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Table 1. Role boundaries between Al methods and conventional physical/optimization

methods in cross-scale thermal design.
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Fig. 1 Unified framework of Al-enabled cross-scale thermal design, showing the

transfer from material parameters and interfacial thermal-boundary parameters to

device-level thermal-design parameters, together with the closed-loop workflow of



data, models, parameter transfer, device optimization, and experimental validation.
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(a) Dataset construction
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* MD simulations
o experimental measurements
* materials databases
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Fig. 2. Representative workflows and results of machine-learning-assisted high-
throughput thermophysical-property prediction, phonon-spectrum modeling, and
material design. (a) General workflow for high-throughput prediction of lattice
thermal conductivity, including dataset construction, material representation, and
model training[3?]; (b) Dependence of Gaussian-process-regression error on training-
set size; (c) Representative lattice-thermal-conductivity predictions obtained using the
GPR-RFE model°!; (d) Virtual-node graph-neural-network framework for full
phonon-spectrum prediction; (¢) Representative phonon-band predictions obtained
using high-quality DFT training data and an additional test set!*¢l; (f) Workflow
combining polymer chemical-fragment generation, molecular-dynamics data
acquisition, thermal-conductivity prediction, and structure—property -analysis[>2].
3 EFNSRFIBRGHFERSNIEFRITSERES SRR

HIA A ol AT TE AR AT 55, SR AR RAPRE A TH] A PRIE SR AT di i P 3 26
INE MRS, T M58 R IE AR5 0 18 55 A i T2 B0 i 1 6
SRINT, X ESERVE PR RN 5, AR 808 7 AR A AR PR ST B S — AR A
P, T B S R I A IR HE B ST 5 R VR Ak 1A R A R A X BB, A

/

It

MRS BRI A TS FISERE R (HEATTC A 2 USSR E TR g

BOF M RHL S, Ty als RIRa Al . IRBTE VLA LU AR T T RE R AT
B REIHG £ S IR RCR . L, Al PP RS i 1 5 RUE v ise

24



VHEE SR, SR RURE B il i S A SRR I I O RE h R) R B A
BELARVE . TT Rt 4% 5 SEI M RE LA AR O . (Rt 28 3 AEA S FiTs
A R B i — T U AT — 5 R S BRI IEH, #R S E RN 7T
HBERS AT AVG: . JABE SR MRS S HOE R, RGN 5 4 T ARk
it A%i
3.1 A FAEHARZHISEEIHRBNESRIE

SRR B T AN R, 5 P TR & — A SR o R
SRS E A SRS LA A s AR T A ELAE B 3L R ) R 7 i X, LR
PERZE = T 5] S AR N BRI AL 3 1) . T IR S ), B — 1SR B 18 ) 5
EARRE AL mE I RE R 5 IR T 15 8, B AT IR A 5 R AN AL I ()38 H
M LTE 75 505 ST A IR TR Rk v K3 B AR S s DL AR S P A%
ISR, B MAAIETT H AR L RA RS, M2 IR T € ik ETE
MSHAAR B, (E5 R RIZ LA B AR R % JR R 85 o AR
S AR 2 2 NI A AT (Eh e N ek i e et peam iU [T NEl S e ER
HLAS 2 =) 3 R 50 2 o) 55— 1 S A b e e R A B T, TR R 35— T S R
JEE R TR I S 25 4 e 1 AT SR I A RS, PRIk o A T A E T R T 9 ) R
J7 15106681

UTAESR, S5AR R w20 I 2 34 R 00— S4Bl 13X — 7 1A (1« Batzner[©145
e AL % AR JF T 1A% (Neural Equivariant Interatomic Potentials, NequIP) 3
W, 2T EQ)S A S AR a) 75 /0 T 1000 H 42 100412 %5 F T (1 2514 N SEEL ks
FESBRET >, JRLERT A R DLRAS N 58 D 1 R 3Rk 5 O 7
AR R AR, U ) 5B 2 I R e B AL @ 5 ) B s B AR enT
FE 1) TR B R S v Rk B I ORI B AR N AL ST B ek B B0 ST

25



ERAEIE 3@@) Fros.

