIE R BN, B T — Dk

FA) I #5E [31][32][33]-

3. KA EE

ZHRE IR AR R I 9% 77 50 5 AN [ B )20 K B s g A oo, JC 0 g PR

SEAE T FAC AR, B2 i 500 0 TR0 AL L5 7 sk 0 1) PO 2 [R] A7 E B

FHOGHE, R ub HE Fot 0 75 2228 R& U P sE B r) T, X3t 30 T T A 52 A 1

[34].

4, TRFEEE

S B R R AEAE TAZTE SRR e ) 8] 37 2L A BB AL o s/ i 35 s e L

VRS, 2 AR SRR B BE N R AL (A . W P B 1 A7 AE 2 5 BUN 8] Fe 1 Hh

PR . DR R 22 0] 8] e H A AL 4y A i A e oA PR, BDGR i RR A

BHE AR AY, X TE S RO R AN IS, R A 7 a0 A B B 55 % R ] T AL e

A AL HE [35],

F BB TR RGN [RME S B IR, R Rt AR, B
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EU Y2 it

R B2k, Lt DAZRIE e A S 10, ) DR B & A P fift 5 AT tR
T, X6 500 A 2 Ak 2 (10 LA AR e At AR 4RO B dis D 3= 1) I 8045 5 000 mT BA e
&AL RNN. LSTM S5 VEBEAT TN o (RIMAEEAT RE R GE TR I, 75 AR 19 s 2
PE AR PR T A TR Y, DUIA B4 R s R B RCR , Juit, A7 6 DORES-F
-y Py = AR R O A R A L Vv 1 Fha] AR 22 BP0 B 1 23 A T ik

43 RERE

FEBAT IO AR T, FRATE e 728 SO, g £ A4 ? 7€ OneDT R4,
AT LI A RN RGP A ARG, X PR H R 7B R MR
A, BIEA RGHPRESHIAL T SRS 0], i DU S FRSEAE, tha] L2

LI, LR, AL, AR, RESE. N T RIREBARG, AT AR,
W5 R =R

MRS - FENRGIRS TR, BT T B0 DR E—H0 7 % Lo

B vl bt e PG D SY L SIUN -1/ B 5 - AN L PP d st/ B0 | 1 10 o

I RN R R A AT A, AR A AU i B — B

BT RER N B I 2 B3 [P R N 8 1, 907 (8795 sl S B e
ANy X RUE N EA MRS HEE, FIERVEN B AAES. B TEN S EENE
ITHCEIRASHLAL, I 0T LAFEF P it 1 mCIRAS B8 R AT BRI, W3 di A
[F] (R A N G RS e 18

K3 FENEARSEBR

HEA

F+B
fHC o L WREC
FED

FE—ANEIRARG T, WY LA BT HE BT R, W ARSI T S
IRESHIERAL TR RGHVIRE, WIRE T UA — n 4B SR, FRZHE
A BE IR 22 0], n O RACE, SERNEEA T RIBPIRES, B RGP AR AL vl
CASIA Oy — LA 2 (R AE — A T3 AN 5 — AR Ao ISR TAT BOR S AL IR
{2 OB U RS e T e th 2 AR SRS, RRASSEAR AT Al RE R B2 17 ROIR
SIERE, FRPIRSME R BEOVESL N B AR, RIEAKE SAH RAIRSHLE, B2
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FOIR Sl (L A5 P R B2 2% WX 288 T AT SR 19 R (1R
44 SR

441 BHENX

EAT G, Kl R UERHEEHIHE BRAGONEN. FHRBEIT G
i NMERE BT, 2SR B IR AT AR, s R g R Uk AR
e, ZBNRGEMB NI RG . R LA RSB A, A BAT R E 1)
Hmaity. HEERMEZ, FAMEERL TS S A f b BdE g A — 5, B
BEAE A RAANE T f, 7 2AT IR e . I XM 3, R BRI FAF

