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Breast Cancer: Radiogenomic Biomarker Reveals Associations among Dynamic
Contrast-enhanced MR Imaging, Long Noncoding RNA, and Metastasis
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Al’'s Coming of Age
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Data Thread
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IBM Watson Google Knowledge Graph Apple Siri
Knowledge Thread
FEIRAI =
HEROoB

B 1 pRAEY Al RZA

MR ATEENNAE Yolanda Gil WIFRER. I, HERFARAENREENIFEE ITE
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Al and Scientific Discovery: Al Transforming Science:
Data and Knowledge Threads Data and Knowledge Threads
m [Lenat 1976] (oI e R ——— T = bRt
m [Lindsay, Buchanan, Computatinsl Sustsnabiity: Computing for | | mpredpresismcos presicnusig | z
Feigenbaum & Lederberg 1980] i [ et

u [Langley & Simon 1981]

| [Simon et al 1983]

m [Falkenhainer 1985]

m [Langley et al 1987]

® [Kulkarni and Simon 1988]
= [Cheeseman et al 1989]

m [Zytkow et al 1990]

1‘; ~ Y ': . -
m [Valdes-Perez 1997] . F« e = A/
® [Todorovski et al 2000] {4 4 e s, . T

B 3: AITRFESHRE

Yolanda Gil K)EHAST EZEENTHE:
1. Knowledge technologies are increasingly important

2. Al offers systematic, correct, unbiased
approaches and rigorous reporting

3. Al will excel at assembling fragmented knowledge
about complex systems and pursue interdisciplinary
frontiers -

4. Thoughtful Al will exploit knowledge
technologies for effective human-Al
partnerships

4: Yolanda Gil B5SEHAS
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FUEHREHE, MEIEIZECRNARFTEZRRAWFIE. Yolanda Gil RREBMA TEERFRIZITHE
IR “Thoughtful System”, FEZHMARRFZHANEZIMEIZRIGE,

=, ATEBEERESAXEAZRANTEMNR, EXBZRENG
ATBERNMESH O EZRNBETEERTMN, CRENEMRLEERENL, THAMRNARARIFE
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Tackling Complex Phenomena

single-authorship co-authorship lar %g_ ggtmhgssr of Cg?‘f’u‘t‘ﬁ?

Evolution of the scientific enterprise from [Barabasi, 2005] extended with the
ATLAS Detector Project at the Large Hadron Collider [The ATLAS Collaboration, 2012].
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Scientific Data Analysis: The Case of Proteomics
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Mallick, P, & Kuster, B, Proteomics: a pragmatic perspective. Nat Biotechnol 28, 695-709 (2010)
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TABMERMER, JAWEURT SR, KRBT KER, RIEXNURREMETFNE, STF2RELLEL
B9, MEMRAMSRENEITFRLRRANMFNRE, MEXBLBF LM, FEFTREET
BN, EAERERELEERANAE, Yolanda Gil EMIEBMEILEERER AN OE, ZENTE, FAN
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MABXBERRXR., EFAELHRE. TEFENREZROMAD, SEXIXNERNIIRZD B, R
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SEIRNRE—SD =X T Thoughtful AI” f9FF55TE, Yolanda Gil iAJ9, ¢ Thoughtful AI” RIS EE
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BABAAMERIT EANRENRERRIE? RIAE, AMRENKERIATERERFOTENNRMNTS
MR REASEN, MENERREER RFIRH BAENIZBIL T ARG, NIZERB
THEAEFERBEPMEAEN, Uh—FORERBERARBARRNES . Alt, FERRFHOHE
fl, ERFENEEZPERAEMNITHOA, AMZENSRERREANENNEEAHTTENRELER. B4
£ A RETPRERZ SRR ER/MTARN? ATERARTEMM 2RI BRI RIX L KR E?

SEH, Yolanda Gil ¥4HEA T “ Thoughtful Al Systems” FREISHY 7 &R, HER, ERFHARINEE
R, XLERENNSEENE 1R B A Al IKEER R,

Thoughtful Artificial Intelligence Systems
[Gil DSJ’17]

Rationality principle: knowledge to behavior
Context principle: purpose and significance
Initiative principle: self-driven learning
Network principle: seek more resources
Articulation principle: respond + ask

Ethical principle: uncertainty + unknowns

NP e B b s

Systems principle: compositionality

7: “Thoughtful Al Systems”FREI&H 7 ZEN

1. BRI, “ Thoughtful Al Systems” FIE—MRZZEMEREN, EER A RFEEWHERITANAR, X
EHRECILNER —ENT TN, AREEBERREMNMNREIITHNEITAN. AIRZRERORIR
BERETREXRBKNOIMIR, XA ELEEN A AR 2R ERIORIBICHEMEMEIL, HFHEHER
AY[B) R,

2 BIREN, ERZEH, A RFESMNEERITIES, RUNBIEENEEZZEMIER, A REXIMAIM
ZEIZFMEMAILE, EFAIEXYE, BRNENTIEXES ‘BeilE . ERFHRENTFAIDUREA 4K
RE)RR? XLERER T AFEN? TEFRERNDIERTA? BENERLENE BB FMERNERE
MEBZTA? IIZERHARNRIE? BRETANTE JEHZIFETEENEA, EE(IRMUNE
— M, FEEBRMNEETRAXOBAFER,

3. ERRM, Al RFEBERBIEARRIFEERMEE, MEFAFTERNBMAIAEIIR, HEthiIERE—1),
A RFEZI T EAERIFDENEHBED . MINEBESRBLEIMEIAIR, HMKITIEEXER,
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IR EIZFIEELIME, MERBUSERBNZRFICENET, EBSEMBYETRKAIFEERE,

5. fHEREN, £RZEH, BEA RGTINERERZFEEALEN, BERNTMUBEREEITEE XL
B, MEEHFEEBINEZ—RIMESMPAAANEEZENER, MY R, ¥ ERINFIFEERE, mAl
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MAREE, AIMNBEESEMARREMOSERRER, A RZRATRECHRIER, RIANERENUR
a5 EA TERTILENE SRS,

6. SR, CERVIFFEE, PRTCELMBLEZ, WA RFSRER, HEATANGITENEREZICHE
ASEEMBRMENAR, REEhEREMENBEFEMTELENNRAENZEPAEER, AL, BN
MANBIFEER,

7. ZFEM, ZARNE Al RENBCAARNE, ENFETSHENCERR, HREJUELIIZHRR
FETRZMES, BER A RAMANZESANN AR EREFEANTERROHRASEFHENBR
STREM., EEAENAINEIFEER, MANEREBHER, RBL, RITHIHTUXERFNZEEN
ZINRE, AL, BEBBRARE Al RAERE—RIFEEE,

Yolanda Gil X7, X7 ZRMEATEEMAPIEEEZNAARIE, SINEE A ZmAERD Al IR
Al RFRBREIEAF, BEEN ZESTEMNA=E.,

h. &iE
MNeFFIBATLEEIEOMRAR, HEMEFRETENERA—FHITES, MEARBIEPZZFIRNE

¥, AEMTEMEENREK, ATEERENZETEERDNARERNIE—S TRIMRRANERNY,
ATBRERZPIUARNRHERGNIERN. TRILOTDERDITEQEIENANR, FHTHZN, B

wE, ARAERRFATHARNBEZMARS, ATEERREEEEREM, Yolanda Gil 2 HANRIT Al R
FFBREBNCERVE CRIARIEEZB RN ALRERR, STERBIBEERNIIREETEZEA.

Q&A:
FIEHEA BEIRER, BREAREEFN—NEERER, BATKIANA, FA ZRRRITHESTUNEIBEREN
—PEZEREN,

Yolanda Gil: HIANNARXZ—TIFEEBNINR, FXLLE, MEHPRRIIALEZERINA, ERELEHSS,
BNABE—MERANFRERERE, BMEmME, MR OMMENERAERLEMAMNAZIRITHRITE
REENFER. BEBREETRINNAZNEHRZIFERBHIME, ENEHRARELTT R L IBRIFNIIE
R, INFREMALFEER, Hil2EEFIE.
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@ FHESEXERE: — Mgl ATASHNSEFEIER
B R I

IR AR BEFEME (A Blueprint of Standardized and Composable Machine Learning) (—MmgEft. &I
BEMNREIEE),

R, FMEBERFNRZZIRBEEE, EEFFAMNIAZD FEMFNEMHZEL, EEMMNAFRA
RMORITENRFE L, EEMREPENSZ ISR EINTEFLCTIEL, RIRITEN RSN
FR. MEELBEIEESHHEBTINAIITELENEIER, BNEENSEEIRTNNSZIMTRE
MITER, BAETE 2014 FBE ICML EFE,

ERER, MRSETBSEVFENARIE, FARENNT B -—EXTINHEEINERECNAAR, M
MFFINMUEE, SEMRRE. s, RERY, IR, WET —ENSFINERER, K
HLBIfE, NMATATEEE.

TEHNNALRIGZENSF S EEEREFANT A, U TEEREREEZENMRIREAS.

—. B FIEEZRH 2889 How about a blueprint of ML

RETEZ], Al ELWBTRARZESHTER, NEMRRA. AB4EK. ITEEYZE. BERE, BZERS
F%, WE 1 Fim. AMINNBZIFTFRSNVIE, RIZEBHTHARNEZES, MIIRAT SR MEWN
KRR, WE 2 Fim. AMIBEIFTENIERENIE, HEFEFRZBEFESBLIMRIANACE, BRES
RHBOOEFTERENZNIRE, U, ¥TFHRFIMREMS, BEBEENRRELR, BEHIFIEE
FIME, BHEERENTE,

The universe of problems ML/AIl is trying to solve

1 MesFINRT=R
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The Zoo of ML/AI Models

e Neural networks o Kernel machines
Convolutional networks Radial Basis Function Networks
AlexNet, GoogleNet, ResNet Gaussian processes
Recurrent networks, LSTM Deep kernel learning
Transformers Maximum margin
BERT, GPT2 SVMs

« Graphical models e Decision trees
Bayesian networks « PCA, Probabilistic PCA, Kernel
Markov Random fields PCA, ICA
Topic models, LDA « Boosting
HMM, CRF

Petuum” 4

2 BRI R

MIRERETAZRILENE-ESBLHTSM, WES. ERAINRE—EXTISFINRITER,
BEARNEERERLANELIERENEE, ETL, REL T —TERERR, ZXREa83T™0E, U
B 3 M — T EMEARE, BAEARNFREEH —DERERIRNY, MENEFEZIFEANE, FTERIRIHE
RZRMRHITRE B—TEMNA=s. FEARS-LEHBNEETIRECEAGH —TSREIER, BT
FEEGHR, MM RhEeE RREX T,

How about a blueprint of ML

e Loss
Optimization solver

L

Model architecture

« Theory
ming L(6)
J.J: v ..'4
Optimization Model
solver architecture
Petuum” 4

3: Hlge¥ ) EEAER

Z. MBFIRENRX: The standard equation

RARIBIEXIHIRE TIELR, ME 4R B—TARNEXT —MRERY, HETERD#AENS
ZENEEBEITE, AEFE—TYUREFGHESZIETANMIENZE, ZXKEIMBTFENINSHEEAEE
MIRHIZEEE RN DRBERE., ERMBEAREZEAXNEAZ MTAXNEN, AIUBIZARNES 31
D, B—TEORER, BFEIROEMNC. BIEFGASEITENNS ZTEHoEoIEM, X EET—
DNGFRINE, BGEMMZEZENEEER, B—MREESEEM, S5—MRESEEE, 2ARERE
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JEEZM, ERE—TRSRARR, ZINSAN B CINRFEAHEN, EE=822—MEIAE, AR
MYBEREXMRFREELR, [FEZAR, FEBEmEARNU— M REENATHT T ENAAMNEETIE.

The standard equation

min @D (q(x.), po (x.)) - FH(@) + §

q.0,§20
s.t. —Eq,,_,.[ﬁx.yl I <&
Equivalently

mip — Eqguy) [ /x.9)] + @D (a6, pa x.) - p1Ca)

3 terms: Experiences Divergence Uncertainty
(exogenous regularizations) (fitness) (self-regularization)
e.g., data examples, rules e.g., KL e.g., Shannon entropy
[ ]
Textbook Teacher A Student @ Uncertainty
Ntm' flx.yl.) glx,y) pelx,y) g
B 4 fEAT

=. ETREARNTH—EN[REITENA

BTR, RIS TEMEANEM EXMNBEXEE, TEIREMNFS], BRFES . WNFES, REE
—TIFERANEIERFERENFS, EVEARNT, ESNFEIE-—EMNLANER, BEMEMAIR
BAARNK?), REFEENEXXEHERBNZNRE. WE 5a) AR —TXERE, WHETEENTF
AR, A—LHEED, RREELIER ﬁﬁ ERNAAHEN, FEEITNEE. & 5(b) Higias
S, ERERTAVELRERNERES. BBFINERTEE, K%Eﬂ% FEFRE, RIERERERIEM
TRRE, FLLEMRERRN, ERFEMNRENEXZRRRBNRERHNXR, EENFIHED
KLLFFERTHINNES, WI&)Wm,@EEWEQKTMLW,bi%ﬂ%ﬁ%?ﬁ@@,ﬁfﬁm
R, BREAEEMSERNNA,

Active learning under SE

Tir;'_E‘*“"[ f(x.y) ]+1:KL( q(x.y) ||pe(x.) )—f:’l‘l(q)

f = [s(x.y | Oracle) + u(x) a=€f=1(>0)
fs(x.y | Oracle) = { i Qrcale(x} gt e
—o  otherwise e.g., entropy H(p(y|x))

Equivalent to:

* Draw a data point x according to exp{u(x)/t}

+ Get label y for x from the oracle

+ Maximize data likelihood on (x, y) FEAL+ A)

Petuum

5(a) : ENF
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Reinforcement learning (RL) under SE - Il

mip = Eqgey) [ flx,y) ] + aKL (f;(r.y) ||p.f(ﬂm.(ylr) - PH(q)

o X —states, y—actiona

= Pg:gut:gzl' o pqlx) — state distribution
o Q(x,y) — cumulative reward (state-action value func.)
¢ Policy gradient flx,y) :=log Q(x,¥) a=18=0

E-step q(x,y) = pa(x)pe(¥|x)Q(x.¥) / Z

M-step
Eqixy)[ Volog parlx) | = 1/Z - By ixypoivins| Q(X.¥) Volog pe(¥lx) ] (importance samping est )
=1/Z-VEy iypa(nm [ @(x.¥) ] (Log-derivative trick)
»

5(b): 1#3EHT]

Adversarial learning under SE

+ For notation simplicity, we use x to replace (x,y)

l;l_ig —Eqw) I f(x) I ; : er( q(x), pa (x) ) — fH(q)
e Same as supervised MLE: f = f5(x|D), a=¢ f=1
s« M-slepislo m“irl Il!(nulx). Pa (x})
« Solve with probability functional descent (PFD)

pe(x) can be optimized by minimizing E,, I '-IJ,,P_',,(x'J‘, where H-'r,v,,(x] is the
influence function for D at pgo

¥, . (x) is obtained with convex duality )
Convex conjugate D" (1)

W, (x) = argmax,, [Ew||p(x}| - D'(y) Applrmimate by parameterizing
Petuum” i with an NN €, h ;‘

5(c): WHRFS)

BRI RRZBEBITELNNE LG F. WE 6w, SEMIET 7£. EMNN. AREHFS. FH0K
. ARFEE, AR EMNEZMNEARNIEM, RAREZENEXUARERRBOFIRSH—ENER.

More algorithms recovered by SE

« Data augmentation / re-weighting / RAML
= Unified EM (UEM) / Constraint-driven learning (CoDL)
« Curiosity-driven RL
» Knowledge distillation
RAML knowledge
re-weighting i distillation

active learning !
1GANs

MLE augment : RL as inference

Petuum” SR " 4

6: ETIREANNEEZEN

e13e



RATMAKRBRZSENNBUNE 7 iR, AAEKBSNEETEEEL N —HEARSNBHERKITE,
BEBINLE, AREAEHEALLEBIZAT, GBE TRRATURHE—TRITHNATFENRESR, BT8RN
Bk, BRIMAKRBSNEEETEREREEE. ONEEREARE. BREAENNNUREE T RERHE.,

The zoo of optimization solvers

min— Eqqey) [ /(% .yJ] +aD (q(x.y). po (x.)) - FH(9)

Optimization of the loss, subject to g € P,
Convex to g when «,f > 0

« Like the Standard Equation as a rmaster loss for many paradigms, is there a
master solver for optimization of loss?
No (yet) such a general algorithm
Probability functional descent (PFD) [Chu et al., 2019] gives a neat formulation of
GAN-like optimization and a few others

Petuum” -

7 ALK ERES

LI =ik )

NBEFIEERNRE—E D RN, RIURMEIZEE=757, D3IZHELMERIT. BERLEIZITN
RAAMZME, INTEMR, E8(a) BR&MEMEBAMED 2 BEHIKR, RwiDE. BIEE. RAREFRINE
1T # N\ FFNetwork. RNN. Transformer. WordEmbeder. PositionEmbeder 54 D £ 25, RIDMEIERLE,
BN A—MIERE RN AVRMIIHETAE: B 8(b) MEGIRILIRIT, AMTBA TR IR/ NERIGEE
RIEEY; [E 8(c) ZALEMEREMENLE, ENSERMEMENEGNLE, FHRSEGHEZETE
1%, FER—1D 2R EZ BnrNE5E,

Model architecture

+ Relatively well explored:
Neural network design Neural network components

8(a): MENZAESD

e14 e



Model architecture

« Relatively well explored:

Graphical model design

"

o "84 d Y evw
e fres pMy GRAPHS Gt e ) MKy

G 23T &S
Logntx: Regresson Linwar-cham CRFs Geeeal CRFY

Petuw... [Courtesy: Sutton & McCallum, 2010] * g

8(b): EMRIEASIT

Model architecture

+ Relatively well explored:

Compositional architectures

s Ao A HE)
fa) ®)

(d)

o oiE X N
(e) i

#E(AIL + A) I

Petuur E refers to encoder, D to decoder, C to Classifier, A to attention, Prior to prior distribution, andM!omnmg

& 8(c): 1HAUZRH

A, B2 BELSRR

GE, WE9MR, MRFIEREEEE 4787 BRERE, ANKEMRINIIEAR, BEXER
MOE D BERERAR, EMEADNEM LNIEAMAEE. BETERES B TERERW AT
ME=m, BEEREXEL, M7 AXNMMERNNGEZIERRS. MERIKRE, XTEERTREZEENZ
IR —LERAEE, EBERMFERE, NBEFITREIMZITANTHARE, DX P AR RER. o
%, MBRESNIBRNEE.

e15e



Summary: a blueprint of ML

Loss
Standard equation Mif = Eq(xy) [,f{x y) I + “D(fﬂx-)’l pe (x, J’)) - fH(q)

= Algorithm

For SE: alternating optimization over q,8

PFD gives a neat formulation for some cases (e.q., GANS)
+« Model architecture
Theory ¢

9 a3 S HBRESHA

%iE

TR E MR H R T &% S EEIEZRAYE Y, SEPr EIFERAMEIAVER T2 I NEERM, 1E8A)
BINRBRRHINREBAF RSP AR A2 S BTN, FPUHELE. RELTETRELH, KX
SRR DA R FBRVZEIE o

*1G



@ LT KE John Wright: LA RAFRFIEIECLKDIERH
W 3

B gt S8

John Wright ZXAQEIF EHE (Geometry and Symmetry in (some!l) nonconvex problems) (JL{al% K& XI#R
PHEIEAARIEFRRA) .