SRR EL, 5T 55 bR B0 R 2 TE A 2 B 0 DX R A 20 2 [ FR) A 00
Tio AR FUE EIRE . JE RO IR HEMOC R BUANRHD . RIA L BREGEL
JR R RE AR LA B AN TR FE BAak v 240, 8 e 538 57 THT PRI PR JR el B 5 R 3
MGRHE: X T VR, EROEE— P SRS 2 RSN 43 7 B ) 453
AFRIEL05.70, A 5k Mo A M Sy R S48 70 40 R AR, 34 R B4 v R vt S
T 1 fi A 33 AR S T SRR . PR AL, T [ T A D 3 R BN 5
FEAN T T P 34 bR B 1) T B A, T A R 58 5 O R AR R AT 1) 1 B M e
EARIE . MY B 2 () 73 A7 e HARR ML RS I & 3(b) Pl FEISR
R TTTH, Chang!7VEEX FIHMRBEA RIRH, BAUKBR BRI A — 2
5 R R NSRRI R T B =S HIARF  (Smooth Overlap of Atomic
Positions, SOAP) £54& F 54T (Principal Component Analysis, PCA) %4
REPEMAL S, AR R B2 (8] ] Bl 45 301125 1AMV 2, JF BAE AUAR B
331/ R IR N B SR A A T, AR 0 e R AR ATS R R A 1 TR 8 7 5 %68 T i A%
KANI0MIAR TSRS, e BT MAE(LN6.15 meV -atom !, M 4= 5 d S 1
RS AE N 5.54 meV-atom™, P2 R410%, I I R ISR A S A
RRBARRR, A TAREME RN ARE G SHERL, Guol™5E ANfEA
SR i TR R AR T A B TR R (N I ZRRE, AM2 1S0 FRAEAR
G i 3R MR AR T, RO )78 5 A S L s IR R R R 25453 2
Il (Gaussian Approximation Potential, GAP) A5 7 5t 31| 28 A0 ik
(1) & &= FIRMSE 43 5l £1590.003 eV -atom ' £10.002-0.003 eV -atom™, /7 RMSEZJ A
0.065-0.092 eV-A-!, Jf HXFAFNL BRI 251 5 £/ 550.007 eV -atom ! #10.186 eV -A-!

MR 2K, RIS T A G A, RS e s e H, MR IR

26



FERT DLIRAS I 5 1 AT B R 1

G BB B AR A B AE R B ORI (K IR ZE R T, 1T
JSEE— A5 2 B 0 BT b IR A5 M . RN BEEUE P AEAE . ST SR
(PSS S N [ [ Sl Il s R e 5 R I | S Sl T e e A R
(Homogeneous Non-equilibrium Molecular Dynamics, HNEMD) {1554 & 14: ) 75 21
fiE 716673741, FujiiflISekol 75145 NFERE i Sk R P IR FUE— 203K, BLas 203
BRI S0 L A ) L I S S AR DG Y B LT AN RS TN s A
FHE T RE, BT HE— 0 P 7S 1R R s T 3 R AE DA SR 4R I 25
FPAANAN B S HIDFTRER J5, & RETHINATRMSE AT B 252 m)-m2, JFH
Sof B T P RN L A% (Phonon Density of States, DOS) Tl B
SR TSI XU, T 7 57T S 10 55 B0 BO0E B2 s S0 v s

— Bk G R B —iE 2 Y B ES . T AGETERRE,  TEA R
AR 2 3 R HURE 75 R IR CRAIE S5 AL (K 30 70 2 PTAE PR S H bR & 0 TOu 5 12
FEAE E B IS R SIHESE PR RS FifE RS JEFR S RIR 4450
THT R 8 1) 78 55 Y B 070760, T ) B S ST AR T I, XM 2 4B TE IR R D
Vi S B HIE B 5 SRUG 45 B B b o Khot! 77145 N\ HA) 1A o 228 190 24% 34 55 HOn g
AL, HUARSTRIAYSi S MR EE (1) G ERMSE 4> #80.55. 0.21410.53 meV-atom!,
FIIFIRMSE 43 51°40.028 . 0.020£10.047 eV-A-l; M2 F, & MALEAVSIIHAE
R RN 7R 2250 3 71K 783.39 meV-atom ! F11.59 eV-A-l. 7EIEIEA 15 FI
AVSIFHI#AFH380 £33 MW -m2-K!, 5 IRERILIE 379 MW -mr2- K- (1 A dal#
J24t  (Time-Domain Thermoreflectance, TDTR) &% SL42T . 3 1 W Fit 1] 4 bR 2T
A R B AT 5 Vi S5 B is A S LS S — ik B B, HLEsE I e
BN EIEA R B ARG IG5 58 BUSE USRI, SEAE T2 S A i i i A