R UAAE SN D g AT i 2 AR, O HLSCi AR R4

FAERAENBARAT R AL, RS ARAE— 2 B R e b . R 2Rt

TR bR b A RX LA 2 v A
HA A%

1{

2| 7distinct_id”: 72b0a6f51a3cd6775”,
3| “time”: 1434556935000,

4| Ttype”: "track”,

5| 7anonymous_id”: "2b0a6f51a3cd6775”,
6| ’Tevent”: 7”7

7| 7properties”: {

8 "ip” : 7180.79.35.65”,

9 "data”: {

10 ”"demol”: test_data,

11 "demo2”: ...,

22

13 }

14| }

15]}

FIAE NN RN T, CHEZIERBDN RGN, FRRENERRZBN RGN

277, FFRSRBAEHE SR R B RS2,
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442 BIASHT

AR RURESZA MBI T, EA B I E BE AT DO RBRA R IR )
DURTRTERT, R R IS A E, M A AR EIER, Fitseraet
P R T — D ah 152 M 4%, FE R G2 B /15 R 58 [36]. WA N AT

A AL = f(x); WREE MRS, 3 R ¢ )RR N v, g 9§ R
PEAEF 5 1 R0 SRR N, RO i AN A IS R . R, RN AR

M
X = HOFGD + D g @.1)

j=1
X, 9 t W ZVBA RGNS HERE, Y, 9 t NZI A SR, H 9B R 501 70
L FONEBDRSGNEBN RS, G OERTERE, B RGPS TR HE

X1 = HF (X)) + GY)) (42)

45 WIFiER

I PR AT & Bz O I R R REM i T — o BT RIS T, =
WS TS B S s, X S D AT B o A R R A . AN ERBR S = AVIRE:
% BUERURK . SRR 2V HEERE H ATAIRES, 1% I T0E RORUUIATY i iRis1T.
R ARRNGEL I 57, KA i

R aT e 2 i B AN TR Ak RIRT RSN, R R & H S AL, 2
AR I S I I A EAT - R RN, R RYE J1 SL AR AT U
&, TACK SRS B . XM Z TR h T BLE R e 2k, P e s
AR A8 e )8 ) 2 47k g S 2P S s A SR A

I PP AR B SCVFAE OneDT A 4t BEIN £E RE B 5 ok RO Rk E 2Iid 25 BLAE LA
FAEB I ARMREE —Z o SRR T T £ RSB EdE, a4 AR YE
TR H bR RF 0 AR TR AR AR T, I8 F 53 B D R i T e 8 i, AT
€ RS R 2 H o
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R4 HERRGREEIH

-2 adEr-1 E:r K£Rr+1 RKkr+2
x;

a a
Ta . 2 X1 X X1 X
e b b b
Wb X7 X1 X Xy X2
4t n n n
TN X, X1 X Xy X2

451 SetEFEm

WEAFR, NRGHRRESTRE, KgAK, 820 —
(B R, BT SRR 1A] SRR A X Koo ZR G0 0 T00 1) RE sl & AR 4f 7 52 0715 0
REHERE X, MR T, B ERARKRENZIN Xysr RGIA KRR I H]
MIERAF BRI 6] D2 2 R INAE IR0 %, ISP AR Y Al X A e 4365 1 1) T
DRRI %L B, NI BEEAS R S8 H T BR 2 H

X T T B A S H TG, A SOR I I e 7 s 26 TR AR B, 4 — ANk a3
5 Wy E VY B 73 e 5 5 B N

K (Secular trend,T) F57EECK I A PN RF 22 R ARAL IR — B (7] BOIRAS .

Z=4578 2l (Seasonal Variation,S) H1-T-Z=15 19484k 51 7 140 1 48 5

PE¥R B 5 (Cyclical Variation,C) 5 DL T IR, ASFL ™A% LI i) i ) 3% 2248

|

AHLBE 2l (Irregular Variation,I) 5 B Ak 22 (5 SR PR 22568 I [8] 7 51) 3 B 52 0

XTAERME S, HAEARE, TEESHERNZA WE, FARR PN &% S 4
AHERITT D P CE, Wl BB E .