John Wright, SMELEWAZBSTRARIHIE, tTF 2009 £ 10 ARBFAIEFAZEED R (University of
lllinois at Urbana Champaign) BB TEE L2, HF 2009-2011 FEMPARIR LIE, MHUARTUEE
SHEBIEDIT. &, John Wright AR5 EE RAEFF R MASTENIRIARINDN RIS 2 IR E S E SR TNE
%, FHBENBFRGMARIRERE, thi TERS TIFZRIMAERE, 81F 2000 FRAETAKIRAIFA
B TEMRSERIBF MR /RFFOIFIE. 2009 F UIUC BTHREMBHARE. 2008-2010 FEHERH
REZEURK 2012 FR/RIFREILE,

AR AE, John Wright EEFTASHMIEREON TR, FRENATAREESMEE, NEGEMNIRE
. NRMXNRIRA ., ETFREIHEMEERIER TS (REIAN) ITR THERIRIFNSE, HEX
Lo EH A EIERIIERR

AR, John Wright HEAIDZET MERPMEESHRERER. ERENNBIFRT 2, BEHZRE.

BRBREA. RXZ. FSHEE, thESZPRE, MBETIRONANSE E—EXGT, JEERE
SSHRRESIME HNXEEE R NG SBANMME, XIS REERRR SRR IEREEZOER.

-

1: John Wright

—. BERERRIEOML

BIES4E (BsP) ZERIESMIERENNFIHIRAZ—, EEARENEREMNIFSZLENNAES. Bss
HNEMEERETAHROXTRESTIESAIRMEIRT, M—HES N ESHMERKRNGES. £ER
IPERERRYIER T, WNEIRESNIZRRESTEENSR, NEREBESHTEDBEEMRNERER.

e17



N LBEFRRERERE? BIIRBMENBFEX ENF. TIHR y=a,"x,, HEF o, BEEES, x HERK
MBERES, BETENARNEAR, BNAMERGEEMT LI T —TIFEEMNERE, Hhy HRHE
B, a, NEMIZ, xo NENBMEIG, AT ESEMENEM, EHHITEERRBAIERER. THEEL, W
KBNS y FHE ao Mxo, BLAZEBEREZHBEI, AL, AHEZH, BERBERN—LLORFHEE
EHIENE— TS AR, MMESEFINMEREREMIEREX.

John Wright )X D ZEMAREZMHEENRN: a WIS AL x, @EMESEME, /2P Short-and-Sparse—
Deconvolution (SaS), SaSRELIAEFZNAF, —RNAP RETEHBEEPIHEMNER EEEEN
BEPIHH—AMBRIZIBIBEENEMRES), X MEREA—AES B ISR LRI Z R R NERIMNRR 5K
MERG, EPNRINESETEENERETHKERN, ZXEEAXTHENZHEERRE, Eilit,
EPRMHARFTENBTFENBEEGEEETREENERRE, SaS REMRWBS—PEENAHEEGEIEM.,
BE, BMAZESTERGA)N 8 B\, EEARGEEMS, BEREEGEGEBENR OGN, H
LLEERHRSEH. ERZEGEEMNT, FINERSCEMNMIRYIES 1 h, ENEGREEERNN, THRES
BN RN, XN ST SaS AR, SaS RERMNZ At BT TRNTFZHMME, FlaE
EFNENE, FEIRPNENRNEGBOYIE,

PRERENMESH T KRS REREENEANME. MRERERNERRE RN A RIFOMML. RER
AR AR B USRI (ML/MAP, VB %) SH, I MBERMNERAFSE, Fli, EEGE
BRHR, NiZa AIUERNIEBRESRAT L, XEBMMNERREZREARN, EEMUTEFERDR B4
BLRERHBAANRAATERR/IME N TRIERZ a=), ENMRBERHXTEARASINER. BRX
N ERRRYSET 7305 B AR AN R e R BT NS M E 2 REM A HTIEN, NBRARERMNRK

2E&IME.

B2 T, HFX MAP 1 VB 55ERFARELER, ¥ #3IXA Unit Frobenius norm SRAAE o (94938, MR 2%
EERARESHERE L, INEREVREFESRLERFNA, (EWEME, EXENAR, WiZa I UERE.
SIFEGEBH, FTURIR « 2IEMM, FEMEBNBERE, KEYURLFELIREAR,

John Wright e hEA] 2 ZMENNKEARFERE RERO/LEMER, EERE THBETIFONANEREE
RS BEOS M IR E B « IRHES ». X—BEfnEHA LANA TEZEMBREUED ) BNy, EXLE
MR, 55 x FAEERNOYERGE, EXRBEINNEREEREFNMIERN.

RENAMA T REXT SaS [BATMMNEATF. BLEZT, BEBBEEAQNURNTAMINNEICE
WD, John Wright ZEXELEM TRZ T, RIR o 2%, x ERABILSISNIER THITEERT, 83
SHRL (RRML) ZOMEICHOTNAEOEESIIIIER, THEXERRNBERT, FMRENELEBIERIL
ME—T, RELERRTHRKEARBRERERN—TEZN/LEMER: REQDBEDARIFOHN, EESTHEE
WVE a IFERETEER o, B SBUEY, X—URERNKEORNCUEARREREREHRT -1
JLaIfRRE

John Wright 123, XD ZENETIFOAANEE, ROBERE LR/NEEMEE o, ERNMHTTIER
bilinear lasso, John Wright 31X NMIZH RN ENF FEVIFL MMM, RIHRIR o) HERERE, AU

e8¢



B{FH bilinear lasso &7, BABUWTFRAR:

Bilinear Lasso. Qur starting point is the (natural) formulation

1 %”3*1‘ —ylls+ Az, st Jal,=1 (2.1)
d Data Fidelity Sparsity

We term this optimization problem the Bilinear Lasso, for its resemblance to the Lasso estimator in statistics.
Indeed, letting

Praseo(@) = min {4 lla xz —yll3 + A<, } (22)
denote the optimal Lasso cost, we see that (2.1) simply optimizes ... with respect to a:

ngn Plasso(@) st all; = 1. (2.3)

2: FFRBRIK

FEE 2589 (2.1)-(2.3) 1, AR a BF 12588, XPORTHET o M x ZBOREEME, 5, YRR
EEXNITEEERAREBIEN: NR « WARBBLF, B@ELHERREME. BR, KRORANNBER
IMEBEI N TEARESLE o, B ERSMIERT) .

bilinear lasso AN A BIMRME ZNABTEGERM, EMRNIREP, FARNRERRERNLAEN
BHE TRATENRZNLE, 5328 ANZIMHARSNEE T NMEFESSNEN, EEGERMES,
BEEBNEEFAR @=0// o/ 1=1) BARBENYIREMBEARTE, SARTNE, EAFARNKRER
AFRNNEBRIMVE, EXTRNMELMERNZZE—TRIE, MAZEMEMZ.

Wi, BIAGR 12 EMENABT o, AURIXMELOREE T BAENEE, URKELEHXET ¢ 89
JUEMERR, WEBR T x, B —TAFRIRBERRT, ¢ BOPFE B IRIMEEIRE o O SABERT, BT
ANEERBAENERRE ET 14 &KL, BHIARIERTARENE—XE L, S1MEHRMEREE
F o, WEIIERFSAIR, B sla] MEO, John Wright AR OM RIS LLAEEIEM, AT, TEERNRBW
FFETRIZ T, John Wright IZ2HEHEIERET a, MIIAXTEE x, WERBHREER.

John Wright NIRRT fth K HEI AR IZTURIRA AR
1) BRALE
NTEMRTE o) R, BNETEE 2 PATMRHOERRBIE R o BXEMISN—1 2%

I, 9NE 3, BIA ¢(a) ROREE, Hep:

o EINRRRERTE a) £ 25ROA;
» EAFEERE a, NEBEIX s[a] 08— BEMR/IMVE:
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vpla

flﬂ]

Bes . (e [an])ﬂ S

Figure 3: Geometry of ¢, near a shift of ag.
Bottom: a portion of the sphere S” =1 colored
according to ¢,. Top: ¢, visualized as height.
v, is strongly convex in this region, and it
has a minimizer very close to s;[a].

B 3: p(a) WEMEAEBAREE

2) RBAL/LY
BRE, BATE s,[ao] M s,[ar] T ARBNMIZRI SIS IEMTIT PIALL EARERE o(a), EAGHAMR, F(IEKE
Sp_1 MM 7= IR RMHTLEH] o) REZLEF=E.

8{31-{:2} @p(a}

S“ vifa} & Sp—l
Figure 4: Geometry of i, near the span Sy, s, of two shifts of ao. Left: each pair of shifts s, [ag],
51, |ao] defines a linear subspace Sy, ¢,; of R”. Center/right: every local minimum of o, near S;, ¢,}

(red line) is close to either s¢, [@o] or s¢, [ao]; there is a negative curvature in the middle of s, [ao], s¢, [ao],
and ¢,, is convex in direction away from Se, ¢,.

Bl 4: p(a) BT RERSUREE

B, FAIWRE:

o EEMB sla)] HHEE—TBERIME

o XU 5, ) HHRE—BOB AR, 5B, BARERER o T a5, [a, |+ a8, [a, | BIEILE 5, ,, 2TLH
HhZ, HINE o Mo, 2FEN, Blal=lal;
o I o FEIRBF =8 5, , U5 E) LB/ RIEFZER;
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3) ZBAL/LE
&E, RESBAULE LMEmRE o B8R, WF:

b,¢}|1 Sp—1

Figure 4: Geometry of o, near the span Sy, ., of two shifts of a;. Left: each pair of shifts s, [ao|,
1, [@o] defines a linear subspace Sy, ¢,1 of R?. Center/right: every local minimum of ¢, near Syy, ¢,}
(red line) is close to either s¢, [ao] or s¢, [ao); there is a negative curvature in the middle of s¢, [ao], s¢, [@o],
and ¢, is convex in direction away from Sy, ¢,.

I

5: p(a) IERRASZBURERE

B, EBTAENSBUNEE—TBEHR. EUBHARRTEEMT, BMRAIMNMR, Fit, HE—
MBI IMERLE N S,

4) FEEFFELE
SRR, XEMRES T FEELHBEE, XEFTEEET VMM a. LFRE, TSN FEEXL
MF = EH e LIRRVEER,

NE e, RiRF=Ec BREES t RIINOBAL sla] NAMEEEMMN, BAB/UEAEICER, EHRRSHOBER
T, o) RETE ¢ FARARRIED S, BHTENR B RERNBERVE, B0 [[<46p,. BAEREF=BHEGR—T
JUENR, EXFZEOHE:
= 5.
Z"E#u U

WTh 240D,

wola)

Figure 6: Geometry of v, over the union of subspaces ¥y,,. Left: schematic representation of the
union of subspaces Luay,. For each set T of at most 46p, shifts, we have a subspace Sx. Right: ¢, has
good geometry near this union of subspaces.

& 6: p(a) WEMRHF=EHE/LAREE
e27e



6) L TZANTEE. HEM

o TE Zaop M1, FREBEMRIVEEBEN SUBHIT.
* ¢ BYETEILE Yuop, UEA A LB,

John Wright fR#E_ EIRRII N LEER, SERER: EMTDXBRIRT, LRNRERPEIINERR T EAN
TR

$£—, WHRE 0 BB/ WEXNT p, OBAET 1)
B, EESKE BB

. M EERIBER

o B BEBEMEBEMEESE o, 95 T SBAMMLEERORE, John Wright 2 T — 4 18
WS ESTE o, ORI, EE—NE, EERE —LAGSBABNERE, T—NEMZBWE Tk
UFLHE(E, SARERT

Algorithm 1 Nonconvex Sparse Blind Deconvolution

Ensure: Observation data y, regularization parameter Ay and Ay, continuation parameter 5 > 1
1: Solve a'” = arg min ¢, (a) on §*~! with random initialization
2:
3: Set \; = )\, zero pad @ to aM) and a'V) € SF' =1 (K > k).
4: while A\, > A,,;, do
Solve a**1) = arg min ¢, (@) on S¥'~1 with initialization a(*).

5
6:
7: A1 = A/
8:
9

end while

70 VR E REREA

&/, John Wright H3AIRT T BIATES MEIETI B LR LaIIEEE.,

» TR HE:
BT IEIRE B m=256x256 BIFIRE VNS S an € Sk—1 xn 2 n=1 n=1 A/\J k BEIMZS BB REEF] D 1R REHLE
EESZENER,

BHAEE 8(a) WABLEH T AERZAN Kk MIFRHRENARMEIRE, BLNETRE 20 MRILVEENT
YE. ZEFEREXERIHE, BRIeXgTnRN, £AeXsE, EARZK, BEARBNEESE
. AHENSTMNEXENTARAGESZ, EZXER, RENEFRST L AREN MR,

. IRFEUE:
A m EREAURUBIREIR & 4 (vm=0.14) MEIERGHTER, HEMBHRE, FRWR T REEE TR
0 IRETIE T RO AL, BRUE D) Fim: EHRRRMORNIERT, HEETNTESNE, FHBHS
BEBREM,
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(a)

: 2
-
@

.
-
3

e
Y
=

12

.

Truth Kernel A;

Mormalized Kernel Size

— N = 0.792
SNA = 1.584
- | = Moiss Free ||
’ w? w? w!
Kernel Concentration 6

Kernel Concentration 8

& 8: IR HIEITM
s BHREBIEDN

BN BT M NaFeCoAs SRISRISLIN B RREIE. Bl 1EE 9 FERNERRKN, MiRHNERRERE
FRBEE B Mg R ERVERR AT, IXLERERAS T TAE-R BB FROYDIERIGTT AL,

MEZR: EHER, RBER%Z @REERER), UReN&ENELHREEERR.

& 9:STM #EH

o EGEER

EERGEEMEESE DINNZEE, BIRBRNESR, N7 IRHEXD BB R REMZRE,
M= ERMEGRHT 7L () ARCEGIEMZEREMNSNERERS: () £T#0ERRMEGTMN
ABEREFANRERMER (SR =100); MR (i) EABENREHENESEMES, BTN
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AL, BMZETAERRENBAL, WIREREMZABERT 7 ITE., RMERZERIRDHAE 10 iz,

Kernel Recovery {synthetic) Kernel Recovery (noisy) Kernel Recovery (real)

06t

Fos
gos o5

—Qurs —rs
02 ==—Zhang 0z ===Zhang
Fd Krishnan -Krishnan
L] i - =Sun AR - =5un
005 007 0089 011 Q13 015 047 018 0.2 005 007 009 011 013 015 047 019 021 007 009 041 043 015 047 098 021 023
Errar Ermor Emror

10: BG EREUIRE DT
MERL () B () M () REEGRIRENRIZIREN RIS

ZRET, ZEEAYRZXEGHEBRIFNEREMENRR, ENEEMEGNNRERRE, TEEWEXHE
B, XARERAT () ZBEETNERZERGLEAZFR—HN, () FEREREENHEREEGHERN
EEDT, NMENSREABERKER,

=. 4iE
AUECHEE, John Wright EERBANIDZNAER: SIARECYRAL Frobenius SEEIEY SBD RO KRN ZE
BIVEMR, EXFERT, John Wright RIFIENEHRVMERZR MM, AEMEX L, BEIMIHITEER
BENRSBAIER., ETX—IAIR, John Wright 21 7T — MMM ERNEZ, FBRETEEERFIESRIK

SHLAE,

X E)RUS R T ERILEEEDHT SBD @IS FrEImAIkEL . X TREE BRI, EUNETETX
R LAFMIMERIINEBIER, John Wright 384, SBD FAYZ53IFRIEIGAT XN G) LLleE’JIR’EﬁﬂﬁE%fﬁX

&/m, John Wright HIARR TESZLRER, ES@E“M&/MEE’]?U RETERFHES O, HFEBY
PR LB ATHEIME, BRI AR EIRFHES R, AW, ZE0 0 EICIEREARTE, iR,
ﬁ%ﬁ)—‘étﬂ@iﬁ?&fl‘_’fﬁﬁé)\ﬁﬁw, %%LL%%&E’JIEEHJI*ET%#TL)\ﬁ%’I\$¢W7fZ, FEMLERBNAZZ
RJIRER, XP]ReE T S B R LAY RIR

ERFENER, HANEZ BN B INA N EBEZDHRIBBEAMNVEIRE, BELBEIZRE () ESEIEE
a&%wuﬁ/wz REGHE—E () ESTMRE—MERNE REREERENHRRSRE.

SEXH

[1] David Wipf and Haichao Zhang. Revisiting bayesian blind deconvolution. arXiv preprint: 1305.2362, 2013.

[2] Haichao Zhang, David Wipf, and Yanning Zhang. Multi-image blind deblurring using a coupled adaptive
sparse prior. IEEE Conference on Computer Vision and Pattern Recognition (CVPR), January 2013.
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@ tRAERRMER: ETEINRAEE
B SR SRR

AEZRIEREREAR “NEFES" TRCIEHP, ERAZEERZRAZRMERBIZM T AN (Learning
based Optimization) #IIRE ., #ME/RE IAPR/IEEE Fellow, FEEREFEZZENBAREZSEE, KE
REARREREEEEDSEE), L7 2015 F ImageNet AMEMHIRFIEE (LSVRO) 1529 ETE LFEE
Z, MNEERARHEINEZS . BRXIRB. TENAE. BGRGE. ERTSE,

AERER, MEREEHRTETEZINMNAEEZLHRE, MREBGER. FERERFSELNNA;
IANAERSNECEZNEMR ESINZEING, BENRGEEFUFRIEZRS. N TEE Rt XREEE
IMEREARNBTER.

NP8 Rt X R EEENMEREIANTER.

—. fiftRENERE

MRETAR, FEERMLATES, WTARKRENER, BRXEGANEREFETR, REREHRHATR
R, ERITICWM, BEERMEN TR —ERFEN., B, XFTIZNAAEREZRE BT S
ETREMENSETRE (edr0), eI TREERE FRNEE.