27



IR S P RER B ARG 5 R I )5 7 G2kt

i LA A, Blds o2 ) S5 R BOF AR AT Idania ) RS AT [R) &3 1
FUE 3 AL PRES — 1k S B HE DL 5 T 2296 3 S DL AT HER IR 1) B A% R O T A
B3z 17 e o 127V 0 2 R BRAE 1 X I R A v REBBUR, 24 S T A Y JRLE X1
SRS B A RS H AR AN T VO R, B AR 22 TR BOR,  FER
FH I LR PR E R RS L . DT, AESEPRIRast T, BLassA >3
PREICE I S VROV IE B S LT B 5 K R Gl SR R 18] )2 TR, X o
IS 5 LA A o BSW i A 14 7 T A7) i 45 S0 O v A TSRO A 56

31 BAPBEIBRBERYURREHIF

HLes 2 S B BOF R — 5. FRGAP. MTP/ACE. DP/NEPAINequIP% 3}
LTI ) R AT RHA RNZREBRL AL, S AERIE I AR R 2 o Hdha 4k b 7t
Y5 038 R34 Bl SRR R . CHGNetlRE X B & 7 Ju. NSy g 2%
BEBATERA 2, B9 1A RS R A AH G [ 4 4 2 3 35 i SR AE g 0781
SevenNet{E 548 [RI ph 28 0 £ L ili_E 58k T 2 GPUIFATRE ), PASCHF AR R
K A) R F 407 B0 11 5 BE4079); MACE-MP-0 SR FIMA CEZE F7E K AN
e R EREATIONZE, AT EE N T 2 RE T RMESS, AE > B AR
S AT OB Orbidt— B ARBL 1 38 F S 7 S5 0 R B Ak RIS T fe
JIREAL . FEAR TR SO 2k g i A 2 2% 35, JRAESS /AL
Monte Carlo R FEH 5375 J) FREAN AT 55 HIGUE R AR P B s AR T 241 2 5 R
(R FAt I A 75, OrbR I B0 i I HEBLE RS, IR R T8 2 Pl 4 A 41 b4 b
SRR E TR B BRI RN, JE R IE AR AL A ST R

KA 5 QB B — R R MK HEE 2 < ) T Zr— H AT 55 3& e —

28



I T P IR ) v 82T

8 FH TR ZRASE 2L 1R A0 34 0 B oA S 55 ek B B AN D T IR IR RTE N
FHAAE SR AT . (B3l > ASE T B4R A T A iz . I 2R
B DL AR RN, S Al RERALJR T T 4 R o R Bk
H A AT REAL T A4k . S FIEM3GNet. CHGNetFIMACE-MP-0 H W 52 534
BETH R RS MER A, I SR BRFA . IER A 2 R0 75 TR 3 55 Rl i e 3R (X
IRI83) ;B 2y — T AL T R HE L R, B0 AR TR R R AN IR
I, WEHRBNPE B AT REWT R ARAESH . Rk, H T SRR B B 28 0 58 AR SRR e
WOR, JFRIRRAIE S IR ARSI E R ARRHE IR, I [HMD Az € 1
LA K GRS 53 J R o

AT FH TOINZRR A E RS0, 3R 3 7R R 7R RIFE 34 s A bL A
H A B b7 I R SRR o SR X a3 1 T AR TR L GO i 5 A T 1]
i BEAE = ER .

F 3 T 1) LTI RIS PO R L8 2 T 9 0 5 308 P ) 4 5 5
Table 3. System-specific machine-learning interatomic potentials and universal pretrained

atomistic potentials for interfacial thermal transport.

R AR &Ik TR A Y5 T JRIR
N SRR L
LN N NS BN (€ E ][
ITiE GAP B, AfEREE
HugRmts  SHERERAR S
Bt

29



=S WIRES

JRIIBRH 28 10X 2% 4

2 o 2 o 3

it FH I 5 Pl o 2% 4

i P 2R E AR 3

J 7 Rl AR Y

MTP[74’86],ACE[87]

DPI67] NEPI8]

NequlP®*!