THIAR RS AT K F -

IEEER Y, =T, +S,+C, + 1,

e ERiR Y, =T, S, «C,x 1,

e Y, =T, %S, C, + 1,

X T DY AP R R T, AT R S Y R B 3, AT DA SR s s H AT RS TR
D BRI HHAT TN o B REAS [F) A R B YR 12K F A RIS P F00 7 v, Hedlil &4
KRZRGEN LI, AR T 75 5 R CLARSE A [5) 15 38 38 B T 5 AN [] F) F00000 77 V2 5 g
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452 FEZ&METM

X TR ARG AN ST TN, A SCR A8 T 22 I 28 AR B s . H A, 3
P2 R 2% (RNND A5 2 It P 5 9 A v e 2 U AL e o ST 2 —, e —Fid
F T 4b B e BB HE ()RR 22 X 2 S5 ), FA T AR G AT A 42 I 4% (Feedforward Neural
Network), RNN A LU FIANTE KB 705, BRIAERS Fe Tl B 2815 5 A0 55 17
A B AT B [37]038]-

2FEH Y,

T
[0.1, 0.2, 0.5, #*+ 0.4 ]ﬁ

RECTERZERE © G

S1,_, s1,

BN T REEIRE  xf BiIMTAINZRE ¢ xlpy

[0.3, 1.2,00, *++, 0.1]7%% . E% N % sl 0.2,1.1,00, ***,0.1]“1

K23 T E

ESHI A, 5 EBEAE IR PR, KRERGESHO SRR, FIR
HEAARZ /2% (RNND SR I AR K I EHE [39]. RNN 5 a0 23 s, iR 1
AR Z L RNN RI2% . SR RINN A28 0 28 T 1 4 Ak 2 ] DA BEAS R G R K
AT, TEA LS 2347 e, R REXT AN S HAT O, 17 RNN AT A
PAFEZI A 5 RURESE NN, WR4AFTR, AT 7 s RS A e B v — IR PEAE A
ran WEEYIZREERRIN, — RIS BB R RPIRAS TN, o T XT3 7 B >k
VIAATE RIF I 2RI, A SREUAE G R T30 75 325 mT DAHAS B8 47 1) 2 A ek R R 8%, DALk
ESCAHERR T BT S ean TN, T REARTRIN, anR4PTR S R EH BT
METINA G TR, A6 CARES-F - PRy B, 1245 7 — X2 BiR KR4t
MITRINA S, TR EbR, v DURRHEHRRE I AN R 0B, AR 1% T XA
B, HAEANT SN D2 LGER, F P AT DU F i N R G B A ] S0 5 B
TR, BB TS TESE S AR UEE, F el L E R R T AN btk
Rtgais B AN,
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SRS MIREEEH

B e e NER AT UK FE B SEBR M, e R ey AR A 1) S A BT 0
B M 2R A N IS 2 Ao AR B R, B Ar A R ] DUE I LT 4
B AT AT PO AR A R R IE Y B SR JE % 18] JURIB AL IR 1 W) PSR 1
JURTTARMBE ML R R o WAL Sk 1 W) PR SCAR (V) B E . RFEATZI R . AT R RLR
AN BRSNS PSR RE LA A B A AT i L . IR R 2 5 B s BcdiE , ml AR R
FIAR, fERC AR RN RE . RS 2 AR, SRR AR AR T DU R
HEF P HATHIE . W TN, RSEETIRE. AT AT, T EES M RAE
R, BTN SRR e — FR ORI R, A TR h i =Ry i R IR AL F)

5.1 HEmRiER

R AR AR SRR T, 2 KRNV Sk SR RIR N
AR AT SR T GRS SR AR R R SNBSS RAE IR &, IR EE IR AR
X RGN AR — DA BARRIRIR . RSO 7 IR SRR AL FR AR, 2
SE T A R R, AT R A B AT, O SR AR I R R AR R R
V-6 W BB RS R AT IS SR AR

WnPE24RR, AT B E = AN AMIRFIE, il e A e ik
3 T € MUK AR RE I 26 AF o B AN IR T E AR T R R L R UL/ S A B
a2 8. TR 2 T R A MY AN S 4. XA R AR ECE B, AR
o HAF AN T RERT R, R B SERAIR . IBISHIR . 7 IR

PREZRANR 2SRRI B AR 5N Sl R RR, HLfih e 3R g A\ RE 9 Sk R

FAdE, B FRIEAT 5 AR IZIRAR A AN A A FH .