* Optimization problems all have complexity lower bounds if solved in
traditional ways (some are still unknown)

Methods | Non-strongly Comves ____Swongly Comves
s Non-Acc Accelerated Non-Adc Accelenited
(laj-i by [87] ll{lj_:} {J(\r.-l__'_:J “(':f lup":j] f?{\_.."gluglf)
I loa Method | Individually Conves | Il udually Nonconvex
(2u20) [871| O (&) o\ . [.) ofLgl Oy Elogl . o :
Ve (s ) (V4 ) SGD ; o(Z) no n';[:_f)unu |
-0 3 ! /L rives ol give = = T
3ai-03d) 4] o(z) o0 Ve ) nol given [ : ?mu VR a [\/” + :.) a (” i IJ_:_:)
GeoD [9] | notgiven | notgiven | O(Liogl) | O (\% log L) 181200, [24] 196]. 1971
; A o 4 O(n+ ’—Ll} | |_)(r4—s|"-l fde
i L fL v STV VE+Mome f i
PEP [11] (&) (9] ( o ) nol #=ven mal gven R+Momentm |:h| I:‘(J] 1311 1901 11001 [ ‘] ||n|_ |“:||
Lower Bound (o] \‘”—) a [ \"",T log £ ) [ I_mn‘r_linulm_ I 8] {.u + ‘eru_LJ [34] | [’.i.-lr_+ r-l"' ;:.r%‘) jrozg ]
| - Al b s T " | ; 3 ) J
Complexity comparisons between different accelerated 5 . ) - -
Ah : : Complexity comparisons between different variation
deterministic gradient methods and their non- s ; ;
i ] i ; reduction (VR) based accelerated stochastic gradient
accelerated counterparts.

methods and the plain SGD.
1 ERENERERE TR

RPFIMNEHERENTRERRNT —L2HSH, FINERREBERN Lipschitz RE L. BRREHAIRN
M (strong convexity) Z81%. ERER, (NERX2BZHRTEMNATLRINOBOARR, TTEREBEBY
MEMRER, B, MRNEEEDNEFIERMITIAEBIRE UG,

MERSE T EMAAEEWSENL AR, BRENHERAERSNEN, YREZIFARED, DT
BIEOEE, REEFHBESHELNRNEERANESR: HREMAEEZFNSLEE, EMEEHEREE
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MNEE, EERAEANSHESERAENOWERE. Fal, XNEROMNEREE TEFEEE, W TNEMR, SERrIE
RETRE, 2SRUSNRERFEOW/F)FOoW/KHNER,

Ve = Xi + ,Sk-(xh: = Xk—l),

Xk41 = Yk — %Vf(yk.). O(1/k) vs. O(1/k?)

2 JNEEE TNEERMISIEI L

RE—TRBEERSENERERENFML ., YT TEMREMENE (Elastic Net problem), #5R A%
BEHRER, FEBXEABEFE (Alternating Direction of Method of Multipliers, ADMM) sKf#, MIEUL
SURE NN OU/K), 2IRE&M (sublinear) B9, [BAIR A BB ZIREIEH R (Restricted Isometric Property),
WTEFR, A DIERURSORE 24 MM

( L
m}}'n Il + Eﬂx”__; s.t. Ax="h

(Restricted Isometric Property) There exists d;, € [0, 1) such that
sublinear vs. linear
= 9 < ; - ;
(L= dn)llx|* < |Ax|? < (1+ &)l|x]®

3 SRR o) RRUS KR FE XS EE

ELRO=TEZRF, BTAARNOEZEARENDN, PANTEERIANEN, BRI UMNBIMITEER
AF, BUERSHU. ZRESEDWEBERFE, HEE2 S A UIRFHSE M AN KEFODBRNTRE. XthE
ET2INMA AR,

—. BETRINMMAEE: #Hik

MEREBERRTETEINMANTIERE. tiln, URNEEENRELER D SEEER, BLAEHMATIU
MABTZINMAEE, BETEINACEEABTEENEE BENZFINATEEERANECHE -
L3, METEINMAEZEBELAREERHBLE, UBIFIINEEEA.

EETEINRAABEREFENIER, WTEMR, £ 0XTAERAIMHUEER, ZMFEENRZZEI TN
MIEQSBOEERAEZEATEN. AEXIMEA THOIERER, BHHLFE—LINEME, WTED
THEMR, BERAFEIE LSTM EIHE TR, B LARTFRMARIN 7 REF g, REAFEER, RENH
HITOM, PALUKBIRIE LRI, RE-LIFEHRENES GIURIEE ERERG T —L20ENMIN.
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* In a general sense, some parts of the optimization algorithm are data

dependent
Existing Paradigms
—— e —
0. Learn optimization 1. Use learnable parameters in 2, Use machine learning
algorithms the traditional algorithms algorithms to predict solutions
no theoretical guc'.rd11teg/"/ b Can use algerithms in
only work for simple tdsks e paradigms 1 & 3

-
o
L

* Learning gradient descent:
= By RL [Li and Malik, ICLR 2017] Axepr = m(f {x3 )
¢ B}' LSTM [And rychowicz el al. NIPS 200 6] Xpil = X + "}'.l-(vf'[xk-)- 9}

4: BETEINMABEEN=AER

1 XMFTCAREERBEPERETEZINMALE, ZRLEXMPATTCAZR T MANELRER, XF
BT —E2L, RNARTUBERES. £ 2 XMREAZEMRNGEZEIBARINE ., MRS EIR0LE
ReF, WiEz, SN, IMBBNEERRONAERS, BT LLUIENER, FELDAR BARIEWS.
RERRTNEER ARE S 0 M58 1 5EXNFRT3E. (PPT 174 typo)

BT, MERYEHMASEIVE T IFAER, ANETEIM ML ONMRIE.

= BEFRINMAEE: B1EX

BAES 1C AEREEPERUEINSH. WTEMR, EEE=TTRE, BLEREAREENEARE
7179 DNN S EEERRIITEE. 81 cell LA ERNMURTRUEREL, M cell Z[BAIXZR A DA% DNN —#%
TREBHMAS, BE, AERABEPINTEINSH, ZREREFTEAT—LESIREIIEATENR. &
E—FREBEERE-LEEIEATIIG, MEXIISENSEL,

Use learnable parameters in the traditional algorithms

* Unfold the iterations of traditional algorithms into DNNs (Computational
Graph in a general sense)

* Introduce learnable parameters in the traditional algorithms
* Train the learnable parameters on training data
5: %1 XTANARBE
MERNTEAT XA ENEXMARTE, M TEMR, 5 RNN BT LASSO [ (Sprechmann et al. TPAMI
2015); ¥ LSTM BTFHERIGEIEE (Zhou et al. AAAI 2018); {ER—LEZL1/Z & (optimization inspired

networks) FIM &SRB IRE 8] (Gregor & LeCun, ICML 2010; Zhang et al. CVPR 2018; Yang et al.
NIPS 2016) %, XERBEA FEERMT TN,

027 e



* Representative work:
* RNN for the LASSO problem [Sprechmann et al. TPAMI 2015]
* LSI'M for the sparse coding problem [Zhou et al. AAAT 2018] )I_uiu %HA}: — b2+ Allx|

» ISTA/FISTA/ ADMM-nels for the image recovery problem
[Grepor & LeCun, ICML 2010 Zhang el al, CVPR 2018; Yang et al, NIPS 2016]

6: ARMIME

EMERIAN, IENIERZERADN. MY TOMETEINMALENEEITE, XEMRIFEER,
BA/E Chen FAFE 2018 FNTIE, ERXILMIUER T LASSO 8], AEEHE FEMEM, FEMRH
ERIASHETTLIRII,

* There is only few work that analyzes the convergence properties of this type of
algorithms in theory.
+ LASS0) (Chen et al., 2018)

* Specific to unconstrained problems

7: Chen 5 ATE Lasso [O)@ LR TE

ETULEDH, MERNMETHEZAONAR, WTEMR, EE/()Hg()MRORBBIM R
SZNME Z&MBEH.

We consider:
I)I{lijll_ll flZ)+g(E), st. X = AZ + BE, (1)

where A € R™*h B ¢ R™*% X ¢ R™*" and f(-) and g(-) are convex
functions.

8: MERER 1 BARAR

ERERNE ML ADMM, AJABIT W TR A MERSEREALEE, ( BTFERS, R®NEMEML
ADMM B1TIHEHN AR ), ERTBHE—PMIFRIRIE prox, FALEET (proximal operator), BRENXLE

B, BEBAX, FRLrox, (%)% f(o) BETE X RABEE T

s Linearized ADMM
lblifll; HZ)+g(E), st X =AZ+ BE,

where A € R™* B e R™*%_ X € R™*", and f(-) and g(-) are convex

funetions. i

: pru-x,,;{:f} = argmin f(z) + 5|z - x[13.
Tit1 = AZ; + BE, — X, ; « 20

} proximal operator |

Zriy =P!‘D}(_Ij_ {Z& - 1’_{1 [Ak } ;‘aT;..+|) ’
1 1

Preir = AZp1+ BE — X,
Eyt1=proxp { % — L_H (Ax + 3“+1?}
| A1 = Ap + B(AZy oy + BEp . — X)),

where X is Lagrange multiplier, £ = 0 and Lg = 0 are Lipschitz constants, and
3 =0 is penalty parameter,

9: %M1 ADMM
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BEE MERNETELRNELESEDTH learmnable 55 B 5%, RN TEFT. B84 %453
mmf(z)+—||Az by, EENEABOBTEMEN, HEIERR
z; = prox,(z;_, —tA(Az, , - b))

EHXARBOMIRERF, Mz, -b)RFABONEENER. SHIERMEEF2REBIEN, BB
BN, WHSIEN. ™ ONN RAVEIEREBE ZRIF®E, E08RMNRN, Eit, ERImELEFRIBAR®R
7524 DNN HREGEUERER

B LERAPNRAEFZRMIERERISEERERS , BETH 4 BRI ZIINEREW, ., 52 T7TEMNR
TR, WA
=6(z, - WkT-l (Az,,—D))

* Differentiable Proximal Operator

1 a
min f(z) + =||Az — b3,
z 2

where A € R4 2 ¢ B b e B™, and J(-) is a real-valued convex [unction.
The proximal gradient algorithm solves problem (2) as follows:

Zr :z;._| —tAT(Az_y — b)), (2)

where { > 0 is the step size.

acl as activation function

£
2= ( (21 — W_1(Azi_1 — b)), (3)

where ((-) is some non-linear activation function and Wy_; is the learnable
parameter. With proper {(:) and Wy._1, (2) and (3) can be the same.

100 ARG F

FIRLA LB A LUSE ARV ML ADMM BN A2 MIARA, MBI LN TEMR, MSHRAREREAN
BB+ CChr LA UA—SHEREERIFORE, K A BN AIEINENE, FRETRFESRE
P ERISDGEN . B2, PIEIMRASINTESRENEE, BAFUNEFIENAENEE.

Tpp1 = AZe+ BE, — X,

Zisr = prox ¢ {Z;_- - ﬁA"LA, + :f'f;,,.)}.

Ty =AT +BE — X, traditional version
Fipy = prox {J—.’;. = %H_(Aj. BT _|} y

Mess = Ao+ H(AZky1 + BB — X),

where A is Lagrange multiplier, £, > 0 and L, > 0 are Lipschitz constants, and
A = 0 is penalty parameter,

h||—4/J-HFr—\

Zin =m7:. Wiy )u--| i II:.--n]]-

Ths1=AZyr + BE, — X,

- .- T T
learnable version B : (‘r‘*' tAL’ H 2 ]’"*")'
Niert = X Hpce Az, 4 BB, =X,

where @ = (W i, (Woli, (8 e, (82)p. i }I.‘-=,, are learnsble matrices, and of
is the clement-wise prodoct. In addition, »(.) and ¢[-) are some non-linear|
functions parameterized by #; and 8;, respectively.

11: AIZ I ADMM
©290e



TESE TEAIENTTER., ERARPUENER—LERA, ERLIREBOEIEFEARAN; ETHE
79 dual gap, GO HTAIAD dual gap S23FMAY. 2R dual gap EAE, NWERSRME.

r" T o + ) L T
: - b
E—(B 1 02O O OROa O Gy’ - Eu
| | ! I f (®)
A A
T A Ty /7 ~\ r"'\. Vs N P P Y . I\;\j \"1'-;
L— A g T ) j I T
| il - — ¥ -
) C1) (1)
% \r \.‘.f 5 %
Training Strategy:
min f(Zk) + 9(Ex) — d"(Ax), (4)

where d*(Ag) is the dual function of (1) defined as

d*(Ak) = inf f(Z) + g(E) + (Ax, AZ + BE — X).

120 EAIRE

BEMBERA—DS N T LRBE, BHZHESEAEFELHIREENE., TE2FRUE="7"1H, WTE
Pim. 8%, ETEINFEEZEN—IR, MENBEESELRNOBEERE), AERLERNAT, X
EWEEMEZAERETEIN, RAMAIDIRGEINR. XE—MRIFNEIEHKRIE. R, EREFHET,
BENINSUEE R MRS &M, o, MRELSTSELME ADMM FFTHEEIENR KR, BAETEINEE
RENBEZ BN TERAEEL LR,

- >
/" Theorem 1 and Theorem 2 [Convergence and Monotonicity] (informal). h
dist (wg, %) > dist (wg+1,27) — 0, as k — oo.
&
wp —w" e N° J

Theorem 3 [Convergence Rate] (informal). )

If the original problem satisfies Error Bound Condition, then
\ dist(wy1,27) <~ dist(ws, 7)., where 0 <y < 1. y
/ Theorem 4 [Faster Convergence] (informal). A

Define operators: wy+1 := To, (wy) for D-LADMM; w41 := T (wy) for LADMM.

For any w,
\_ dist(Te(w), %) < dist(T (w), 227). y.

13: BEF 2309 LADMM B3ERE
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TEAEDNER, 6. EENAelERTERN LADMM 8%, BEfERnETZINNAEE. AT
BIETR2INMAEEEER DT LADMM 10 FRIEUREGAR) T BERNERRAE, BEERS T TEMX
£,

2 T T T T T T T T
[SLADMM (A=5)
-=-LADMM (A=1)

or --LADMM (\=0.5)]]
=D-LADMM

NMSE(dB)

12}

laz

3\ > 10x
0 20 40 60 80 100 120 140 160 180 200
Iterations/Layers

-14

14 BEIERIBIER

TEZNEARGERNEN, FJUEER, HIRFERN PSNR, FiAENXAT 16 0&RK, XERERRER
BTRA100F. MARLER LI UNEBRIETEINEESERABEZENERER.

* Natural Image Denoising

Table 2. PSNR comparison on 12 images with noise rate 109, For LADMM, we examine its performance at a couple of different
iterations, LADMM is comparable to D-LADMM only when it undergoes a large number of ilerations.

PSNR : S L :
Barb [ Boat | France | Frog [ Goldhill | Lena | Cibrary [ Mandnill | Mountain | Peppers T Washsat [ Zeida
Bascline 154 [ 153 145 [ 156 154 [ 154 142 156 144 151 151 | 152
LADMM Giler=15) | 221 | 242 | 18D | 231 | 252 256 150 | 217 7.7 50 306 | 397
LADMM ijier=130) | 370 (308 | 316 | 265 304 | 33| 178 243 0.8 30.0 33 | 357 |
[LADMM (iler=1500) | 299 [ 311 | 222 [269 [ 318 |[332] 180 251 207 328 2 | 378
~ 100x | DTADMM (K=13) | 295 | 313 | 219 | 359 | 313 |351| I88 | 245 103 33 | 336 | 389

(a} GND (b} Noisy image (PSNR=154) ic) D-LADMM (PSNR=35.1} (d) LADMM (PSNR=31.3)

16 BAREBGRRLNER

M, EFFIMMAEEE: B 2

BE, MERNMATHEMLE, ETEINMAERNE 28R, BMERTNSFIEERMNE, £=

BENTSRER, B8l RAe REROGH, BFE—TEARG, URBEEMEYE, WEE =
e31e



W, REEEG .

Use machine learning algorithms to predict solutions

* Predict a solution
* Test with a monitor condition

* Correction: If the monitor condition is satisfied, accept the predicted solution;
‘ntherwise, choose the traditional solution }(— should happen rarely

Bl 16: % 2 KXBIMRBRE

BABEEPELE —EERREMNFIRE, G, ITIEOEAPG B, WTEAMR, BIRTEF via
Za fREER, IEERE D BEMREB/ NS R, 1E*EL7JTL%|JF'1§EZ‘%%:—7—7E’Jﬁtﬂcﬁlﬁﬁlﬂﬁﬁﬁ

tie—1
. & . ' 5 c = X+ — &L — X
Prior work with the monitoring mechanism (not =Rty SRRy

. w1 — 1
learning based): i ;k ek —%3-1);
« Nonconvex APG [Li & Lin, NIPS 2015] Zi41 = Prox, (yx — o, VIlye)).
+ Anderson accelerated Krasnosel'skii-Mann method [Zhang el al. [Vis1 = prox,, , (xx — . V(xi)),]
2018] VAlte)E+1+1
by = f i

* Krasnosel'skii-Mann method [Themelis & Patrinos, TEEE TAC 2019] it F( ) < P
_ ) Zitrs W F(2p0) £ Flvia),
Xiet1 = { otherwise.

19 )

17+ REEERRSAANE

MERBETEINMAEENBEEOBAOMRH. F0R (nverse problems) IARIIZUEELLE V R
ENHER TIERSEE X . ttﬁﬂ?ﬁﬁ’ﬂﬂﬁ)#ﬁf%*ﬁﬂﬁ’ﬂ#&& Bly+n, ATHKERENFHE S, Blx, 7
DHIE—MHSHERRE S () +e(), Hpf() ZRIBRERT g()RENMN, AT x LH—LERESR.

» Inverse problem

T(x)=y+n

ngn U(x):= f(x;T,y) + g(x),

18: Ef&F[6)&

ERNIIRR BRI IHBEEEE YV M X B, WTFER, v AIULRSAINE, x o] LA 2FEHAIHB e
MERERN, FEENZEREnT4ES.
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(Accelerated /Inexact) proximal gradient algorithm:

k __ ka (A_l)
VIS xR 4 g —xkl),  (A-9)
K o st k
e PTOX,k, (v;c - ;ka(v k)) » (B-1)
ProX ., (v -V f (v '+ e )) ,  (B-2)

19: ERAHBEERE

TERTHBEEENEN., PEESNFIRAEMNEEERH TS, Hb, ' USRI EE4, 4,0,
H 4, M4, 0REF, WREIIEEREN], EATERIEEEER. B, HNREENNBLERIENT
HEETNEVER . T RIENSS, EERE T4 ENF.

* Structure of the algorithm

Backward update

1 =|pTox. ;

g

Forward update

Abstraction:
x* = Ago A;(xk]
3 But general A, and Aj
= < cannol guarantee convergence!
Ay 0 Ayx")
predicted
solulion

20: EimtsE B ARG

TEAEFZINMAEENERE, SBFE=Z72: UM (oredict) . ¥ (monitor) M 1E (correct),
HTFERENEREXMER T BMRECRICRBFIRELT, RZAENERA, WRETHR, FTNANRELT,
TMRA, TN, MRRRERR, FEIERENEEN.

* Explicit momentum Flexible Iterative Modularization Algorithm
(eFIMA)

Algorithm 1 Explicit Momentum FIMA (eFIMA)

Require: x°, A= {4,,4;},and {0 <+* < 1/L}.
I: while not converged do

prediction 2 u* L_'_,-"_?q o Ap(xF). monitor condition
s if (") < W(x")|then

3
4 vt =u".
correclion 4 5 else In the worst case, v' = x*
[iH
7.
. H
9:

s
end i
x**1 € prox. ., (vF =KV f(vY)).
end while

21 EFEINMHEEE (BF)

EREFZINMAEERRRN. MERLH, SHNERT, BE22RRERNER, MERATEZNN

©33



By, E—RBET, WFNREEY, WZEANZBAINKN. MERDGE T LB, TEILR

TERBEBRBNTREN, EEZEERIIEREAANEORRBEZERRAR Y () XS, B, £85
MEX TEED AR Z IS .

+ Explicit momentum Flexible Iterative Modularization Algorithm
(eFIMA)

Theorem 1. Let {x*}ien be the sequence generated by eFIMA. Then at the
k-th iteration, there exists a sequence {a*|a* > 0}yepy, such that

U (xk+]) < N (vi:) . ﬂ_F.'”Kl‘+'l . Vk| ‘_?, (1}

where v¥ s the monitor in Alg. 1. Furthermore, {Xk}ﬁ:ew is bounded and any
of its accumulation points are the critical points of the objective function W(x).