CHGNet!"8!

SevenNet[”"!

MACE-MP-0[8]

T aE, gk

Bihs, HEPLEUIR

W L5 205 11l

B, EEAM

MD

B, &

Fe IR R IR

HE J1 98

(ARG EPS
BAEE, JHHEE

i 2 RTCHLE 4

SAREIMLE, £

GPUY™ J& Fl KAk

AMDRCERRH

¥ TC R IR,

AT REAE A 352

FF AL

30

HE RS 0 ) [

[ F i

AN EIE B Tpel

fiiz

E/

=

EL
Bas

ﬁ
Vil

FHm

ANFEAR R

(1§ N

AR

SEUTAARL. SR

5 F RS 1

7 A A

KA F HIMD

(ol JE

R AL AREE A

A ZREE R 5

AR RAR L SY

i FH R IKRE T %2

FR

XN E5 5347 78

1 R AUk

IZRA R =

XL EOR AR

WIZRIE R A

HAT AL

THhiizHEE, 1

i A 55 Bt A s

TIHIE

] HE HH I A RE T
AR I o3 A AR

F5[83]



F A8 & I

AT SIEAE, 5
SR PR HER
% TR A Y Orb(®!] MRAERRE GRT 2 HArk
AL
IBETR AR Sz &

L

SRS, GAPSEE & /NS R4 14 10 /B, MTPAIACE 538 & 45 #4) R4
W ff (1 3] [#] 57T, DPRINEP S 16 A KU AV IS 43 F-3) 1 5540, NequIP I S05&
EFEAA FRAE R A BT 5 2% . 0] A 52 B SR B vy 1) 7 1 1) R
3.2 HLE% 5 > 3R B0 BY K 5T A IE DL AR AT

TERRE LA REBCHE T, S Hmis @ W v 5 BIEMD. NEMD HIHNEMD%%

I3 TN I RE SR AT PRASTO088], JX LT R AN BE IS 45 th S I A 5 B 3 R S5 s

W

B, WV ERRSIRIE PR PG IRBNAEE ER RS A A S R AL S5
R, BE7R I A RRIE 5 AR R RE 0 Z IR AR R, AT SEBL il Z R BUR L
AT AR . HLAR 52 I 55 R B AE A IR AN R IR T 7 il 30 T S hn 2 B 3 5
R B RS AE ST RS B ORIR T I R 1) RSN SR S A AT 0N,
M HE S0 5 T s AT 7T B 2 B B HL ) AT 4 % -

MEFHLUHEIE, ASFE TR RS LS > B R B &R F AR . =457 )5
[ [ % T B o BB S A S TR BN G DT IE s ¢ 3 A A St T PR AU T
HEdr . AR A S RERC IR VBt U R A7) J2= 2RI B AN Bl 25 IR Bl A
EALFEER. Uk, =45 0 s 2 RIS RV, 4k 5t (i 5
RS R, [ I S A S5 M A e A% AT R HR & 40

[ [ 5 T 0 i R B R AR AR G = 4R R A b . XTSRS, A
T AP I [RIN 52 SR R IC . R F PR ZE 5 B R 5 3, RS R DA K R

31



AT A5 DR FRAR ] o A 0 7 2 S TS TR A 5 S A 20 e s o A 5T ) 380 A o 1
PR T, AN T B2 R 5 ST A SR A L ARSI IR DA SR 5 SR Ak
S5 T P 2R 0 AN SR (89900, AL =) 5 o AU T LAE B R RUBE R B K ) L (2 AR
FHH T ) 25K T S A AR BAE AT, AT SRR R M . S HRSG. FHH
HBHR SE 5y M AGR . 75 A B B U DA 2% J=) 45 24P 4 A1 45 DG s 91, DA
GaN/BAsS it Ft1fi ], #HOSWEFER M, HAE300 KT [ A -3 4179260 MW -nr
2K, STDTRSERAE250 MW mr2-K-H530r, R I WY AROIR B 0573
IR HE—E UL, BT ¥ AR A IR B T T 2 SE B i S A S I B B SR . AR
A AT RS A S T RS AR BE 0 AT SR 3 R FAAL A R U 3(c-e) Pl b
41 AB-Gaz03/Diamond. AIN/Diamond. GaN/Diamond. Cu/Diamond %Si/Diamond
5 LR AR B B R R LN AR R I SR, SR E A e R R
T RS HUEHE 1) R G U T T B s A ) T2 R A2 R 48 ) 2 0o i A%
B (R R P O1STS802-9T) 3 — AL R, = 2 e i [ [] T  J5RF RTEASRAR
PRAR B R e — FEI AT, T P e S T 45 A A T AR B VT T L R B A%
SHEIE Rt .