P EZRAR SRR RE AR5 5 SRS GO0x I ) R Uh X B ) 8030 Y S IR U

Hodgy 4] AsesE T RESU 5, Rl a5t .

FEAUZR AR SRR a3 REAE A T B UL 5

P25, BEASKAT Y SR M A2 R DR IR SRR M Th RS rOE #5228 o~ B ik
A8, BRESRISATIOL A SRARRE o A B2 5 THT AR S g s I A0 I 432 36 g 27 U ]
PHEACHSAN 22 20 2 RIR AR
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Y % v

fiA ek

FRA B FmC
SCURY SN =} =} N =}
Eggﬁ §> PISLSAHR P §> [ZEESTA IR §> EHISRAHR

V.

NV VY

K24 KRR
52 BiERE

EATPRA 7 TR R AR A, AR UEIR AT G M AR R ) = b
B, e AT, AR, R A

52.1 AREE

IR ELRAE T 6 A SR N i HH 18] 2 2008 RO 26, T B e 2
I SR I FL A A S A RS AL A B I v AR, AR i EI25 s, ™ 4
G, MG LT G726k, T & il & & il Acs, KRAE
BN EA, AT 27 E R GRS EE-r 6. ZCRmER26HR, AN
2% latex Wit X TH B 78R, HEHE RS M ? 2o, MASEE
PAH A A & B

522 KREEE

ARTDRAR T P 1 S — BB MRS, 5 SUF R, FER A3 T 4
B, TR A SR — 5, WESHRERTR, ACRSEER b e b s A g
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Bl Rl IV N U e S VA

LN U A WN

MRS E(EERFIRE T , BBTR

H#47)

HE

SR

x=1

\omega = 2

y=2

xX+y=7
sin(x+\omega) = ?
tan(x) = ?
tan(x+y) A x = ?
m_p = 1.0072765 amu
m_e = 0.00055 amu
m_n = 1.0086649 amu

50

S553
So0T

n_p
| 124 - 50 = ?
{expected} = 123.9053 amu
_p *m_p =7? amu
e *me =7 amu
n*m.n =7 amu
-{
p

m
n
n
n
m
n_p *m_p+mn*n_.n=7?amu
dr

m = m_{expected} - m_{calculated} = ? amu

& 26

calculated} = n_p * m_p + n_.h * m_n + n_e * m_e = ? amu

w=2

y=

z+y=

sin(z + w) = 0.141
tan(z) = 1.557

tan(z + y)* = —0.143
my, = 1.007 amu

m, = 0.001 amu
m, = 1.009 amu

ny = 50
e =Tp
n, =124 -50 =74

Mezpected = 123.905 amu
np X My, = 50.364 amu
ne X me = 0.028 amu
Ny X My, = 74.641 amu

Mealeulated = Tp X My + Ny X My, + e X M = 125.033 amu
Ny X My + My, X Ny, = 125.005 amu

dm = Mezpected — Mealculated = —1.127 amu

ARG BN T




BhE RSB

7 6 EARSISATIAEL, IR 2R A€ e SRR AR 5t SR I R AL
FAEWMAENT L. H AR5 RIS 1E s, ARAEE SR R %, H
HTANSZHF js Al python, ERM T — M @ALHI 3817, (HRV PRI IR K2 4
R, Fr ABAE R ACRSHL AL AR AE . 5 SRR =5 EOT B0 B SRS B AR A

|5 RS AT ) R A T AT L B T AR S e
o BARRE- (TR AR A 1A eIE - 1- B P RHEREClIR - E i ..
= MIEBHIRR-BRITRIEAE

return 1
1} o RERMER-BHH R
12 main() & RIBESY-BRTRIERE

) TR SRR 4

B 27 ARAD ARG S T

Zhle =

top i HiAgHl e B 1

starting
Material @
(2) e, 1200]