22 BEIEWERIEIERR

tesh, MERENE T ETEINMAEENRIURE, ERABTN, BREMRIE=TEDHM. BiFEtn]
DUERRER BA BB AT, FFALLR IR, B2 TEMR, UM RERDEMAE.,

* Implicit momentum Flexible Iterative Modularization Algorithm
(iFIMA)

Algorithm 2 Implicit Momentum FIMA (iFIMA)
Require: x¥, A = {A,, A}, {0 < 2C* < ¥ < x}, and
{0<+* <1/L},
I: while not converged do

2 uf = A, o Ap(xh).

prediction 3 @* prox. ., (u* —+* (Vf(u¥) + p*(u* — x*))) monitor condition
4 A% [ < CF[li* — x* || then
5: vF = af.

correglion — & else g ; pk e

' % k=g W) = F(x) +g(x) + S5 lx—x7%

g endit A% =d% + Vf(x) + puf(x—x¥) € 0%F(x).
o xhtl Eprox?._”(vf' (V). ok a J(x) +u( ) (x)
10: end while

B 23: ETEINMAEE (R)

* Implicit momentum Flexible Iterative Modularization Algorithm
(iIFIMA)

Proposition 1. Lef {x", ak, vFlien be the sequences generated by Alg. 2. Then
there exist two sequences {a*|a” > 0}ren and {B*|3* > 0}ren, such that

W {xk'l-]) < h (V"'-J _ok |x_!\+| _vk”?‘

and
Y(u*) < ¥(x") - g5|at —x*|?
are respectively satisfied.
Theorem 2. Let {x"}cn be the sequence generated by iFIMA. Then {x*}ren

is bounded and any of its accumulation points are the eritical points of V.
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24 EEWSRIEIUERR

MEREIEFRANATETEINRNEEZEREGREZE R LNNE. BAEIFERER (hon-blind
deconvolution.), BIATERMIEIR, MERARBMER. FLtRBES, FEEREEMZECAN. Fit,
Y &M%, z BW0EE (ground truth) ., EAITEIRUTERT.

a CONFERENC

Learning-based Iterative Methods for Nonconvey
Inverse Problems

* Non-blind Deconvolution min f(x: D, y) + g(x).
y=b®z+n
f(x:D,y) =|ly — Dx|§:‘E and g(x) = A||x|[, (0 < p < 1).
x =Wz, D =BW7, where B is the matrix form of b and W is the wavelet
transform matrix.
We update z by solving
Aj(zk') = argmjn ly —b&z|?+ 7|z —z"|?

to ageregate principles of the task and information [rom last updated variable,
where z¥ = WTx*. Then A; on x can be defined as A;(x*) = WA (z"), ie.,
Ap(x*) =W(BTB+I)7! (BTy + 7W'x*).  easily computed by FFT
Solve A, (A¢(z")) == arg min, g(z) + 7|z — A;(z*)|? by a deep network.

25: FERBIREA

TERRETEINRNAEE ( EXMNRLRE) SMEBER A TLERIGED ., ATMEREORILEESR
5%, FEREETZINNHEEELR LREMN, MEEREERBIREIEN.

* Non-blind Deconvolution

TABLE 1
The number of iterations (including plug-and-play modules) in FIMA. “No.
Iter” reports the number of whole iterations and “No. A" denotes the
times the plug-and-play modules A, o Ay has been performed by FIMA
during iterations. We also report the number of iterations for standard
PG in the rightmost column.

Tiiie eFIMA 1FIMA PG
& No. Tter. [ No. A | No. Tter. [ No. A | No. Iter.
Fig. 4 13 11 22 21 542
Fig. 5 19 15 26 25 B77
linear linear _ sublinear

26: &R
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TEE-LESLBRMEMLER, JUNELETEINDALEANEGRIREHEEEESH PSNR I SSIM,
Bit BB EHNMGZ,

¢ Non-blind Deconvolution

PG mAPG APGne niAPG

(26.17 /0.78)

- (24.97/0.79) (25.67/0.73) (25.68/0.73)
¢ A . i .

&=
—r i)~ &
—LF I P |
— arpuan
! — LETNL RN
" —
Iteraticn Number

eFIMA iFIMA Curves of scores
(25.03/0.68) {27.75/0.88) (29.04/0.92) (29.3470.92)
Fig. 4. The non-blind deconvolution performancas (1% noise level) of eFIMA and iFIMA with comparisons to convex optimization based algorithms

{i.e., FISTA and FTVd), and non-comex solvers (i.e., APGne, mAPG, and niAPG). The quantitative scores (PSNR/SSIM) are reported below each
image. The rightmost subfigure on the bottom row plots the curves of PSNA and SSIM of our mathods.

= . = S (=== 2
27: FERBRIDBME MR
* Non-blind Deconvolution
TABLE 2
Aweraged PSMA. SSIM and Timsst on e benchmark image sel [24], Hae o denotes the noise levels.
7 Mtric State-ol-the-arl Image Resioration Methods Classical Nonconvex Methods Clurs
' [ TDOBMID] EPLE | PPADMM] RTF | IRCNN| TG | mAPG] APGnd mAPG] eFIMA] WA
i TSNE 253 2867 | 2801 012 | 1978 | 5732 | Joh8 | So60 | 2720 | JVEl | 29.85
1% S5IM [LE:] ] [IE]] [N LR [ 07T 067 A7 173 [IE:E] [ELIE TABLES
mefs) 95313 T =3 RS TAT 36 | T30 7R ] T.RT 206 | Averaged quaniitative scores on Levin 21 afs banchmark.
TSNK 60 [ 2679 | 2658 | 558 | TP | X561 | 2520 | 2528 | 1563 | 280 | 2806
n | SSIM 0.7h 072 [ [T .63 L L O O ) 0.7 Mothod TENE | 55IM | ER 5 | Timels)
mefs) 19550 TS TAAS e I8 1543 | 7570 460 R o0 207
— Terrone etal, | 20,27 | GBA | 105 | 080 | 100
TSNK 072 508 2378 I1.18 | 2681 | 2463 | 2409 | 2446 | Moo | L5 | 250 Tevinotal | 003 | 089 | 140 | U8l [ 1107
I S5IM [1 (AL [ 14T [ 115 .55 .56 X3 074 L] Sun et al F071 080 | 132 | 082 | 2m4r
Time[sf]  T91.25 Up3T | T | T4y | Zed | 1389 | haAd | A7 763 .59 207 Thangetal | 3801 | 086 | 155 | 058 | o5
FSNR | 606 | D48R | 2327 | 17.95 | 600 | 1405 | 2388 | 2395 | 2408 | 2000 | 2647 Fonelal | 2078 | (80 | 135 | 0ai | J0060
4 | SIM [ 06T 65 .66 [ it 054 053 .57 059 70 | O7E | | Churs 3‘637 091 | 120 | 0.83 5.65 -I
TIME(s] 1533 TIEE P L Do 2 T | el Ve 5 .69 <07 ]

higher quality and much faster!

28: FERGROATEELR

ETE2INMABEEHEIUNATERER, XEKRERMZERAN, NTEAOMEERINEL, PR
FEFE T BB A ESIER,

* Blind Deconvolution

5

Input Perrone et al. Sun et al. Pan et al.

*3€ Fig. 7. Visual comparisons between mFIMA and other compelitive methods (top 3 in Tab. 3) on a real blurry image.



29: BEREBRIEBMERLER 1

Input Perrone et al. Sun et al. Pan et al. mFIMA
” (2476 / 0.75 / 0.48) (2048 / 056 / 032) (28.05 / 0.83 / 0.40) (31.25 / 0.87 / 0.89)

Fig. 9. The blind image deconvolution results of mFIMA with comparisons to state-of-the-art approaches on blurry facial image with 3% Guassian
noise. The quantitative scores (i.e., PSNR / SSIM / KS) are reported below each image.

Bl 30: BE&RBGREERICE 2

ETEINMABEEET UAARERER LROMKEL, MNTERIUES, PHRDALEAEEMERETIR
EFINBERFRES.

* Rain Streak Removal

Input DerainNet Dctml[\u.l UGSM mFIMA

Fig. 10. Rain streaks removal results of mFIMA with comparisons to the state- o! the-art approaches on real-world rainy images

31: WRAFRIDALERIER

. B4
RfE, MERIREHTUTELE:

1. KEABLR, MABEE—BERENZZINRE, MSETSFINERDERLMBRILER, HEEE
MSFIPIMEES D, MEZBENZXEEPTMEM M ERRE. TBIARE.

2. ERGMAEENESE DSIANFEING, AINEZRSEZNWIEEASIEFNESLERR. BT
FINMABERBEFHEN LR, BEEANABEENETHT.

3. MRMR L TNAMKBEEMELON, BAXEEENMERBRN, STAHLAILEL., EURER
ERERIE, BIMERSS. SN WSEEND, fIFEPINEHEEN.

B, MERHZEMEETEINMATECRAOER, IUSRMAEEITINESZXE,
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@ I NEREHNERIE: ARitEEHE
ERHE TER

EF_BIARERAZNFBLZILTRICIET, FUERMNER. VlARERK. AREARFATEESR
BERK. ERMRAANUWEL, &RT (MRITENEHE) NEEDE.

PG 2 IR IR1S CVPR R1EIEXE (2009 FH 2016 F), ARFEASI BB 14 5 &1L 2020 £8 H), A
40 ZIMEEHERERN, F 2010 F4 MIT Technology Review %R EIK 35 5 A TR E S EQIFHEED
TR35, FRESREEMBNAZOERZMTA? FEZIZHRPAIHEBML? BN AP0 R
Za? FREMNATEPXBEREREMLE? it RNTEFFERE, BING—i, MTHBIRITEM
FHEDERARREMTS BEIE!

fians | nsrIsmes

—— ¥
SRR, WS
FEAREAE A TEEEFRRIE

IMEGVI|Bj“3p @ #s1izs

—. BEN
BERAEZINHL . ITEFMENT K. THASIESRE, TENARAENARESE/LELETER
B AR, HAREEMBHAE. BETRE. TE. 8. B2 2T, BN AR AR
[T MRBARREEENEEENAX, EMR. . IR, MRENKES, MREESEENGLEEX
80%, BfE 1966 &, —fI ATHEEMHRILITE, MEMBIE L FRIBUMND - BRETE (Marvin Minsky)
B, REFEBHAZERET —PSREL: TLTENEEHER". Bib, XA T & Marvin XTI
MEEN TRAEFRZN— D, UERATAEZN T ITENERIREEN—KD ., HEESITETOUSGER
BB IRIEE BTIA RN I ENIERAGIENRERENNEREE, SFKNEINES, itENARES
TR,
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History of “Image Representation”

-

1978 1973-2010 1989

EFEE, HENMRREFERZER, SRZONEERE “WEIRFIEGRFEE", MEXNIRFEN
ZOERME “WERE— T EGRNE T (Image Representation)”, MZEF ARBEBEITENPRAXE—D
(ELER

Deep Convolutional Neural Networks

FU;W)

J sequence of learned non-/inear transformations

7 - all parameters are jointly optimized

NZSH, RERBNMUNEEMERITE NFRESTRHEML (Deep Convolutional Neural Network),
XFMEEM N EENER B2 /XL ETH%, IE—KERZATENADIRBINERA; £ -2
AEFEINSH, BiniRENENZEINES.

e30.



—. 5%?%%?&**"@2%
AESRHEMERRIRT/\TENL, EXREBBERR Fukushima ZUREIRIREH, MEIRERBSIREZ ML
ﬁﬁi;ﬁl%!@u‘j\%u, REZIFSREZMANTEERTNIER, 2T TRROREDRE WE 4T .

History of “Deep Learning”

Deep Neural Network
(Pretraining)

Dark Age (*Al Winter")

1940 1950

5. MoCulioch = W, Pitts F. Rosenblatt B, Widrow - M. Hull M. Minsky - 5. Papert

H

- Adjustatile Weghts Learnatie Weights and T * NOR Protiem
= Wisights e nol Laamed

IEFEL, REERHZENEEEMEORER : ERURFRE (Convolution)\ EIMBERRE (Depth) . &R
BHEE (Width) fIBABIAN (Size) . KZHAARTEETXETMERE.

Convolutional Neural Networks: Core Problems

Convolution

e4Qe



2.1 EiRRMESEE (Convolution)

ERNEMSIRZANE 6x5, 3x3. 1x1 @ TEFR); F?&?iimﬂuié‘ﬂ‘“ﬁ% R (Grouped Convolution)
B 3x3BM. 1 x1 EMOMBZAE, BOERIREROARETD, FEREEW. BI—ELFESER
HNBEERESBIR [Depth-wise Convolution), —JLME/mF%% %T’E DHRESRIRE, TITES/NME
FEBH.

HET ZH00B8, I AMRkRiEE T ShuffleNet V1 " &%, 7 Grouped Pointwise ##fEF3| X\ Shuffle $21E,
BFRmBEZBNER, BRNREFETORNERE WTEFIR):

Convolution: ShuffleNet V1

Step 1: Grouped Pointwise Step 2: Shuffle

ShuffleNet V1

+ Very Low complexity

+ Shuffling for exchange channel infarmation
+ Shuffling is a zero FLOP operator

Mengxiao Lin, Jlian Sun. ShufflaNet: An Extremely Efficient Convolutional Neural Network for Mobile Devices

6: ShuffleNet V1 FEgEFR

2019 F18 HY MIFRFRIZH ShuffleNet V2 7, FERTE BIERE FBI NS T &AM, 8T Channel Split f
Partial Convolution B9ZU#, BR0E M HFIE D TRZAREERE WTEMT .

Convolution: ShuffleNet V2

Step 1: Channel Split & Partial Convolution Step 3: Shuffle

In guidelines
“balanced” convolution
. Prefer dense convolution
. Reduce fragmental structure
. Avoid elementwise ¢

ng, Hai-Tao Zheng, Jian Sun. ShuffleNet V2: Practical Guidelines for Efficient CNN Architecture Design

7: Shuffle V2 F9ETR
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SMNERMRLEW “DHEER". NSERNERZNSHSHAFERERN, FI2, 7 Channel-wise
Mixture ® TfEFR, SINT S PMEMENLHAS, HAKRENTH W TEFFAR .

Convolution: Channel-wise Mixture

ay a; da; a
Q¢F(X) [bx by b b-tJ

€ €3 Cg €4

3 a4 A

Ours: Channel-wise Mixture
* A mixture of filters, for each channel
* Mixture coefficients is conditional on input

Conditional Convolution via Channel-Wise Mixture. ArXiv 2019,

8: Channel-wise Mixture FRYEFH

2.2 WBHVRE (Depth)

RREEMEWRE, FNUINEE, BAEHLELINENRELEZRAEMEMEAR LIEPIER KHELS,
ZFENKIAEHRENEIEER, RZABEREHENERINGTTHN., X, MEBETEIARRHSE
IRBHAMEHNER, SARREERSRE SFETEEWR ZEM.

MERENZODERBAIIBHE 2012 FIREMN/\BHEM L AlexNet, AlexNet 473K 7 ILSVRC 2012
MBE, HMEETIm®E T YNIEMEMEHE, 2014 FRHEMVCG RIIMLK, TMTXF 19 EMKZH
SR, HETRT HE ILSVRC 2014 WL E, MEFNEZENHRESRMAR AR LI LeNet BEIRA—
GooglLeNet FIZ T,

REYNNAEXHME, EECREHRILMRR FAIFR) RHH ResNet-152, XthZ2E— i8I 100 EH9#
2L,
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Design of ResNet

» Key ideas:
« skip connection = “residual function”
» the shortest path contains only a few layers

ard view: identity gradient path

L-1

de de dx;, de | Jd O "
== (4 ) Fa W)
(=1

dx, 0x,0x, O0x, = 0dx

+ The final supervision signal is directly propagated to any shallower unit ("jg
= Vanishing gradient never happens —_—
0x;

ResNet 2 —F17%Z (Residual) M4, HiZOBBREKRZEERE (Residual Connection), BIZIMN—FESEIS
H—FMERZENENE GREMSRE), XHETDIMACESTEEMESE, HBENERIMETRN, &
HER BB MIIRPOEERMLEIHR, KEMENMIAT BT EBZIRS, T#HNAZ T AlphaGo Zero IR
972, NLP 4iig (Transformer. BERT) %,

2.3 MFMEE (Width)

@hens | nseIsEes

Width: Kernel Perspt

* Neural Tangent Kernel (at

*A prop arty random y inftialized zufficienth ad b neural netwark trained By gradient dosesnt w
Infinitesimal step ke i aquivalent to a ke n predickoe with a deterministic kemel *

= Best pure kernel method
+ Depth matters
* Stilla gap

Fl W) = (kilx, x3) oo k(2 x0)) < (H)™1- ¥ t"
* Convolutional NTK

RENEZNREEREE—EEZ EBEciEE, BREEN. RIEN—TUEFRA Neural Tangent Kernel f9
AR, AMARMEIRME T — NI, ZTIEM Kermel (INIBEFHENSE, 1EE—NFERZENENE
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ZNRE, WAIAFER—THEMR Kermel 7575, XRE—TMREMENERMIRS G, BEH—TRER.

Width: Generalization by Over-parameterization

Traditional Wisdom Deep Learning Practice

under-fitting over-fitting under-parameterized over-parameterized

11 IS0z

ERN—TFFTRENRRE th, FRARRT —TPRITEABLNINSR, EEAR4D, NENESEI
BB ERINE (Under-fitting), T FERFIERTIE (Over-fitting), B UNRALILK B EIA
— NHRENFTRAILS I (Over-parameterized), XATYIZRS MR error LT, XTI RNOEF1RBEA
BEERSHEREENENTE, MMNBRENFARNARA—RSEBEMNTBRE., WINZARDIREA,
FERERNME. IBNEIE. BAMESE, MEMEHNMESTEEMN, BEEREEBT AN, #7106
F, UTE 2015 FEEHAORBE AT, g MIT 72 2017 FiEH “+ARBIFTMERBRAR", ARSAHX M NALG
SBIARENIE, FREBTARMEE.

Width: Channel Pruning

* Prune channels by LASSO regression:

1 N -
argmin — (¥ — Z EXxwTl + 48,
B ZN = "

subject to [|B]lp = ¢’
: Channel

Pruning

* Reconstruct weights by least squares:

argmin||¥ — X' (W72 “ ‘“
w'
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Width: Meta Pruning

Train

PruningNet

| Truining iterstion

- Nl-‘llrl'hinR i e e o i

| Network encoding vectors

Pruning
Net

Channel iENTRBRZRAMEILE, ERFEEHFRRSOUTBEERE, FEHNTZMNA, B

Z(FHERE channel &8, HEMRIEMERE, REEEHR (Channel Pruning) IAEETRIEE,

Network Encoding Vectors
[5,9,6]

Search Best

e
Pruned Net 1612

Nt

|l-' 14 --21

|T6 12~

FERZTF NeurlPS 2019 #9 Meta Pruning '® TfEf, B ilMsirig Hid@id il Z—Fh Meta W48, RZIaEE
BEB—TME, XRBRIESI—TMENME, 1ZFERE TIESIFHNNMER.