W 0 — 4 7 o ST A1, T [ 7 T o B R DA ) 55 8 A R RAIE 1) — 4 1
e R [ [ . AR G = 4 S TR TAR LG, S A AR I AN R A
EERE, T SEAKHS ) 55 AH FLAE F AR SIS I VL BC 244008, DRI HE SR 7 =
FHE - 2 TR BE f ST 4 R AR 41T il 2 25 D3R 1% SR T AV S 4T (89991, Liangl100)
S5 N ZEGrh-BN FHH AR FU R B, S 065 B HR0E (¥ FHE A S 43 5 A3 AR TET - 52
MW m2- K- F15-442 MW -m2-K-', et = 4 e F ok A5 2 15 40 28 1) sy EE
JEME . T 3000004 T HINEMD 45 & B TS IE, ARG 4 H

N FARA R A S 584 £ 11.0 MW-m2- K-, HHHEBIK#5¢ 2 NABp >

32



DW>AB>AA, NEHESRMTNHZESGREMZESEEARmME 3Eg)
AN o ML ) FBR AL IX — o) @ R B, — 7 TR AR L R v A i K
JEIRIR Y, HEEAN R HE SRR ) 2 2 B I3RS 22 57 59— D7 IR IAE L T 7E 4
KR LR S s 8 5 A R S5 &, I8 KR MBS A SRS
FEIRER AR A B B i) R T 7 T e S £ [ 8 i £ FEE00-1010 - 5 = e e ][] 57 1T 2
LG R S ] RS0 B 0 1 A A VT CAN (], /90 A e S Jo [ ] 7 1 ) s v B A
TSR TR [ R R VR, RISk A A R A B L TR A k002, TTTES
F - 1T b S BIOT 5 F TH PRI R A [ 5 11031051,

[  S E FA A D 52 30 AN ) ] ] 5 T O B A AR SRk . S I X3 R I 52
BIARTCIP I 2 F kg AR T SRS A e, HAGD 71 HA T o8
FRYEST T ARG R e R AR o 5 e [7] V0 77 T A ) S B R R AN AL AR 3R T ¢ 1
W B AT A 5 [ AR THDIRAS, I B FRBUAALE SR 20 Z AT 9 01 BLIa)
AR P DA [ A A% R 30 5 VAR 3 ¥ iR B B T X T FO Al 45 R BE LSO X
RN, B M S B 7 VR A DR A IS R G SRR, T2 56 3 XA A3 3 LA ]
Fiof SHE S50 7 PSRN 2 5 VAR G TR A, TR ATLES 27 o) 34 R B8O L& A P F [ 5
] T IZ A 75165731, Linl106125 N\ %1 %f Cu—Water &3 St 26T 43,3 A x 43.3 A x
108.4 AR K EEAR R R B, FLiH AT BEAN S5 A0 v B SR A N, HLAE B0 R
AR G0 T O e 2 FL s ERIAE T B i ) S T P AT 7K 70 IR PR 3 i ]
YRR B R B o AL A K S AT K ST 5 BN 45 4 e B AR A O R A 3(h-
i) Frose XY, [ ST AT A DT b 3R T 5 K — 1 A 4 21—
R FARA = E AR R VAT, R 10 T Al A R R T AR 1h 12 it
T H A BARYE K S B HEN00)  ET AL 2] F ek AR ) AN R 5T 6
FWEERBFE R RSB HAERBI P IER, £4 04 THE=8Y