& 28 AALAHRBAT A

27, A g S, ) G R main BB NN DR, SRS HL
Wit P REGRI, HBEONSIT NS HIN id =, T e RIS S EERRsThhe, &
SR E AR P S H R, RER A EFFEEEENR d 5, A EARMET
Dhae, wE28 iz T TEe H AT UL T IhAE B, BRI B B E .

523 IEFEE

FEFP e - B O S ARSI B CiRE B & iafT, (H2AHZEFMT 5= ME1
api WOz, XFOTA A R EMRE R, EREAG DT, LRSS I 5
LA FENTIT o Q25 R, P X R B U R R, R AT & T R B AR B %1 244
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NI AE N2 PR — AN BT ST U EAR S, SNEBETHET SRz, M
B PRI 1 XX 8% J Y SR S I TSR R R, ANE S R A AN, B R
SRR python/go/c/rust.

524 fRITEL

FE R 2 FRAS R I P AR B B ) — 2D R SR A AR F N, 6 - — 26 R0, AT
AT DA BT B IR R A G A 5, et I BAR TR IR, 3R T 100N (1))
10s,  Grfar g F RS B i b 8 SUERAF XM AR 10s WHIIEBIPIRES, & e 1/ L Mt
A TR AR EREANE X, A e AR EBE AR, R AL —E RS
i aiR . ARSI EERESRHCSUER latex 175 E1E g A S, KA H
RIBER (AST) FIEEMNT A X465 [40].

— MR, BE ABAREEAGh GOEE . B M REER A, B AR
BEATAT N, IXFEE RS 2 5 & (BB R A13R) SEBLRY, H & e ml Bl
IR Gy MO N R B, IXMERIS e — T A/ e i T S SR . SR, XA R
J7 R R AR Z T E ). AREREE RN ZHRIEARENELR, aa. f
BB EN R, BEMTEEE, WEHEM. RE-SHOCR. T-TIER
&, WA RAFRR [41]. BARTERVERITHR BOAS T DU R BARTE VR i Al i SAE R
(AST) Ky flk, HSCHUAEH MR R0 BREER,  FFE A1 R H5ORI A F4 B i (19140 Lisp
H1 ] car/cdr/cons) KRACEE . AST W DLASR B4 7R ib 1 4544, IF H o] LUERSIR 2 K H
TN S AR R = A a5 0, wnggdk. 1Agh. SCHnSE, Hgth Bk E s
TN BTN ARG o AEXARRE AN 2 SAAT b A, FRAT 7R 2 — Lo kb B, tbdn
KR, BERIERE, KBRIATRY, EBRZRIFESSE, HihREENEY T AXEE
R . AANRE A MRS PR LG E I RTE, A Rk B o N K 5L
g0, ATEE DAL S S8 30k SN B g ik 22 ok Al =2 2 osv:, 83 Kasprzyk[42] 4
A TAE O R IR AR R A R R R R, W = FoRiE oy i Tt FLAE B A 50
TRt

PR X T 2 S AL B R 2 S AT AL 3, B A SR SN ol e == ok, 2R
JE I R 22 FORVER B RAEER, R I R AEE T A0, BRI E
Ay tH A2 B R AR A0, R E Il AR AR

R g 3Rk SO 22 Rk 30 (RPND 5L [43] 40T
1. KEPEFREA TR
2. WEREHATICE AR, PR AR B 1 OO B IR 6
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3.
4.

5.