24 MEHIRE (Size)

WAL Size FERMNEGA)N, SREMENBREH REFTEENAN, ZTSEERENHZRNEZIRITTT
RA—MHMEE TN, MEY MARREENRRIE 7 h, BOVLI AT USSR WS 55 g f2
B—EHX/, IFEFTIERERVETT .

Neural Architecture Search (NAS)

SuperNet

Step 1: Train a SuperNet

Step 2: Search sub-nets

- e

* Simple, Flexible Framework

= Support Joint block/channel/bit-width Search

isfy hard constraints (FLOP/latency)

= State-of-the-art performance

Zichao Guo et. al. Single Path hat Neural Architecture Search with Uniform Samp

14: FREZMBLEMIEER
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#NEIFLA_E Convolution, Depth, Width 1 Size IIMER#ITH MM, BET— DL WAL
IR (NAS) ., EF NAS BEISIFTRE TIERABSSIANME, &H Singe Path One-Shot
NAS®, 5 ERE IS —1 SuperNet, AEEIEMARIEL —EFWEE, T IABE4E SuperNet 1
WE, FEEFIIGKET LIRS A RO TS,

=. RERIFRX B

EREZEIMRETRT, RIENEER. REFIER, HERE=ZERNMEIRIT, BREBTRAARS
BRCHENXRE. FIETAESREECNWSFER, M 2014 FFEMEREFEIERRT MegEngine),
HT 2015 FRNER, ZERTENGEIE—RE. SISEFTSEES. REHE. RESRITHRFIIMT,
£ 6 FR-EXEEEM UNEAMRS TREMA. FAMEEEIETRT MegEngine) #1T.

B L7 2020 & 3 BMIEREZ IMELRRTT Alpha RATHRAE AT XAMBENTLEER, 6 BLEAT
Beta fRA, HIGTF 9 B RMIEIRE.

X7t MegEngine 2243

APl O

HEED =
Python O

Exr afSEET

B e
Bttt B

RASHmE

AFEE

IR RE BaEAFEE EAFER TRt

EfTRTEE

HEHERESTT

CUDA ARM

BT (2

15: MegEngine Z2#3[E]

REZINMEREIFER, BEAANMINELAFEE, EREATEIIARYALEEMEHNEZE, M,
FNEIEFNEE T BRI AN AR

£—, HISHER. NOEREBARESHEN TEESHMERPDOBIENTRL T, MERAEBFIR
FRYZ A MEE? XFEXNSRIGREF IR A FIFRIRICHER,

B, =M ESRREMRA RN EELEFEREEN L,

£=, BRI REFIRERERN—KREBEREEREF, TEBRIFNEBRME,

S0, [WMRE: PRI EL 2N —L5E.
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$Bh, BKIEY: SHERRAE, XBRMWEKRE, WEBRSIIERS.

EREZIARBERE L, IENR T ARRREBNSH TE—R@ER s H2Ee ¥, ZMRkg
M, AREZIR, HHA—HHNERHMAINE ?‘_ﬁufﬁnjﬂﬂxﬂﬁ/\ N EER, —1TEBELS, B
20, ENDAIZAERNGINER, XEIUH, FEEZMENIGERET, —EEEM—TS8NAE,
MMERRS. FAARRNS X TS HREES ﬁT—/\EIE%)IP‘E’HE AN, MERXTNARNESRENTR/LF
TEMA.

—\1.

\
ju]

ZIFNEXET BET BN WHEBRIVEERAING), BRBELAAT UL/ NNBERRY  REFH
R T XM BENARE TRERIDER, MRAREEIR, RNORMENUT,

. Hl23M5
e PR ERE D RIUEE: D3 .

G\
g

AN

IR,
4.1 Classification (9%)

REZBNDEXESHEEGIRA, BRAIARIRPE2EEEN., EXTINEPEARLANMIEEZ—ME
ImageNet, DEESLENTENBIFRES, BERKERE. EZEG. BERNNEASFS.

4.2 Detection (f&:0)
KOWMES AU BEIRBMIRER, THFEREMENUEREE, Bl 24?7 EFALME? XRERZNEN
EARIRE.

R-CNN (Regional CNN)

Proposals
Traditional CV

16: R-CNN
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EREFINY, SRENRUESHER R-CNNY, 2 RESETER A RSRE RS T s AR S
F, REBESTHEHMOBENEENE, AEERTMTER, UREDFENTES. 2R R-CNNEREFTIF
) E, BEBIRET, SXBREHIE/LTME HEETOK.

o
jul 3
pun
a
I3
ap

Proposals

Traditional CV J
Methods | ‘

17: SPP
HIX R, FSIBIBATE 2014 F12H SPP 1Y ER T R-CNN fRitEEM R, 255X BN REHTH
B, MR EGHEITIREREME, EMXIIEEIETHE ., X T XERHNRE, FEM A DARR/ 9

2ML, BUAR T EFAMERE, EBEHRES T 100~200 15,

Faster R-CNN

ROI Pool

Proposals

18: Faster R-CNN
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Z BIIREIHY Proposal BiE#H @ E T ER A ERM, BARTEBIRAREZIINMENIRENENFES
T F2? IV FIBATE 2015 FE$2 H Faster R-CNN "2 SEIN T M feature map A B $£ 5K BY Proposals, 33|\
Anchor BIE S ILB DR R OI MERREZ IRIAT, XFENHEREFESARENSN. HA, FEEEATMN
R (Mask), BIMaIENBRE 2017 FEAYTE Mask R—CNN TERBAEINFD o Bl B AT AT DASREN BB 3ROSR .

BT 2 BRI M ER A% (Two-stage) 9b, BINEEE—MERF % (One-stage), X% SSD ¥,
YOLO " RetinaNet "® Jyftzk, BIE$EEIAVRALEFIBIRFNAIS L4TME, T3 Region Proposals, /EHE
THIE, BERANEXRZERS, BEBGELESXIH, MUEILWRERT & Z0ER.

LR, 52 Anchor—free B35 53T 2 Bl Anchor—-based 92248, BIEFig Anchor WIS, NFEEFNE
— PN RFEATEVIFFN, RS T NEEEE, X TR DenseBox '?, FCOs ' %,

Detection Pipeline

Backbone

ROI
Operator

190 MMENEARIE

&a, AU TRNREETT —TE848: %?J: RERHOUAEZR, BB EMIERCIR, G IEatFA
MIEX. HEORKRE, HELERZRE. ZMIIFHE. t,ﬂ]ﬁ?%ﬁ?%%ﬁ\hi}ﬂﬂiﬁE@EEHEEZ-EEo

B, GEMMONSNENEIESE MS COCO, THMIREIIL, M 2013 FRIELKE, F 2019 F, COCO

HFEEREIRS. I 7E COCO #iELEVE =%, DAIZE 2017 F (52.5 mAP). 2018 & (56.1 mAP)
#2019 F (61.2 mAP),
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MegDet: A Large Mini-Batch Object Detector

‘L;’near Scaling Rule: # =}k «r ‘

k
Var(r - Z VIk) =72k Var(Viy)
1

{Viariance of one update = Variance of k accumulative steps )

v FIRMIESE ESZ A mini-Batchillgk
v ZIIETLNE16(E, HEREES
v IRKHINNER T B3R E R

nject Detector. CVPR 2018.

2018 &, B4R HE— A mini-batch BI¥AK NI 28 MegDet ¥, BENR XA mini-Batch 33l
WIRINIZR, BEBESHARLINREMIGRA 16 2, MEFIMUER], XERARNAIET CIFELE.

ppii

TIRARBEESE, TUSIERERALEEMRR—HEIZ T Objects365 V2 HiESE, EEERER

ESRROBIRDFQNETES, B85 365 MERME, MELKER, =FAHALINEE., THREZERAL

EfiX

e50.

XE: https://www.objects365.org/.

Objects365 - “BERT” Style Pre-training

» Better Feature, Faster Convergence
* Generalized very well on downstream tasks (COCO, VOC Det, CityPersons, VOC Seg, ADE)

Iteration /

BOK 120K 180K

from scratch  » from ImageNet




MBAUMEREBIEE R DB HRANNGE? EXEZFEN. AR, 23X MUT BERT IIIZIIE, 7+
Objects365 L ESEIMFRUIZIFAE R MFEINRICN . 2 EE TIHESWSNEENEN, EERSHMEELR,

Detection: One Proposal, Multiple Predictions

Core Idea: each proposal predicts multiple outputs.

+ Set NMS

Method

FPN baseline

FPN + Soft-NMS [1]
RelationNet [19] (our impl.) |
GossipNet | 15] (our impl. )
Ours

Single Prediction Multiple Prediction

Detection in Crowded Scenes: One Proposal, Multiple Predictions. ArXiv 2019

o, ER—RHOZE, XML — TR B —IE 5=, #UIEBATE CVPR2020 LiRd—
FpigE U9 BE62iEI 1 MOUETUUZ M, RERALERNIRESEA, WEHIRR HIFIHTE
MR AMURBRAREZIRXAFER, REFIREZ—TIE, BENEAERBNMRAR AR FTEEFVIER
ERE, EIFREE, ZrBESiEsRERR,”

A, MEFMSER AP R
AREN&RE, T HINTENARNAEIRERFENS T RELRE, #TT 845

1. KEDWERE /[ MMERREE, EANGEZESITEHFAERIESREDOFEARMTERNDE, XEATLE
BEZ FRAFIR SRR R B ZBERIDRA 2 —.

2. BRERY., 5ENREAZMIINGFEARD, B2 NEEREALMINAKEHEATFS? WM&
HEX BWBESEIREFNFIE, XBIFEERENSME,

3. EMEEE, SRBREERBNSEE T —LHR, CRERZOAFERR.

4. PSRRI, ERERAIREXEIE ., HR1IMAVYD IR T — B R AN BESS KEXEER? HIUATE LM%,
SRR IRIR LS, XTERALRENZnBIEEES, EXRIAOTHIEEER.

5. MniEHIEE, TERENSAXNGE, AMERRBMARESR, TEEHRII-—TREM—LTE, 8
MAEHFAITRE,

6. RERENRERY. REFIBERARS, EERBLLAERIFESHRE, IABALECERER,
WAEBIR .
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@ FEXRFRFE: SRIMENSEREFRLEIMNEMTHRE
B WELE REE

AEBE_BIERERAZ RKREE” TRCIEL, REFEREZZIXEBMARIKSZEEIZIIRU “Effcient

Collaborative Multi-Agent Reinforcement Learning” #1177 3EIHIRES.

SKERIE, T 2011 FAEXEMEAZWMIEORRITENNZBLZMA, MEEXEREEIFREMNEEL
ER. BRNMREETATIERRE. REREFEST . SEEEARRA. URNSAZE, BEBFEARERIXER
M IREEHR, BLESIM, VREEMRAEE.

SENFATERBHTRANKRE, aFI453RREFS S EEEMREE ENNBEATEEZE TR
REKRE, AMAEEATEENBORMTZENERNL, EEMRENATLEERREESNTER. MRES
MEBRENIRF B BN ERNERERR SIS, MNBIREREANER, SRR Z BRI,

ERREHAD, KERTRAWR T SRIMENS BB A ARORDG R, thih23 EARCIR 7 =50
BEMRE S ZTEROMkEY, BESINBENARHNALNZES BRISIARIREREKTFOMRHE. I, KRETE
WSO TIERE T HARRZSEEIOENZIMRNEEMEE, LERE, BEZEAKTRRZEE,

E2S
N==y

B IES

—. SEEEARBRCEIFHN

MREBEICEBRANRRIIGENB MEFRAERENR (agent). BREMETERORA, PIDUSHARNAYIRRIN
FATERMZEE G, 2B MBI IMERAITASEIM— TR, H0, ENSARRHES
B, S—MMISAMBIREE—TERE E—TXNARES, S8—TRNIMAIUNEFE-TEER,

it

Drone Delivery Smart Grids

Autbhomous Vehicles Multi-robot assembly Video Games

10 ALEBERmmMERNNABTR
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SEERFINEIAI U N =2 IMEXNSZERER, SRAZERE, UNEEGNZEeER, Hh, IMES
BRAZ—HERABIMEEIE, KABRMABEERIITA,

ERSHIMERN SEEER DA, FEFEFRE D IR (partially observable): B MESEER REEM R M ERY
MHEE, MENBENTHESEFE—LHEINME, XHE—LE NS EEEMIMERREMA, o AA—T 8 N@EA
RIS B SEZl B——EB 5 B MERAY Markov )REE13F2 (Dec—POMDP)

Environment

A

2 MMENZEREFIREL Dec-POMDP

Dec-POMDP JRFIIZZIFFBAN, TRINZIEAEDENHEHERZEEMRRREM, M—ME 2R
RERE, FIREMNIERNEREAN Markov REEI 2T ZEREARIMES ., EENIGIEANWE 2 Ff
™, ERTHRERITSEA, A8—NZ, 8MSABIRECHNBANBNEEZE—TSIE, AT
PR EREREIMERRE—LHIPRE, EXZENSABTH—SURNE, SO, REESD
MNBARBEZEAENINES, BENEFIR—TRIRES. BEARXERENRIZEDFENZSEEEFTE
B, PRBUX P RIRFRAEREHIIREN (joint reward), FERXEIMERZEREAKSES, HRERLEHEI—HRRRK
B, [ESEBARER NRRRBRIATENN TR, PJLABEBREARMAIHAE R TR,

= Objective: to find policies for agents to maximize expected
cumulative rewards

= A |ocal policy m; for each agent i: mapping its observation-
action history 7; to its action

= State is unknown, so beneficial to remember the history
= Joint policy m =< my, ..., m, >

= Value function: Q%% (t,a) = E [Xi2,¥ 1 | 5o = 5,00 = a, 7]
= Policy m(r) = argmax, Qf,.(r,a)

3: Dec—POMDP FLEN.
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XEIWAPRERE, BEAIXEXNDHR - BOAIMEND/RAIKRHEILTE (Dec-POMDP) H, F3K
— SRR, WE—TEEREENBHBIMERNH E IS —NEIE (action) L., T7E Dec-POMDP BIE X
T, ERNIMBRSENTEZENNN ., SEAFEEELA—LHENERRBESERIFIIRK, RKE
BEXFR “BXEHERE", PMBNBERBEERMERNES. A7 BEFNERNBAZEEMRKNER, AR
BENXT—MERH(Q value function) REMESFHNHITER, X MERBEITIHRKRITHAR IR
(Discounted future cumulative reward), SY487E—MESUREEEF S BENAERENE, BLBEERNE
MEAE R BIMBNEE, KMER, ATUEEMNERHNFHS LR, BIEXNTFITAEZE a (action) S #&
A1t (argmax) R, AL, KEBMIER ZEEERA Dec-POMDP (8, BEmiNERR: DHEEZI—IR
MAREESREACEBEANERE (RREIER); @FILHEARNTAERY, NERBFPESE—THMNA
RO

AW ZXMREAD, WMEEERIFEERN, BNTEMSTMERRNRE, EXMERZT, WINEEBAIEH
SBUFEINNB—ABNAE HIMEAAAEN, IURBERASHETNRENRROAN, EXTEE
R X TIMERREY, AT THNEAML BRI NEMEE I RN, EREHRERET S ERERRIRE,
BTANEFRRHEERUFEINTF, EN—THNERN, RNTDEREMEE—SZEAE, MEES
BER— T ZERNZFIRANRIR. AXFINIRMEREZMNRRESHKREECHMLNTH, HM
BIFHE RRREMRE R, SEEBRRMNBEN, —fREMMEE: DM ZBIRENELZR, &
BZARIRSFNI T ARITIT, BN MER 2RI TR, WRMENELEEMNSMEEAEIR
29, BSEMEESM—L, MREENPLEE, BLSEMEMHECEITH, BEFIEXIMLE + &
RHN, BUARZIEREBNEMNRNRENEETRIMNBENIERSTIMALHZSIHBIE,

SERMENEIEERERANEM LT RIS MEEANNESY: ERERREID, A8 PERRE
=R ZEEAZIVZE—ARE MRANKERE) M TERERS. BN, £ZE8ET—RE
Bt 2 BEREEREZMNMIETEIRIINARSEM ., EMENZEREMAD, BEEERE R NI R
RERM, E—1TEEFNINEH ST EARM. Ba, SEEABECEINCN BRI ZEREMERD? XM
A &2 S RIS RIS & B R EE?

P - e m———————— F( Qrot \\
[ \ ] \ I T I
| Qeor S 0 |y | Mixing Network | :
i ) e e | &
I . I

Joint Network o 1 " |
: 4 i Agent 1 Agent n 1| : 4 ’ |
1 Ty T, Ay ! ' Ty, Q4 Ty Qn | [ [ Age;“ 1 ] o I Agentn ] I
\ J |
R P e - e L\ Ty, 04 Tp, Gy /
Centralized Value Decentralized N —— ’
Functions Value Functions Factorized Value
Functions
Scalability ,r’ Non-stationarity Centralized training ’
B Credit assignment 4] Decentralized execution |
4 ZEEEREMAZIMN=FTE
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F—FARXRHROMBINIES S, BEIENSEEAINMAREIEERBIN, BIL— MBS AR M4 ik
BERMOREE. POHNAREFEENRRE: FAEEY BM. EillFEFIN=EREHRIG RN, BIEM
ZEMERAFIEHE, ATUFEXMRESXR, ERTIRPHRBIBENEE, EINNEKEMEE
BEMRRONLN, MEIRE 2 EBDEAFBSEARERARENE, BI—FTAFREDHAEY, 81K
BEECHME, KRIMZINAT BM. BoHRNZINOBET LAEERE—MIMERREZINRE, 37T
iﬁﬁi?ﬂﬁbuﬂ’](non stationary), FNEBRREMSAE. S—TEEETEERIFINS REBERIRENIKE
b, BMEEDE (credit assignment), Eit, BEFNAERRBXIMMAEEEH, MAORTDBNERRES]
Bin BTEERSEEBCNIT M EMSEIRIEME, FBDESMEREBFSNIMmMNE, EXMIE
‘F, BMERAEOBRNERSDERENERE, Emmﬁzqﬂ /RGBT MR E R ;AUZEEHQI—J

ITRE, EHt, EERRIFNAT BRENENBRT —EoHXEI0EE, NMFHROCIIFEMsmAFE
TWWFETZEE’J MRIFNFIER. FEFNIIERES, BENEIZEDFES (TD-learning), EIIEHN
RIRER#HITREEHE (back propagation) FIIFEHME —MEEEANERE, MBAFENIERZ (hon-
stationarity) FMEEDECAIEIRA (credit assignment) AYEIER,

0. () g NIDUOSSS VDN: Qror = £ Qi

Mixing Network

—— m

B 5: AoReE J5ex (CTDE)

QMIX: %ﬁ >0

EROCINE -2 mAFINTRALZT, FEMABRE —EEMARKBIRMORIHAMRIITER, Hizd
BREETMERBOEG NS (Mixing Network) (I E. 2017 &, SHMRERL TNMEDBNLE Value
Decomposition Network (VDN)®, %75 3%@1d 6 8 R A RIS B RER BN ERBES HHREMERL, X
MEABSEER, EZMRETHTHRSMERE Q,, RIXEE

Tﬁtﬁwzj: FRE5SE S VDN BOBGRIRIRIAT T HA%, 124 QMIXY, ERTFﬁlﬁE‘JM’J?E@JNRTF/\)\?E@JNE’MF'