33



APPSR
R 4 A G AR SR R A SR S DR R AR

Table 4. Typical interfacial structures and their functional roles in thermal design for atom-

scale oriented interfacial thermal transport regulation.
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Fig. 4. (a) Schematic of collaborative optimization for multi-layer thermal paths in
device-level thermal design!!'8); (b) MLP-based machine-learning surrogate model for
establishing rapid mappings between design parameters and thermal-management

performancel!3%; (¢) Unimodal/multimodal surrogate-model architectures integrating
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scalar parameters and image information for predicting thermal resistance,
temperature, and related performance metrics of cold plates!!3°]; (d) Parametric design
of cold-plate/microchannel structures for multi-objective optimization['47]; (¢)
Representative complex cold-plate microstructures together with local
mesh/manufacturing features!'47]; (f) Temperature and pressure distributions within
cold plates under different multi-objective optimization designs, illustrating the trade-
off between thermal-resistance reduction and flow resistancel!47]; (g) Comparisons of
material distribution, temperature field, and flow field among different topology-
optimized designs, showing the effects of topology evolution on hotspot suppression

[164

and thermo-fluid transport!!64}; (h) General workflow and iterative evolution of

thermo-fluid topology optimization!!64],

® 5 RBUBMIETEAARNETE

Table 5. Representative studies on cold-plate and microchannel optimization.
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Table 6. Roles, applicability boundaries, and major limitations of device-level machine-learning-

assisted thermal design methods.
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Abstract

With the rapid development of high-power electronics, wide-bandgap
semiconductors, heterogeneous integration, and advanced packaging
technologies, heat transportresearch is shifting fromthe characterization of
individual thermophysical properties toward cross-scale thermal design
across materials, interfaces, structures, and devices. Heat conduction
mvolves atomic interactions, interfacial thermal transfer, heat-flow
regulation, and device-level heat dissipation. Conventional high-fidelity
calculations, empirical models, and case-by-case simulations are often
limited by high computational cost, restricted design-space exploration, and
insufficient parameter transfer across scales. Artificial intelligence,
especially machine learning, provides new methodological support for

thermal transport research and high-performance thermal management
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through data mining, surrogate modeling, and optimization.

This review focuses on artificial-intelligence-enabled cross-scale
thermal design, with machine learning as the central thread. Organized
around a chain of data, models, parameter transfer, device optimization, and
experimental validation, it first clarifies the boundaries of AI/ML methods,
physical solvers, and optimization algorithms. It then reviews
thermophysical-property prediction and target-oriented materials design,
covering data generation, model construction, candidate generation, inverse
design, uncertainty quantification, and validation. Atomistic interfacial
design using system-specific machine-learning interatomic potentials and
universal pretrained atomistic models is discussed for heterogeneous solid—
solid interfaces, van der Waals interfaces involving two-dimensional
materials, and solid—liquid interfaces. Attention is paid to cross-scale
parameter bridging, including rotation of anisotropic thermal-conductivity
tensors, interfacial thermal-conductance boundary conditions, combination
of intrinsic and process-induced thermal resistances, and propagation of
parameter uncertainty to device-level outputs. Applications of surrogate
modeling, multi-objective optimization, and machine-learning-assisted
topology optimization are reviewed for advanced packaging, hotspot
mitigation, cold-plate and microchannel design, manufacturability, and
reliability. A GaN/BAs heterostructure serves as an end-to-end case study
of transferring material and interfacial parameters into finite-element
models with experimental benchmarking.

Taken together, Al-enabled cross-scale thermal design is moving
beyond isolated prediction and optimization toward an integrated
framework linking data generation, parameter transfer, device-level
decision making, and experimental feedback. However, realizing this
vision requires addressing key challenges in data quality and
standardization, physical consistency, out-of-distribution generalization of
atomistic models, coarse-graining of nonequilibrium phonon information,
cross-scale uncertainty propagation, and closed-loop experimental
validation. Future progress will depend on the deeper integration of
multiscale simulation, physics-informed machine learning, data-driven
optimization, additive manufacturing, and digital twins, ultimately
advancing heat transport research toward reliable and intelligent thermal

design from atoms to devices under realistic operating conditions.
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  q   =   −   K dev ( T , ℓ , s ) 𝛻 T


    K dev   =   Q   K crys   Q T


    K dev   =   Q   K crys   Q T


  − n ·   K 1 𝛻   T 1   =   − n ·   K 2 𝛻   T 2   =   G ( T , s ) (   T 1   −     T 2 )


    R eff ″   =       G int  − 1   +    ∑ j     t j    k j   +     R c ″


  y   =   F ( θ ) ,          Σ y   ≈   J  Σ θ   J T ,         J   =     ∂ F  ∂ θ