6+

10 "type”: "BinaryExpression”,
11 "operator”: 7/

12 Tleft x|

13 "type”: 7 Identifier 7,

14 "name”: "x1”

5] L

16 "right”: {

17 "type”: 7 Literal”,

18 "value”: 3,

19 77ra’w77, 77377

WMRAF GRS, HRIZIGR IR RD R
IR HACRRIBEAT, AT LT AR iR eI se gm T HEAR TR HEIL 1%
BEAT, AW MHER 5 IS ST, R HAE B e R R D IR 4
IR HACR AT S, WAHER i M2 FAT IR e L P, B35
AR
MRMARSNAE L 0R, WEHRIPE 2, B, FHERIHRE S, BHK
ey R AR
Lhiz i~ e bl:

y=x1/3+(5+ sin(x])) * x2 (5.1)

P A7 ) 2Rk = 9 RPN Kk =

x13/5x1 sin + x2 = + (5.2)

. RPN ik A7 4649 My
14

2| "type”: "Program”,

3| "body”: |

4 A{

5 "type”: "ExpressionStatement”,
6| Vexpression”: {

7 "type”: ”BinaryExpression”,
8 “operator”: 747,

9

"left 7 {

48
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

}

7

right”: {

"type”: "BinaryExpression”,
“operator”: "*7,

Tleft x|

“type”: ”BinaryExpression”,
“operator”: "+7,
Tleft 7 {
"type”: 7 Literal”,
Pvalue”: 5,
"raw”: 75”7
2
"right”: {
"type”: ”CallExpression”,
7callee”: {
"type”: 7 Identifier 7,

. PMeia P

name”: ”sin

|2

"arguments”: |
{
"type”: ” Identifier 7,

77name?7: ”Xl ”

¥
]
}
2
"right”: {
"type”: 7 Identifier 7,

77name’7: 77X2’7

}
}
}

}
I

9.

”sourceType”: "script”

PG 5.1 RPN BEREME

49




BhE RSB

G2 A RPN RIE G, mtMEMGIRER, DM@ R) RPN &k (5 2
FEAEERR T, KouR AR, JPRGEBRIEAT A PP B n], HAaR b R E

#£ 5 RPN RiERS52HE ASTS.2.4:5 %

Token gt AR

+  TIJUEREFF (BinaryExpression) Hifk, RIUA root, TITERIERF, FUEAAMF AL

* TICIRAERF HiER, root HUA 95, ICERMERF, AT A
x2 FRIRAF (Identifier) AR, * BAET R, PR, R Ah

+ TICHRAERF AR, * BT, OTERERE, AN TR

sin P HERAVERF (CallExpression) ik, + AT FAERIERF, AP

x1 PRIRAT AR, sin BYME— 7 AL ARIRAT

5 By Ak, + AT R, BUE, TR

/ TILERAERT Ak, Bl root /T kT, “ICERAERF, PEP IR
3 ey AR, /AT, BUE, TR

x1 PRIRAT AR, AT R, RIRRF . TR

R4 RPN HIA 5. 20 ¥y AST #EER A
+
| / \ |
RN /
x1 3 + \xz
/\

sin

x1

mE26E290 7~, L AST MR EAREEE, FFRIET SN SE LA RZER A AL
MATE, Fi\H Al SZ BT SRR A, R R BR IR, SRR AR A
V] e 7 P JEL A A 2 R T 2 il N i i A U o

53 RASHRE S FI-AlE e

Filf A28 o I H A RE SCOA RE SR AN, 8 ik H At Skl e vk A A LS 5,
THRESDE S 7 2 EAG I . O T AR 2 1Rl Rt A s 5, I8 2R —
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BB AR K 2 = 218 5

KBEA # JSON

x1 / 3 + (5 + sin(x1l)) * x2 {

HBIFER

ﬁ#ﬁgmﬂs

AT
+

K29 ARXRARBMENTIE AST &

ASHEEY LT AR A . FEAR RS, Al A Ao A oy oy =P A AL, A
AABB. Ekfk. HA, AABB (axis-aligned bounding box) [ & 4% FR il et 5560l &

O 56 LS FIT PN AR R B S R ENE, WA B A AN R
R EIRT SR &, FRR A IR e G e = 4EA RS AL E, Ui el RS ES.