BATEN, ZEESTARSE R I RS ZARARE, XA CTDE S, B—&7
IT’EEP MRBRL T AERRIZFIRITERSMEMSE (Mixing Network) (B 5 k& 5875) LﬁEF'/mellzﬁ;o
BREDMRARTIRED, EHRENMENEEE, BRfEIBCHBENEMESHTRR (B 5 Eefr),
MERMFIESFRENARE, KETOHANT. BRIETEIMEDBNLE, EZERERTFS LB
FERON—EER, AINEERSH 2 OEARERNESS, EFIRZIEARTORE, WHNEFRE,
—MEREITM BRI, ERSFEMMNZITAIN, BIRE MR BO75E MATNITHRER
CIBARIERE.

e5e



MMM?2

1 Medivac, 2 Marauders & 7 Marines vs 1 Medivac, 3 Marauders & 8 Marines

BRERS B EE—LEXNEE L RFEERRY, KREAET=ZREBNTE. HE—, BIRSER
BEMRUF AL IEARE L. ANHERAFZIECNREN, MEEREEHITEEDHINT, BEFRNAH
E, LRSS TRERSS, BrEEENIMENSESANE (miscoordination) . FEER BRIER, BTH
BERFIERIMBENANEEY, BSMAMBERBERBAMSEEARB, Lo, BTEREEMNES R
HE HEFMELRENE), BRINHDNTEBRIERERNOE, BEANTHBRTE—., BMESH
HENHAEBBRRAIHERNEE, BERSWEANNENSE, Wi, —LEERNERTEFTESHLES

MERERTEBRR, F=R, NXERMXESRZICNDN, ARNEREBRERRN,
Y EA=Rke, SKEEHFANRIERT T = ETIERRFR, £—HH, BIBEMHLNLTIURE

RAHBEMNEE £THH, BIXMASRINAIUCHRAERASENSHRENEI TR £=770,
KT MHERE D BRRIEIS DT TIE,

Z. BIABIVCBISRI S EREAME

. m Agent1
. m Agent 2

Task Hallway

°Ge



B 7 RRT T 2 ERBDBLEAFENIRE, TizflF, BMTERAI3IUTREAEEET, i al
REEA T FIEBELONMUE, bl 28R 2BEEEOMNE. M MEEARNEAEEL OB g A9
1%, SWE—TIRM. MRMDEERAERRNNEREEER g, WARPERRE, BIRFIIRESZMENA,
BTEREIGBMUT ARNUE. BTEEASD IR, EMEROARIIGTERIAENIFEE, &
KM E AN R AR/ NNORRENZEBEA R, RABEERENTHNETHAZZEWREN, BAENR
E@AE, MEBTMENHNMRUE, FEEREERABENRM, SET ZRMR TELETMX
KIS, MREEBMAERAENBERR, REBEE-TEEMRIEENDZH, MESFEMERERX
MER. HEEFFRENARFIEENBZANGESR, SERNHTEIERBR g RERX M),

BENMAFINFRIER, EEXMBETERUAFTEN, LARERE 1 EUEN, THATEERS—
TMEEFBIRECHUE. REERBEN g RIINMUELMITEENEM AT, FIUKSEIEENR HERTF
BENENFES/IMUBEE. A ERAEMUAIDRNERE NDQ 8% ([E8), B ABRERIEEN
igE. AEMRBENRE,

. m Agent 2

Task Hallway

1 Communication

Unnecessary Communication
Bl 8: ITINA] o BREVE R EL5 A NDQ fRR Y [8) A f#

NDQ RITEZRANE O AR, ERERADBNENT, ETERAEECHRIUINRYTE, ETEEEANFEN
WA LTI, T NDQ MBLLER E#TE0E, RTFEREARZERMEERER, BREREAUNET
BEus, TETEWRRINBERER.

Quot(r,0) |

-

Mixing Network

Q1(z1,ay,m7") Qn(Tn, @y, my')

I
I
o” ‘\\
. 2 -~ . .
Expressiveness | 1(4; M) P~ H(M;) | Succinetness
Mutual Information Loss T Entropy Loss |

9: NDQ &AEZR M E]

o7



AMm, WREBINEL, MEERAZEHERRBE, WETMTHOCEE, FEETREERTEER
R B, EIRTER, KEEEMMARMTMAORFERMLBEE OBELSBEEBNRAMAR, BFE
BNEEMRRELERWE ZEEEER—EESN TREABHEPN, ZARBISALBERATSEER
REZ BNEERRII, QEREEMAR, BR&ERENHE NIBMERRINE (Entropy), MIR—FERIR
BR, BELHRIAZE Entropy R/, ERMAREEZFEERRELEN, ALBIMTMAR, —2&KHL
BER, “R&/IVUERME, RILTERAZENBENEENER. AXMFERP, TEEERMNEIMTE
AR, FTABIIEE T D HEETPER, HSHTHENNED TREIFEMMML, BREFHESIRR—
BROZE T USE Y RRR,

= By deriving variational lower bounds, we get the equivalent
communication loss:

Le = Eyyiny, [CE[p(4)]T)

|lae(4;]T;, M/™)] + Bk [p(My; [T IV (0,1)]]

= QOverall loss:
L = LTD + LL‘

10: NDQ #SHIMLL EIREREL

WE 10 fiix, A NDQ EiEBIAm T BEmMRBNGSHTIREIR)IZ%: F—T2IIFHEEMEZNELESH
BHREMNREIZEDHK TD loss, TR T EERBEHYRIEL communication loss,

AEEMERNESFH, NDQHXRIME TIEEMENVR. B, BEATEEOBAHETEERERN
Hallway 525, NDQ BEBRIFIZEIRMERS., WE 16 Fim, A t=1 NEEEREL 1 BPEsMNRMIE,
WRETEMRBEREE LD, SeEAELERE NDQBEEFEIE T XMEHIE, FALLEEEEENR
Mo XMABEBEINSIFEZIEEEMA 2 B3R HO b1 WIHE, SEEER 1 ZXEEEMNEELFALO
b1 ER. RAIEEEAR 1 LEANNIEDO a1 i, EHFRIZEELEEEE 2, it NDQ BETXTMESH
PR T RMNKE. N 7RIENDQ BATEERINE AR, WEEMET || HIREEENES LEEHT
T, AXFEERANDERER (ML EHE Benchmark 2HAEZAFZMEARE, BBANEE T AT
WG https://sites.google.com/view/ndq BEEE ZHISLINE R )

#A1qeqoid

AJ))0ed0sd
ococoRODe
_$a=3¢"r:_
5,
Il
J
f
;
X
o 5o
A &
CH
Aoeqosd
Py 1 el

11: Hallway {£559 NDQ EIERRINER
e8e



(c) lo2rvs dr

(a) 3b_vs_lhim (b) 3s_vs_ 52

(f) MMM

(d) 5z.vs_lul (e) lolOb_vs_Ir

12: ERFEEH | FUREEIESLE (https://sites.google.com/view/ndq)

STINEZL RS (baseline):

o QMIX?, EREHMRTERIRELA,
* TacMACY, EFEBHNAINBENEL,
« BITSCIA QMIX 5 TacMAC MEZEEEIE, Ml NDQ BIRINIBR .

SEWER DT TacMAC B—THIOEHESI A, E/LFEMENERIFE THAREZE I RIFNRE QUIX

A—LEERMEPNRINAZRTE: HH QUIX EBINB(ER Tarmac BIERT , MRERIBRS,

BRESHREA

NDQ fBEE R R B—ENEE, ETERNE Tarmac BIENBEF I HER—MRAORNFEIHE, MMNDQ

WEEXHHTHAZES], EBRARERSHNBRBENMALEE,

L FBE#HITEIL] (communication

cut) iY, BIH§ 80% KIBEERSHITEFRN, BEADBNERBNDQ BENLFRERITME, mMyFETE

EDHAEE TacMAC 753%, NWABEEEN ISR ERIIMERIFM,

3bvs 1him 3svs 5z
100 { s o 01 100 { s 10y 1000700 Foran |
— N — ~ J-.'._,w "
— T AL o TurMAL f
2 o o N .
3 e o 3 N A
= , = A, ol
= a0 7 = a0 Nl Ny
5 3 | Y
=3 PP LW gyl = rp
e Bl e e S — G v/
) h o (] SRRRUL NEPR [ sl ! |
o L] 10 15 20 0 L 10 13 20
Steps (M) Steps (M)
5z vs 1ul 1010bvs 1r
wef T T T — o 111 pu—— = =
— M — s
— T arMAL T rMAL
& 80 b+ Tarmat 2 Ll )M TarMAL
H ¥ . ¥
é (-1 s ; 60 .r.
< ! T
2 40 M’\n’\" Z 40 Py
i il r
r -

0 f*‘:‘ﬁm ; : 0

W.V“\”‘A / gL L
20 } 20 ARy 1
A

1] 5 15 20 o 5

i) 10
Steps M) Steps (M)

13: HEMRFH | PLEEREFNFRM TRISS

15 20

Test Win Aate %

n Rate %

Test Wi

lo2rvs 4r

T
,
’,\';.HJ-J’-\..__‘__."'\H/"- B e g
A ! ! L]
o 5 4] 15 20
Steps (M)
MMM
e =
~ __,nh—;ﬂ;""“‘f"'"
A
(A
.“‘f’ — i
Il;.f —
| — TarraL
# Do Tarnent
J
o 5 10 15 20

Steps (M)

eQe



3bvs 1hlm 3svs 5z 1o02rvs 4r
100 — D e 100 | == moey rourst - 100 — G DO
— o — e s M\[I\J — Ot
80 | — L T P | 80} | — OMx+TarasC
£ s # an'l # ‘
4 s & o
5 60 t ’.{‘/\‘ 3 607 T HJ 5 60
i Jr"""“ £ c
i 2 E S Bugan o o
o ; ] T oa0f g
] Lr’ | 041 i o _!
i 5 10 15 20 0 5 10 15 20 H 10 15 20
Stegs (M) Steps (M) Steps (M}
5z vs 1ul 1010b vs 1r
100 — O O 1007+ T — O 1O
— — 1
— A4 Tr A — N+ TarbAL
¥ 2 2 ‘ #
.4 ! -]
E &0 \ 1 E 60 Nﬁkﬂ, z
% 40 § 40 o ‘_3
i (]
0 5 15 20 0 5 15 20

10 10
Steps (M) Steps (M)

14: EEFRFE | 80% EREFAIKMETNRISLINLE

=. ETFREN2EEERRLES (Role-based)™

NDQ E/FBITBENANBASEEATERTIZTAMEE, APNITENENBBEINETEIETAEHN
I, FIMRSEERNES], AITABRENSHRZZIR? RRRERZEROTG, FEEEKRESHE
HH1T R, FEEZEHERERENNAZEN, BIRERZSH, RAARRINENEEARNES XA —TMLEE
ESUN

Q
LAYING EGGS

15 WEHRAEBNERENEE

AMLLEERNEBRATERSIHENER, CUBEHPAABUETENAE, 8T BEHARNBBERR
TR SHERY. Rary. FEIR. UEEITTENBM Queen, WRA—TMENRZE ERAETT
B, NFBBEIZ/ERNHS AR —TMRANNE, ZEEEEANTASHENSZRTMEHOAN, TN
RMB T BERRREZRIE, SRR, Z—MARNENE—TEEERES — M RIINMENETERBRMLE,
BMARNEFERRE, EAEEAEHZHOAINETHZMEE S BN —LRENRBANZS] ., 552
AE-EXRBRASD, AAEE—TEEFSTEARE. BALt, MHNEARRE—METASNZEREEREFES

e10°



Bk MHNEABERE, UREERAEETSTARBEUNAE, MoREMNRRRE, MMHEAZEREEES
SR, MECEDRRRBEREEEATRTEMNNFES, EIRMECITA,

E16: MR, ETASRANSERERRTEY

FAIM— M ERNROEERNSHEZSHNERRA, DL RE (E16), ERE=MAE, EfE, MUk
MWEREE. B4, MARNMARBSE—, NN ZMIINEILRH, MEREFEMARKBEERA—
BN, FIAA—EREFLRNSZ. UWRANBEIDBIFSIANT ALNERIIR, BEBRRZEM A,
TEMSTRANFENBE, ORENDENNAELETEINEER, KRIEWEBANE XM E)RELES & T —FI5
WHYER R T 2= ROMA (Multi-Agent Reinforcement Learning with Emerging Roles) , B7cH T iXLAEAIIE
FEXM, BITNEEEEBENFIHMBENRE. ERNMERBIHENS X, RI\BSERNTHE
BEZRENNAERET 4. B—TEREANKBHMONABIATE. NREBEAACHEE, IBATIIRRE
thiERE; MRAEAE, BENNERBEEIAE, SERREDESEZN—MAH., A, SEEANABTE
—AZRN, — NEEARTUIRENENAERNSHEZENAE.

ROMA Framework

? 1
|
B |
1 |
| é qnnnny I
| Sample pf 1
Role Distribution
L patioh) I
| |
1 I' isivasssssivas
1 | =4 Data Flow 5
Agent . — " .
B i e e o, 1 o7, SadieplFlow o

17: EFRBE0S R IIER ROMA

e11e



ROMA RIMEZRANE 17 Fir, R TERES, Beell i Bd— 1 wigEE e REEE — MR AR=E R,
REEXTABHNRTERHETRSE, RELINEEEFEN—THAE. BT Role Decoder #8325 (—f
B hyper network), f#AD% & BERRI B BN AR AR S L. 123U R ERR B N\ 0 [h 215 B A S AT E AR
AU, %92 RRERE Q value, B—TAEBEHXNINEERANE—MRE. EIRER, 817
BRHFIEMNNBEERE Q value MAZI—MEEMES (Mixing Network), ZBEMERHEBHKENE
(Total Q value), X#FFIUEERIEZESD TD AT,

= We propose two regularizers to enable roles learning

= |dentifiable by its behaviors trajectory role  observation
= Maximizing mutual information  /(t;; p;|0;

= Capable of clustering agents
= Either agents have similar roles;

= Or they have different behaviors, which are characterized by the
local observation-action history.

18: ABEZIFIHm T ENZE (Regularizer)

BREEEIZR LANHAREZIRMAERRE, ATRIFSNACETHLEEEXN, FEBIN—ENL
REM, BABERTAE, —RRBRENTAHANENNYE, —TABNNE—LNITH, BIEATHEE
ER=BEHNSHUARBENZD (trajectory) “ENERFERLI;, —EREEBANKD REEEMFNITH, W
REERTRHEMN, MZBENARERZEPRE—&E, FTEDURENIIRE, FEEEREAKIER
ENBe, BEARBARNTA.

= To formalize this idea
* Introduce a learnable dissimilarity model d

» For agents, i and j, seek to maximize I(1;; pi|o;) + dy (71, 7;)
* Minimizing the number of roles by minimizing [|Dy ||, . the number

of non-zero elements in Dy = (d;;), where d;; = dg(t;, ;)

= The clustering loss:
Ly(8,.6.¢) = E(rt-1,9t)~D,pt~p(-{0%)
HD;‘,HF —Zmin{q\:—[pfﬁr;_'.0_;":: } ra‘,‘.,{rt-'_‘. rj;'_] ), U}

i#]

19 AEPIREMIRREE

A, BEMIKRBMHA=FEAR, —2IFKEESMEN TD Loss, Z2A XA Identifiability loss, =
EAEIEBERER R Clusterability loss,

e12e



L(6) = Lrp(0) + 4,L,(60,,8) + ApLp(6,.£.9)
l_‘_l ‘_T_, L J

TD Loss Identifiability Clusterability
20: ROMA Z{RILE B iR
SEINERRIA, EEBRMMNES S 2 fURFEIREST, ROMA THEZMIME TRIMEER L, a0,

£ 27 vs. 30 TEEMMANIZRT, BRAFTEEGFEFIOMRETRUD RSN, EEFDH, Bl
ABXBHEENAES T, MERERENENZDIFIETENEE,

BETNAEENTHN, AVPRERESRIEMENMUERNA®, LLWhER. . ENEREEZEER
ENAE. AERINERARETINTETNENTHABNRNAR, AUlZNEend, mONEER.

—— MAVEN QMIX —— COMA — IGL QTRAN  —— ROMA (Durs)
300 MMM 100 _1_011_-«:1113',__ R — 100+ Sm_vs fm
NASNNY ~ Lo
a0 JJIEJM v 80 ~
2 I\ ’ "
€ 60 M/ S 80 ._~‘V A =
2 |' r = [ g™ Y
= 1 - a oA o
40 Tk B 4 o} R T RE
~ ~ J 2 -
0 VA 20 r e :{__*‘- ™~
obm o - PRSI o 51
00 @5 50 15 100 125 150 175 200 " | 4 0 ] 10
T {min) T (mit) T (il
100 27m_vs_30m o0 Bm_vs 9m 100 Bzdb
g e
80 80 e 80
¢ 7 - "I |
g 60 0 ¥ B0
E Vb S [ o 2
_E 40! i E a0 w’ E 40
20 .-"N{ 20 AT . 0 |
Pl A/_‘ natinilh o, DN T | ol - ol Ak T8 it
00 25 &0 7.5 100 125 150 175 200 80 25 so0 75 100 125 150 175 200 oo os o _1s 20 28 10
T L) T (mi) (il

21 ROMA 2R3 || FUIRIEE RS ERISEI0ZE R (https://sites.google.com/view/romarl)
21 M 22 B/RT ROMA £ 255 5 || FURIEEIRM S AL E R, PIMERYEAN, FeEREREREN

AE, BEFIWRWRN, RN tEEEREY., RitAeNFINIRE—THERGRNRZRET
2. FEEEANER, ERHNERTREER, EBFLAENEE, BEAENIIERRE, AR TE.

[ ]
fo [ 4 Hit Points

']
L]
& § : & ki . : I 2 sras # i Y “i ® Dind
. Le—— s el _ Ll — . ® Hoathiost
" f o o | “d

"1 ® ¥ column _‘ i - le ’ F & Omers - . —

f : #al o : !n.a.s.v_w‘.

t=1 t=8 t=19 t =27

e13e



| ® } .. @ 1"column L] *’ [ >
[% @ Staiker ‘. - ® 2" column o | .. ® Bansling
i o ® : fon @ 3 column é e
é & Pl I_ an B @ Zealot L ] - 4" column s i sy B @ Zergling
é Sacriiced g 5" colu é , Ambush
: %‘ : i ® 2ot _ il w:ux ; < 7t " zemang

(a) Strategy: sacrificing Zealots 9 and 7to  (b) Strategy: forming an offensive concave (c) Strategy: green Zerglings hide away and
minimize Banelings’ splash damage. arc quickly Banelings kill most enemies by explosion.