T YERRJE R, Bl e — 2. AR & 2 W2 B E S0 Dol
BT, MRENETNFE=MEE, X2SEMERE TR WRIRA R
A, W LGB S SOAME R RS, XS AT DL YA, BOE B 5 — i
FRIUZRAL,  EeanERfk BRI IER:, TERA ).

FEZA F,  FRYE AN R 75 20 A P AR Fr B2 e SR

53.1 =5 AABB

AR B — A R R E AABB N EELAE il 8 7 — AT R R A A XA AR
PRIERAE AABB W; 735l 5 JE BB AR ARl . a0 SRARE Py, Py A1 P, & sIARHR, Boinx —
Buaxx> Buiny = Buaxys ™ BuinzBuarz & AABB FRE— AN AAFRFTE ], FRATAT DAME R LT
AR TSR 8 22 TB) Al o 75 2
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function isPointInsideAABB(point, box) {
return (point.x >= box.minX && point.x <= box.maxX) &&

1

2

3 (point.y >= box.minY && point.y <= box.maxY) &&
4 (point.z >= box.minY && point.z <= box.maxZ);

5

53.2 AABB 5 AABB

fr &4 AABB @ RIS 4~ AABB AR R PI A i HF . AT 25
TR AR IR S A B

1| function intersect (a, b) {

2| return (a.minX <= b.maxX && a.maxX >= b.minX) &&
3 (a.minY <= b.maxY && a.maxY >= b.minY) &&
4

5

(a.minZ <= b.maxZ && a.maxZ >= b.minZ);

54 AREBRRM-NIFEHHFRE

FEREA A ORI S & Is aIRES, @ EARYE A MR RS EdE, Wi
HRRME BAF M T RS ERs, B N R 45 SRS s, MEH L
((SER=gior s/ B N =ia] £l S eaw) D ey T e i = e 1 T B R AT W I i
FCVPAL 283 AN IGAIE 1 e B L

WA iz 2 3 2 T AR = K e RS AL

o LBTHEYMEEAZ I, SRR AR,

© 2,71, BUR, DEEEE DA PR, W2 F = ma.

« 3. JIE AR

BFAW=ROER, MR EIERIREE), Q3048 A AGE LT 17 2Ok K
[ SENVATS

e’ A B s KL T I8 SR ied5 18 3], BERD LA— @ B 73 3 T 55 A3 Ta) o B

A

MAERZEL, REEGHRNCEEIML .
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Start

/o aHigh |/

TR
I
R

R RLIH

Bkl
i
RS

B30 RIAFRSRERER

541 ZEMLIE

FEMIE R, S AN FRMIR AR R e, TR 24 f BEARRE 1R 75, AR
RUE HEORPEIA T SR [V AN A

dt =t — 1

V(tis1) = V() + (%)dl‘

p(tic1) = v(t;) + v(ti)dt

e ==t

, . odrr ., dP
p(tiv1) = p(t) + p (t))dt + p (ti)j +p (ti)? + ...

X N AHZ AR R R SR L B YR LN, 3 R O SR BRI

X BAR AR IS SRR AT AR AZ A 3K

p(t_{i+1}) = p(t_{i}) + p (H_{iDdt + {7} (t_{i)\frac{dt™{2}} {2} + p
(e {iP)\frac{dt™{3}}{31)

[u——

542 FEES

ZAPEMRR R S, MRS mfE =8 HE LR E, U ok
q SRR 7 WAL AW R P 8] P9 R T A o
FE=HEE AP 5 0 KB R Oy, WU BIPAR A5 7K
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Xj‘% 7—-‘5% Ixxalyyalyy 7\%#@1 %%U*HXTJ‘ﬂ: Xy Vs Z ?EH E@$§iﬂllﬁ%0

THE R

RAEAVESK BT A 70 ARE S dw, FEE w.

FIVUTCEL g RS NI e IR,

Xl

dL dw
T==—=]—
dt dt

dw = I''rdt

w(tis1) = () + (7 '7(t))dt

lwdt] . |wdt] w

q(tis1) = q(t;) * [cos T, sin Tm]
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