[E 23: JI> ROMA ABFIHL AXERE
BETIMIM T ZEEMRNEIMAFUE, WE 24 im, MEXZEEATERR D HEZIE,

mare expressive

fully

centralized 1 ROMA

NDQ

VDN
-+ >

difficult to learn easy to learn

QTRAN

fully

- decentralized

less expressive

24: WERZEBEEMATIERY

—TMRAEZINESE S—TRAEZIBINUR, REAZNKEBNUR. EATEROLEHN
3/ (Fully centralized), BEBERBIRIABEN, BERENKHEES], MEoHANNEIH R Fully
decentralized), EBERBNTRIALES, BRRIBHFES . EENFREMERBDME (Value factorization) BI7
%, BETHRNRKENURFENZEIWRE, NRILHERTEZESOHANEIFXEEFESZ. LANA
AOIEIE P 0 FRAY(E R B E A NDQ IR IEINBEN A RN EB ERNKRIAGEH, MEINEEBRTERBOBEN
B @ QMIX) iEZEXL. FiN, ETABNZEEERFS ROMA BENBEEZHNZHME,

M. ZM(ERBDRIEICH T TR Offline RL™
BE—TPNARRFEANELEERM B AENIRICom IE, IR ERBRANOTE: MTLaZ

e14 e



BREAFIERBNDBINEE @ VON,QMIX) BESSESTNERIMR? Tz TIER, (1Rt T — Multi-
agent Fitted Q-iteration FIIRICHESE, KRB EEPIARREVLM (Function Approximation) T &AM ULENE
MR &M ERNRILAY Fitted Q-iteration 1EZ2H B EI T SEBERE (Multi-agent fitted Q-iteration) , MHR
WSH T A EFIN (closed—form update rule), B Empirical Bellman error minimization, EF X MH]
iR, MIEMERNE T ERE DR E (inear value factorization), 40 VDN HR i B EME R R FIE 3
BEERE, ETXFEENEMEREUIEEMENIIZL, BRI T — M EBFNEEDE (credit
assignment), —FMEXSIRENDECRONEI, FMARSBIORIMOE. BAEKNR, BMEERAE SR, SNT
AR MBI IESEINBARNIRE, SMEMAIERRTAFRINRIZ BNEE, BXTMERTHERE Q
value, B—MIFEFNAR., EIZTEEP, WASHEN—DR IR EEXMNNME, BUIERETERR
DRAEEZBRAFINISHEEREFRNNERE, FRZIEDIERTEEEEAR on—policy JIZIFEH
EN)SET (e

-5 1" —_— =001 . = VDN
r=0 ajF#ag, r=0 i J — =) W —_— QMIX
X / —_—=02 Qunen
@ a1=aq=A? @ 3/ — =08 3 — QTRAN
T > — =10 = ™ = 1QL
et “, f — Viax m = Vimax
"
; s ——
ay =ﬂ2_‘d|1]' r=1 ;Icrlliull : 1'Imni;p| o
(a) A simple counterexample (b) Algorithm 1 (c) Deep MARL

25: REGFIFHIES IETIE L0

Median Test Win %
£ s
|
| i
S\ i
Median Test Win %
2 58 8

=

Epoches

(a) 5Sm_vs_6m (b) 253z (c) 1c3s5z (d) 2c_vs_64zg

26: BERBOBHERDHIVIIGS A QL RS ZFAISLR

REBREEMT BB MEAIER (B 25), BB IIERZ2BHUKENERIE, b, MEERBAR
BRI SEINEIRYIZ Off-policy) B, &MERMSBEERINAIRUAR, TENREIFHITES
(learn from demonstrations) , #I7E[E 25¢ B LG0T, HRITFZRFNEENNEREBIIERY,
SR, HERNIMET (B 26), AR data Foild —DIFRIRESINE R (LKA QUIX ), BINERN
BIBRHTIIGMN HAIZBHER, BMERA QVIX B EIFIRIIZLREZE QUIX BEER, BIABIIRIFHE
oM, X5BIRREEEER Q-learning @ — T BEEARBIIGHNSEEE, FEESH—THRE.

h. &iE

ZEERBUFIZ—TEARAIRNMARIE, AEHD, KEEMMEXZEEFNEESZ TG
MR IIE, SEEdEDBNDESEBNIALNEELNSERASHE, BRHMARSEREESFHOR
WEMDE BIETHREEINGE BUNSHESRENSHRERADT R, EFEIFERENESS

e15e



BN FRFNERERANMERER . KEITEARKNERSRE, tEEERRRTFHOFET, XFIEN
FIABRANAR., BN, HNEMERNSBEENIBRONIIE, KRBT HAEEN TBLIIZ (off-
policy training) FEARANXKE, BLAIIGANXEERSNEINER, FRNFIUNBEENTALEE N8
HBIERRNAZNEHE, FOHTREBNES . RRBLSERIENE IR AEENANE S .

SEHN
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@ BFERXNEERFRRE: SEREEBCEIDHREREY, BLS
SRR

B 2R EFH

fE ACM-ICPC iEiEHZ Az —, 80 Tkl DEREEMMAZEA=MNOREEELZM2/E, M
N7 OpenAl NBBAATEBEMR., EER, thAKRT A MADDPG HHEKRN—RIIGKERRMER. EAE
BRA=LE, REFLIHERT I TZEEEFREZIPIIREZ S EHSEXREBII (Curriculum,Evolution
and Emergent Complexity) N ERUE M, REBE L MNETZAENMGE TFHIIMBESR?) H&, NARB7TE
U S RBERHATT AMNEMY, HEE OpenAl ML RBSERAOTRRIEDIF N E 1T T 1F 4917 8A .

TEREHEX, BRTEREENT —ENREEIE,

—. MHANER

RREW, BEBZHWATEEMANEREENES 2 —— TMWEEBBALER) #TIE. N T LIX
—RANER, BMNELEREFS). BHFES. AL/ #E, BREFHTERS TS ASZREZNHEE,
REFSRNRARBR T SNBZIMAALEFBEXNESHRE. EROEHRP, REBLIEIEMZTAELETRE
REGFTRA TR RNAE T TR,

Emergent of Intelligence

LS ‘ .;1

N \@ Where are we from?

1 BRERRI—RAIRB[@A?

ZIFHOMRBEMALEENERDLEE, HNEMOBKBERBEEHRTNESRE, EREEFTTAE
fEdr, EIARZERANET, HMNBEHTIEWEMALERUITRIONES. A, EHIIEIE—LEHHE
Beeihzml, BNFTEOME TR i) (BEEEdm) MIBEK?
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THRATMIBER? ) X2 —TEXARNIE-E, 200 Fal, —RMH TERE - KR BERADBXIX—[E)
FPETXE, 1831 F, ATHRIZOANER, WRXIHAT AT, KY 4-5 FfF, RRURXT
—REFRA TINRIMAXET) MRS, WS, XBBEZE—TEARPKX, AT EMEMRRNERE.

FHENHAR, WRXHFRETEHEDHEHIT IAANER, ARKERESH TREFENEE (MHEIR).

ERRXORSITT, RESNHBEST NARTE) 0B, HIB5, REMENARIREEET
RFE, {B2SFEIAINE LIRS HRENS FR/R R TIRTENE, XERTENEHORY
A,

BRT BRZHN, BAVER AEIAIB R 5 A2 R BNIER, XLEMIMELNEL FERILLRNIE
FLAREIEIR, fla0, BEELEEEMM EEEFTKPOREMENNE, BEBERELNERES, &
ETETING (BE) . RIEERKBARNAF 2L, ENEELEATHIRAZHNENMITH,

EIb, MAIBXHT 2 MRIVE TR R SR HERNIRIE— ML), RRNEENEE MIMER) PiFH
MRT iy, MIARXMIMNSHEMEARZZRIRITN, MEEY (BRER NER, BNESES
NENHMEREN, MABIPLERESHITEHEBEERERNIRREEF TR, XEDIARS MR TR
LHH—ED, ESEMTENMMEESBUEIE. REFHAMEEL. AXEAMKEE—BIERS TEEE)
AUAEYD, BEBBBLARE, REHELHNFT,

B4, BOBEMMFHANTRPEIEFNERIE? B5%, £VERERHHENMEREVEHNRE RN
R, SYMMIEAMEN—EDHTRE., afF. &%, AMEMMN F=, HIKE—TERARS, #HHLNT
REFAERAKNERMY, AESFERBRINGR &E, #UCRKEEREMAAMNTES, E— TP
=R EHAT .

BME<, NFRAEFIHRE, BATIUMPMAEIIRERESINTER (1) BNFEME—TEBBER
PEWE (2 HAINZLEEAEZPAEME THEIEL.

AELRERNERT, BNOIEERSRMIALE: (1) EFSAENIENE TRIERSMNBI L E R
(2 BIMERHATT R, URAMESEINXFNTH, REBLERORHPINET E—TEo 0 IE,

e8¢



—. R PR B eI

Hide-and-Seek Game

S0 2 PR, FERREEIERAPERES, BANRE—LHEYM RSN, THEEEME. 1§, X
LR RTEIZINE R IR R M. LI BAIEEER (seeker) BEREIHEBMEBER (hider), hider MIFEZE 4k
FESRM A seeker % 2l, HLIEBREBERIE hider B, seeker R1SEIEF, M hider MM TR EITZE
&SI, R, BERITEAESIIIEXERREMESINRFES, MMmAAIIARERE.

NTEDERIME FHORNIRE, BACE T HATITRRAREE, LB p BN R HTET
WX, (HEIRMSLIAIR AT T:

Hide-and-Seek Game

Agents are point like, perform only r'éé 7

(simplified) directional locomotion @

They move by setting a force on

their x and y-axes, as well as a
torque around their z-axis.
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AT EHERERE, BIBEEREAI—TTR, ENRPTRENEREH ., BEINERAERIN—T x M vy

Hide-and-Seek Game

Agents can see objects and other
agents that are in line-of-sight and

within a frontal cone

BEERA] IAE N EEAI R HAANLE GIE 4 5 seeker EAML BXIT) FEOMAEMEEER, ©REEKOXLR]
TAMAREREARER.

Hide-and-Seek Game
Agents can sense distance to

objects, walls, and other agents
around them using a lidar-like

sensor

BReh ] UBT XU TR EANERRZRBAZENSWE. 5, MREEERNEREARZENER., FIt,
AT BT AN I HIEEEIZIMNE R HITSM.
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Hide-and-Seek Game

N LT 7
Agents can grab and move objects B2 Yog Y
in front of them : -

Agents can lock objects in place.

Only the team that locked an object '
can unlock it.

BRTY BN, BREAERESTRMAT IRRIAT N (1) MER () E8i/ B8, ZEeAERATIMET I, B8
MASTHEBIRDR, F—EFERENER, SERART EBEIEN, BN EmEaaAEBEER M.
BEE, BITHTHNEBEANNGENE, MR seeker BEMIK L, IBARE seeker BEBIGZIM IR
[z, 0% hider KEMA L8, AB4ARE hider BETSIFIZIIRARL,

LEsh, FATRIRIT T —LEERSNOE T, FIA0, 1T M ETHRNREIRE, REE—THEINERAERS
FIEEFRRED . MRE seeker KU TIERM hider, MLIARRIRE +1, k2N -1, WMRE hider 2B AR
M, MEPARRIEREL +1, k2 -1,

B, FATER hider IR T —MEEMER, TELLEAIE] seeker TEERSR), FRIBEMNEREANASERIRZR, T
Zadfed, RONFEERNMET, BIATORERBACE A TG, BAPEEFFTROIMERENLSE
HMAENNE. BOEW, URBEANKE. £XE, BIBERTSHHAENG, 85— T8t =H
EIAVRESANE, HAN@RBOMAPSIANTERANKIESR, STEREANBE(N]Z seeker = hider, £
BRE T XERABT 2, BAHETRENCRALNITA.
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(a) Running and Chasing ) (b) Fort Building - (c) Ramp Use
o L ian

— j 1
T -t = 3 \
@ Hiders @ Seekers

Emergent E /\_/_&

Behavior

1 | gy | v
AN A
- W \' ',' / 1
b.
S—
(d) Ramp Defense (e) Box Surfing (f) Surf Defense

0B 7 Pw, A —HBEHT 6 MRIERTAME, BAIERET S SRR E R L

PAEZ 1 MikBRFIBET): TEIISAIER, BEEAEARLZIFNITHE NEABE), seeker IEIEAE L hider,
i hider i Bk,

MER 2 TEELR: EAMER, hider 22 THEEENRERTEFNATECIECEEERZ—TMES,
XE—3R, seeker TLEEMEBREREMITEEIEFE hider,

BhER 3 TMEMTRIE): FEEIIGMEIHIT, seeker RRFAI T —FXE, BIFER T RHESERNE hider 12
R, AEMELHESNESR, WA hider,

M Ex 4 rlZ}Eﬁl]HE?f%Iﬁzﬁ_.tJ EEIT T KNBE/INZE, hider BREX seeker BIFERAS KT EIAB N FIXT IR,
Hider FRTHESMNBRMEBEL 2RI LFTENIE, XF—K seeker RITTAEBNIIRIBINER T . B
BRINAXMEBHAZERNNREME T, AMENENEIRFRETRYN, TZNBE2EXRET YR
BRI Z,

BYER 5 TREF MR seeker 2R TS FREIMMENIKEE, ARBIHEMSCLFET, WAEMFFIN LD
&%D%& ﬁ%&kﬁﬂkﬂhmH XEHFERNEEIMEFROYIBERN S SR CTE MBI
Fl) —HBEENMBEENRE, XTEZENEBSHMEE TRT, AESEEAEIETFLEZE BN
Ewmﬁmﬂﬂ%ﬂﬁﬁﬁh Mﬁ@ﬁ%ﬂ%%%—i&ﬂ(%F@ENOQ#KE—ﬁﬁﬂ,ﬁ%ﬁ%ﬁ%
M, %%Wﬂ%i%Tﬂ%ﬁﬁ¢&

BYER 6 TBRENFRIES: /G, hider FRTHEETMERBIEREF. HKBERNNAB MRS L, MmFHE
FAFPRIE ., XOIEREMMNEIN&REHME.
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Training Details

Policy Architecture

Agent Representation: <)
e Self-attention based i
policies over entities
e Masked input for policies
e A global value function
(without masks) for
variance reduction

THE, BMPEINSNENET ., hrt, FAFHT T REMNRILE N LK (IR DERISCR)), MRMRE TR
SEAVIGEMT, B2 E1E8X TEmergent Tool Use From Multi-Agent Autocurricula) (https://arxiv.org/
abs/1909.07528),

HAEERPEIANF M T EESE,

B, NTEEANKIERTOXEN, ATIRPRPRIBILAENME, BNNETITMMERTETH
ERDNBIRREE, &E, RBIERER T —LRENEA, MMEE R RBEREENR A LR
RER. MTEREME, FNERT T AHTERENEHERL, MMENTHE.

Training Details

Batch Si
Scale matters! atch Size

023



Lesh, BATEMBENNEMRBERANRM, H1MER T RE Batch size HITEEBE LI, HfILMH
Batch size AR, JIZHEREZRRZ., WE 9 ik, BEEREDRBANIREFRFAE B TSRS EMRR
KNSRI, EeEfoR%NE. £, KEE Batch size IEX, JIZ4IES%EE.

PR XATEERIMNE, BITCERZIBBNIRALN, EE, HITRME AR LA I ZIRERINIERR.
Blan, FOIMRFEEASEEEERENEF, MMESKUEE]. EHNOTRFD, BERT-LEF8
AEIRITH, XSHIK EMMBB A T2EM. H1W, EVIZRIER, hider SLFR ERNFR T AETRLEEE
& seeker TIRZAVHTS, MM TAZRMBSECEBNTHNBI. B, EREOMEIIMHERS, HAlE
Bt O —EBERIRE T — M ETIXE, SRR Bl ERRITRITL.

Zfr L, BEAREIFRRMBN, M2 THAREFN—ERE. fIa, hider F= T BIIFHHERS A
BIMERMIENG, XZ2HETEINFVBEYIES I ZRHNELREBREMDN, FFTEERELNIFEITIH
BIERLIRE. Etrith, seeker WRFIB—LEMRARIE. HIU0, seeker KRILT BRI AH BERABNEEIF L4
EME, REEIZER., XUEHRTYIRREEMN, FNFBEFMAHESEXLRE,

Unexpected (surprising) behavior

Building a fort around seekers!

F—TRLARBAREITARZ, BT hider IUNMEEZ2RKENBCEEER, BALAENEEEMEER2R
seeker EREE, ML seeker JoEMEAN hider IB? XE—MIERE BARMNKE, BRI MM ENIRXTE;
XHPHRAERILR, BRAE—LEXMAD, XMRBHLLET .

FEANE 10 PIRAVTMEER T, FENENRB—LERMET. Hider MUNEFLLENIECH seeker #E,
BERIPXLE TR seeker 307, Fib, EXMERT, MWE—MELN hider B CEEFRHAT B AR
PRLEET, XL hider IFFERIA, E1IHE T EMAINIIRES: TEEMEIG seeker #HEIFAZE, AEERA
FEFIEXLE seeker HEEXLREFR, BBHUE, hider EEZERATRBEETFMERX MG, XMTHRIFE S
FHRANNERN, IHTEAZHIBBELAARINN, ZHEMAAZERNOE LA PO—RIM.
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Alternative Methods

Can exploration methods lead to similar emergent behavior?

We compare with count-based exploration

Hide-and-seek Count-Based Count-Based

(only box position) full state

Br, HENAEHEEBESISHIMBUNTEIERIE? Nitt, FMBMEEREH#T 7L, K
M=, BIEI—MERN TEFIHIIRE] (count-based exploration) F53&##1T 7 — RIS, ]
S EREMGE L S SIERR A TMAVT NWE 11 RAEMMNER. FITE RS SRR EITAHRERE, XLER
X FARMS 2 0HERN, REZIER,
M, EETEARMEZRF, HATUNRZLHSRI LY 7 RLE4Th, fla0, ZEERIMBRAIEDR, A
EMEDEE), BRI EINTHREBEAN, EIRNITEB I OREENTN.

Quantitative Evaluation

Quantitatively measuring the skills learned by an agent is non-trivial

We propose an intelligence suites of transfer tasks for evaluation

e Each of the task requires some specific ability/skills to accomplish
e Hypothesis: if an agent learns a skill, it should transfer better (fine-tune
faster) in the corresponding task

Our intelligence suites has two types of tasks: memory and construction

BRTYMEBMETAHZIN, BAMGTT —EEBRFEIES, BTEEITE. BT RN PNEERES)
AT LSRR (BIW, S, REDE, BES), AR RLEREIBIIHErIfERIS?
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AT EMRX—BR, FAHRE T —FEfR b MEIBEIESENNE LR, SERTEEITE. AT THEM
15, #FEZERANAEFTELERENRE. BRI, MRENTEEEFZZTEMREE, BAENZEENAY
ESFREB BT BXMEEE (B TMARFFRIIZENER) . FATIRER 5 MEBFEIES DM
(1) icie @) M.

Intelligence Suites for Evaluation

Memory Task Construction

/—M/_M

Blueprint Construction Shelter Construction

Ry
5wl -
gy

(0 Pretrained in Hide-and-Seek @ Trained From Scratch Y Pretrained with Count-Based Intrinsic Motivation -

5 KEBMESWE 13 Fim. HF, MpitEy. TESGHREL . NIRFEME) RIEICES. BT FMICICES,
BRAFECEMMERRINXRER, o, TBEEME) 1 DERDEE) MERES. BT TREEE
5, BEEAFEUIMIHRONOATVRIKRENIA,

551 "Rt EREST, BT, METAE—EHRERINGEF, REBFREINELMN

A, BEAFENRILHEFIOBHER, FEEIRTFS (episode) NEERIZELEZDEFEHNE

TEM, BZOBEFEHETAN, B, BeefRRICEXLERFNENTIRE,

F52 TEBFIRE: AEWRPEE—THEF, SREFTEXRIIXTET, BELY, FAEECEREELE

mo AL, BEAFRICEECHEERESR, MEMESHTZBAN—ED,

5 8 NNFHE): XERERBN—XES, WEPOMEETH T, BRAFSEUTENINTIERLER
==

TUTHISE R A TEMIESS . FELXE—MEAEAKEIWE (long horizon) {55,

15 4 THEEMWE): Tz2ESH, S 1EE (lueprint), HeeREEREMBER FREEIEEPMEIIRE
R BESTAES .

£55 56 NEEMAE): ARRHPE-—TRNL2REE, SREFSEREFEXTERFeERER, RIPFER
WIMEPT R

AL F, FAER 5 MEBESHRIT T IHRIEMAL PPO) BiE, RARRMYG LRI S hEu
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B 13 TR, BEermMa A EREAIMNIBEEENEARCARIENZE S ML, AN MNKTTRIIZ
RS L, FEMENRIIBLTET NS AR RONES A, AMENTRESS, fRRREELE
EMTIEELNSHMERY, FILIESS, IMMBEENEE, LTHENTHLEFESMKENES
Hit, B2, NTHRESFKY, BMEMNFMIIFENT .. BNESETCHBRFLAZMERLLZ /), XtE
— BN FRAL X ARRETT IR,

Insights & Open Questions

MARL + Open-Ended Physical World - Interpretable Complex Skills
e The power of MARL,; this resembles the evolution for humans
e A important direction towards AGI

Check it out! We open-sourced both environments and policies.

Open Questions

e Sample complexity! A great testbed for model-based/exploration.
How to measure/extract those learned skills?

Why certain behavior does not emerge?

Better cooperation?

More physical tasks?

B4, FATFIUMIBEEER B P FR M ANR? REBN—KRE, B SERABLTESSTMAYIE
HRBES, FEAMWENE —LEALEBIERNERIERE., XA TSEEMEBUFINBAREES, X
WNEEFRE ALNRATRZIFEEM. BIBE, ZIEERMEBATLERZBE ENERMRLE, ZIMEIF
BSRBELITR, BAHEBEE BT U THHRIREAXRIR: https://github.com/openai/multi-agent—

emergence—environments

fER@mBAA LSRR BN, AHEDBRE TIFSARMEEE, fli, THNSEEBENREERE.
HNEE. REEF I FIMREE. Tt ARBMERELTN, MATABLETANSERILLR . %

EXLE LRSI A MR — TR, FEIB TR KRR ZIVIAEIGERRHE.,
=. &E

RRRANEI N NREZES. BUESERDEIN, HIDAN, BEENVISERMENEBERT, Bz
RIVBILE THSERNTRH, MXETHEEN T ALK IR, SEEEREFEINEIERD
TREHRT —MRANBERE, MBRBSERRPIORMIREEM. EHER, BMERNTIMELEEIE
BENAEEASRE, RBE—TIFEEENMRGT. BRI, XE—TFEERNERENEIRARIEREA
e e NI
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gAm, TR 2RO EBIINSEANMI. HM0IEIN, BX—IMEF, HNNERTRENTE
BR. ABEBARING, BE2—MHIFERERENENR, 0110 OperAl STRMEANES. BE, AHENXK,
BRARR—MHNE, AAXENEAITEEXLMF EEREERKLEERNEAZE, HEE XTHEEM
FZIE— TSR, BB AEI AR FIBILL R,

mfE, Hi8i, CIEAATIER (AG) 2 OpenAl MfEas, HIIXNIHNAMREIERIFEREL. HINFE,
BREATEREEH—HEBELESUSIN, FERTEMAELS!
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@ LRRZARE: SERESEDER
B3 LAY B

FRIEREBRAZL, ERARFUHBENRAFRZEERRMT (BEESNNSEFES) HORE.

MER, BUEIECNNAEEHE T RANRE, EEESEEANBRTRANTRAR. BARH
AAEMMARERE ZWRABEENSELN, BEABITFIIGSEESINSERASIEREE. BSRERE
MREENZEELE, FREDR)ZTHNEANIERN—LIE, SEBENGAERMLBREAN
BIEAESEREMERPINA,

MUTA - RBHIRREWIESC

—. BEEREEAN: MBARIARHES

EEARPEFEE ZNEEIR, FIG07E Wood Wide Web /R, RIMBBIIELETE—#E. HMALLESHIN,
FEERLRE, FEILPNUEMESZNFRD, ERMBEELIESRNFOERFZANNE, M—LEHEEL
FEOMBRIERDEREAZ LN, W, SEZTRERDEDN, SIBIMRZ BREREE—LEHFEES,
REESZSDMEMA S B, SAEXFZ DN DURRT WIS ENNEYER, MMiKEER.

H—PEPIKRE 2013 &F Nature £, MRENLKNELEER, ANEINSEENERE. DHanEE
EIEK, RE—EFaME., SESARIERRR, TNEAMBEED, MARSEIEEST. AREFMU
AkAsEREX T eRHENUE, MIHEBEELREEBELRNatEZRONERHEE.

REENNEFMESR T . £ Social Moneys HIBIFH, JF1BI R E RIS ZRIBEE R AF R H AR F M
HERHRE. LU—RKREFEIT —FE, EMcREFEREARKHIERE.

BEX=1T0F, EMERBIDE-EAZMEAHTEE, SEBE-ERHENTIEZS, KTF2BIA
BENEE. STEILFEAMPOAZEEKR, HNNSENBTMERXLESN, RILZIRMNE#CLETE
SBRAMIES. XLEESIEH XA LAEIESR Communication, XtBEKSKEHMNWET—HRAEAEL
Communication S EiFH{E & BEIR 2 BRI S 1E,

3FF Communication, Z2FRMNAREEZEM T AE, — P HEE Information Sharing, BEEARZESI D Z=FE)
FERNFMIMERRNR RS EHEMITHRES, B—1AER Grounded Language, EEIRFEHEIR 8]
FIZERNBAERESHANES RE S AXIESAAEMBMUNGST., EXMRER, RFEEXTFE—FHEN
Information Sharing, EANABENZEN—LETE, saim T LIEETERHRBEUERS FRAEINMML
Bin, ERTEMRNENEL ERABERESEAB TS,

—. BERSTREAFEIMHHER
BENENER, E8TEEMSCECH—EERIZLEMNERA, BEXFFE—LOM, 5X2E
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BEAMLERAR, ZIMNEGRNDZEBRLATNFIEFNUR, HNEAEFENE “DENERE", BIEBNR
PERIEmARE, XtBEBEL ATOC IR,

* Communication
» agents in observable field = collaborators = @
communication group 8
* bi-LSTM = communication channel = selectively °
output useful info
* agents in multiple groups bridge information gap
and strategy division . ® =

®)
&
J

1: ATOC

ATOC R EERALLRERNIRTE, BEMTUSUFAMEERARTERE. BENERTEAE, B
WE LSTM MERHTEE. MANSUFABERLRBERET— 1 JENSSEHE, X =6
MF I RANE R BB, FA Critic ITEBERTBEMMLREN QEZE, ZEMSRIABE
NTRBIBEEAR, WMEREULE, FXPEEFENBENESIE NG, TUEEBEETAN
REBVEN,

3 FR/RHIZ Cooperative Navigation SLI0IB(E 15 RHERT BIMNTH, FENELRNBEEEE, HAHEEE
RERRBENARE, TUEIIHBEZERLEESZM Landmark, BESHFEHED, SAHUNEERNEEDN
DEEERMRN— T BER, BENBEeFikoslNRELBENWIE. PTNEE, MABEZE, SaE
~aETarErEE,

e ® @ . o e " @
* g & . L , * L L
e .‘.-'. e % .\: o e % .\: » .
Se .'!..- e o. e -. o
b ...‘.. . ..'.h.$0 ® 5.‘0 / N
e ‘e e " e @ -
e .-:' L] o " ] . R 4
- '0..-"_ - ‘Q. - -
. @ * . @ . ¢ ©® .
SIS BEACE I N Y 1
. € e =3 . * . . * -

v

T o t action without communication
W initiator collaboralor . landmark s communication path —e action with communication

2: Cooperative Navigation

ATOC MK Z HIRIE(E 7355 CommNet, TarMAC. IC3Net, #B2FEMAZzLA All to All. One to All & One
to Many BIENH, EXNFTEHENMEBELEALNIE, KFHERTHE—N—BE. WEEHOI%
AIMHATHZEER LHIT N —HBE, BERMNETRNEZ DR “12C7 NEBLAR. 12CFHANE
Request-Reply BENHI, FHEEMRRE STMEAM NS eEMETEIE, HEE— Request, BN ERERIE
BIREALA A H Request FIERBE(R,
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* Learning Prior Network via Causal Inference O— el ol

= Intuitively, an agent likely communicates with others who are ( m’“ﬁ-‘ﬂl'm

potentially imposing influence on itself *l: ! ?I S

I{-" = Dxi(P(aila—;, 0)|| P(ai|a—i;, 0)) “ Q?W 8- ’“ _

i 4 1 i [ = L] ]"l!“l

= Joint action-value function can be exploited: ( R |

Blilis; 0) = exp(AQ(ai, a_i, 0)) ( - ey )

T Y, ep(AQ(al,a—, 0)) o o o
[ f { Jo2{En )

[ exp(AQ(ai, aj, a—ij,0))
Pla;|la_i;,0) ZP(a.,a;la if10) = Ez“ & exp(AQ(a,a),a_i;,0))

* |2C can also serve as a compaonent to reduce communication
I} = Dkw(P(ai|a_;, 0)|| P(a;|a_;, mi, 0))

3:12C

12C @id Joint Action-Value Function #BTBE@IN A4, EEDEERFR, BENTEMNRABSSEE,
{BRIXE Joint Action-Value Function FHAE 5, ?Jzﬂ]Eﬁ,wim, — NEBRNIZIAE SN B SRR A
AE BEIRIBIE. iﬂ‘%—’ﬁ%ﬁ%%ﬂ’]ﬂf’ﬁ%ﬁﬁ:ﬁ?%ﬂ XFMIEL, HIPEENDHH KL 8EEAEBERZEH
£, XD miET Joint Action-Value Function ﬁﬁ%ﬁ NE 4 R, TESHEZIENREES
F3— Prior Network, BFHEHITIRAREBRES S, BITEMENTTAEMREME BEARENIERIREL, (&
15 Prior Network BESZIRIL T1F, MERBEMEREKES.

M
o | M
'.'"2-:,:,""'5“".;'-;;‘.‘- """""" 'tf{';""""'
= il -i MEDIUM  HARD
I -
; ; 2C+TARMA! 97.92% 92.17%
' ' RMAC 97.60%  89.24%

IC3NET 78.08% 40.47%
NO COMMUNICATION  79.19% 48.10%

+ Reduced communication with better performance &

(a) medium mode (b) hard mode

4: Traffic junction

£ Traffic Junction 1H2H, XLt TartMAC #1 IC3NET, 12C B8 T e LH9IRF, B4h 12C thEBIF R/ MBS
2, £ FMENEERNEBER Overhead, BIBIUFBEEHA, JAREWERBEEEZRD.
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=. BIEESERAS PRI AL
BETFNCUEEEMEEMEENERE? HNFE, BEIERAEENREBITEHERRZENEMXR
HH BRI X R EERE E M EEAEERNEEL.

» Graph convolution with relation kernels

Concatenate | CES R ‘i Q network

Convolutional Layer
:—- (relation kemnel)

Convolutional Layer
(relation kernel)

y C ] Encoder (MLP/CNN)
5 oy oy

+ limited Communication between neighboring agents &

Relation kernel

+ independent from the order of input feature vectors &

+ cooperation scope increases with number of CONV layers &

5: DGN

DGN XBESEREM, HRAZKIRNNAENERZ, MERETREEENEEES. S TEEERE
BESBERTRE, BIZKEENNHIEEREEGE—E, RET—6RE. & N —EEHRIEM—
NEBEARRNBERES. XFEESIRENEN, MEEINESESERMIMEIGHA, NMESEERET
—BERESEEHHERSE ZHER.

BIERBE-LEHRED, BEASHSNEN, HNBEEXMER TEERERFEE. HNYEI/EM T E
SR BN ED MM —TEN, (EEREBEEEM MRS LREFRF—, MMRRISFNFEMTE.
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* Fair-efficient reward

. /¢
: €+ |uf/t — 1|

&.f,/c : the resource utilization of the system, encouraging to improve efficiency

|u,§ Jay — 1 I : the agent’s utility deviation from the average.

Proposition 1. The optimal fair-efficient policy set n* is Pareto efficient in infinite-horizon sequential decision-making.
Proposition 2. The optimal fair-efficient policy set n= achieves equal allocation when the resources are fully occupied.

6: Fair—efficient reward

FEN BRISHNZBANENES B RABE, RERNEIAFORE, I2—TZERALEE, NRERLERTER
RETE—E, ZMTERAZMIIN, BEEZRENE I ENSEIERIFNES

BAR BB FIRA T - MEXR) (Fair-Efficient Reward) fERXME@AAL BT, X—BEnRERZEE
THRS5AF, EREEMAZ—BmBBRER, RHMNRE—MoREN, EROEHIRONEETRE
Fair-Efficient ff, =Hls5EF TE—TFRENTHRE. EP—TFRENMACETRESMRLHLAORE, M
N FEAhFREE, BARE—METEEENRE, EGTENFREBITATE, NRHSLEHIZMET,
FEN B HVIIZMY, BReEZBRBEEI B RNBERGFHIRMEN.

@ distributed ieaving These sub-policies should be different from

l each other, so the controller has more choices,
controller | a8 [ i, (Gossip)
s - The more different between sub-policies, the
. J - fide less the uncertainty of index z is, given
sub-policios ki "7 e |l = 1) observation o. It is mutual information!
Sy 2 o
Y Y kA "y — 7
- % ; J(¢) = I(Z;0)
1 - i .
; : = H(Z) - H(2|0)
a ~ —H(Z|0)
v ¥ ¥

3 ﬁ_} — ]Ezr-..:rr;; JONITT g, [lUg % )

environmental . -
reward i ry = lL.i{.’,‘ Pe [:r n,) The output probability of controller
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1009 Faen = O 4000 000 L= 0% as 1
Episodes = g
social welfare cv min income max income episodes
Random 84 +30 0.93 +0.25 1 22 +10 -
Independent 791 L62 0.86 +0.11 1 202 L33 100
Inequity Aversion 702 +90 0.80 +0.16 2 152 +18 1000
Min 18 +8 2.04 +0.66 0 T+4 6000
Avg 5274113 0.86 +0.21 2 126418 1000
Min+advg 441+75 0.85 +0.18 1+1 103+16 2000
830+22 0.06 +o.01 T9+2 94+3 300
FEN w/ Gossip 841455 0.07 +0.01 T6+4 9544 300
EEN w/o Hierarchy 251+12 0.06 +0.04 2312 26+1 6000
FEN w/ Random Sub-policy 834+47 0.08 +0.02 6647 99+6 -
7: The Matthew Effect
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Multi-task learning perception
Improve key track features prediction performance by exerting common sharing visual features.

(‘Eelated tasks

A Task 1
Distance to lane marking regression

) Bl .'i. ® ©
Yaw angle regression = = = Task 2
Lane orientation classification '

> \ Task 3
arg mjnz oLy + P(wy)
w1 RGE Image Conv. Layers Fully Connected Layers
inisti i i As,.a,)
Deterministic policy gradient control ]
State: s=[d.8.v,..v,] FC 100
Dist to | ; t Action e, S
. istance to lane center
* Yaw angle @ - FC 100
= Vehicle speed Lane C
Action: steering angle A0 Fcfw
Reward: - -
- {nmw; — Asin(|8]) —djw, i8] <3, S 2
= : -
-2, otherwise, Right Lane Marking suld.bmm]

Reward design

D Li, D Zhao, Q Zhang, Y Chen, Reinforcement leaming and deep leaming based lateral control for autonomous doving, IEEE CIM 2019
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» Markov network with Graph neural network trained by RL
* Representation as the Markov network
* Inference by a Graph neural network
* Learning under a reinforcement learning framework
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» Comparison with the baseline methods

ATPTHOR:

Four type scenes: kitchen, living room, bedroom and bathroom.
For each type there are 30 scenes.

Target: coffee machine T e
Table 1: The success rate results. ipdlee Vi
method(%) | Testl | Test2 | Test3 ||— 2
Random | 504 | 364 | 5567 || L
A2C | 599 | 588 | 5889 || —_ v
MGRL |

614 | 644 | 6122 | T 4.

¥.Lu ¥, Chen D. Zhae, D. L1, Graph neural network based inference in a Marke - network with Reinforcement Leaming for visual navigation, Neurocomputing 2020,
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H. Li. Q. Zhang. D. Zhao, Deep remforcement learning based automatic exploration for navigation in unknown environment. JEEE TNNLS 2020.
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Fatality rate
(log scale)
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i BRAX 5Kt

£ 2020 ERBRAS “AfFE" EADICIEF, BITBIFR TIBMEBIZHTIA (COVID-19: Real-World-
Data (RWD) & Advanced Learning in Clinical Studies) D=,

B, BREAEIHRBFETIAX D, FERMRARZED FENFFE L, EEIERMNIIRFEENRITNEY

BERFEL.

EHZER, BHRE T EXHFRHBEMIGRIXIOEIBHM KB IR AARLAIEERE, LR COVID-19 &1
BREEIBLIBR R EGE B RTET —E. 3 COVID-19 ZIEEE, HEAEEZERWTIHRZR, 3
BEXS Al 20632 RWD. RWD HABURH] RWD HAAYIASI = DB RBFER, 547 RWD/AI7E COVID-19 &
BRI NIGRIFRAEIRIEE. SAREET4, &mEHR Al engineers F IT 47U ML A A F4G B SCHE FREURE
A BEARFNIGRARIR LT Z ERIEIN.

1. Data: Real World Data (RWD) Clinical Trial Data
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2. Analysis:

3. Utility:

Government o romiyesl it

Society at Large Policy a. Drug Companies
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SEMMNBIBNNBZS#E R, UEIEREmE Data Quality Standard) . 3B D 7B (Analytic
Styles) . IRIRRZFAMNME (Clinical Market Value) = MEBP@BHITHONE, BII2RKMEIHEREIEEEIAR,
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MRANNEERM. AMERKRG., AHBRAESEDRPAEENBIEZ ABEMEOTEE, EXRNE—
MUBHMEEREBNRERH, FMNXLEHBETIRRARFPNELRREARN,

Strong Quality Control

Data Quality = Mostly Unknown/untested; Varying: from low to high, not good news for
Standard no standard In general, in the mid-ground RWD/Big Data
Most Unknown.
Analytic For knowns: Exploratory: 50% Exploratory: 5%
Styles Exploratory 80%: Al/DM/ML Confirmative: 50% Confirmative: 95%
Confirmative 20%: Statistics
Clinical $ 555 $53535STESSESSSESS
Market Value $55535555555555555%
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BETBRANAREIES, SBEESTHE.
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EHBREIRRR D, XA IR IRIBI T —ERIE R,
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+ Contact Tracing by Centers for Disease Control and Prevention (COC), USA
* Trace and moniter contacts of infected people
* Support the quarantine of contacts
* Expand staffing resources
* Use digital tools
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