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Abstract

As a high-dimensional, multi-indicator system for measuring national innovation capabilities, the
Global Innovation Index (GII) poses challenges for in-depth analysis and intuitive visualization due to
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its complexity. Traditional linear dimensionality reduction methods have limitations in handling its
non-linear data structure, while existing manifold learning approaches have not fully considered dif-
ferences in feature importance. To address this, this study proposes an improved UMAP method that
integrates feature weights, aiming to more effectively reveal the intrinsic structure and cluster char-
acteristics of the global innovation landscape. Based on GII data from 118 economies between 2013
and 2022, feature weights are first calculated using the entropy weight method and incorporated into
UMAP’s distance metric to construct a weighted dimensionality reduction model. Subsequently, K-
Means clustering is applied, and multiple evaluation metrics are used to quantify clustering perfor-
mance. Finally, the TOPSIS method is employed for comprehensive evaluation and ranking. Experi-
mental results show that entropy-weighted UMAP achieves optimal comprehensive performance
when the number of clusters is set to 5, ranking first in the TOPSIS evaluation. Compared to the PCA
dimensionality reduction method used, it demonstrates superior structural recognition capabilities.
This study provides a more robust data processing tool for analyzing the global innovation landscape
and offers a new methodological reference for dimensionality reduction and clustering in similar
multi-indicator comprehensive evaluation systems.

Keywords

Global Innovation Index, Manifold Learning, Entropy Weight Method, UMAP, Cluster Analysis,
TOPSIS

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

FEERREIHTES HEBAIMT ST, S E AU IR 0R b 5 BAL T RO ERHBOER. I
BT BTG B B . A EROUH TR B v B K R S R L IR RA R, AU T %
EAEGPFBN . P SRR EZER, WOVFH e s R R 524t 7 2 4E i 8eEEat . TR, MR
WHFC SR GILJETF TIRAIR T flhn, (2025 FABRGIHHEED [11IREHER T 2RO 2 “amEA .
v a e s, b N EERQUE A RT . IR ISR R LA s ANSIRSE
RINEZ A RA A, RGVEAL T B B 5 TR 5= 5507 AR 3 S Rk, fath b [E 7R
FEQET IR E . =S8 E ST A RS JT R 22T Nasir 2530 ARCEEE 777%, 301k 1 A8
7 SRR G &3 IR N, JCHAE = A R SE NI s Ma S8 [4) 26 THLER 2 ST T B e 0l
WHREL BR T R TFAS L IR FERE = B REQUHKT 458, N RERURT VR IR 6L 7 BT TR Rodrigues
[STREFE T 2011~2022 4 GIN -GRSCRERIN A TR Bt Dol [ QRT L AR it 1 45952 HF; Huarng %(6]
I G EPERIBR T, IRASZIR T GII 2 2 AR AR AR, B FE S QFTHR A4 IR R L S 41
TR RGNS Yu 55718 — D is ISR 2 LR AT, 48R Tl A . NI BEAR S RTTL.
BER A 45 2 R R SL R A QRT3 A IR SR ZH A s Crespo 5 [8E I BB S 70T, X 40 T sl N SRk
N E LI R AH ST AR BB SE[O1N R AR B 5, 5 R AR SE SO ROR 51 it 5 A 4
MR B, M HIERBEKBN: Eufrazio F£[10]3 1 GII RS, KA £ 5315 K-Means
X, WETHEE 118 METHRMAIHEA /S RAESE . XU FAEF S Gl BRI RN, WM E T
I BT PPk A T ) v 4 U ARZR RS A B % AR 2 3 AR I [R] 7 M R M S LV B b, JCHLAE 4Bk
AFT e AW RS ZUELRGES T, AT R BOCR EITRHME . FREBIR4EE, O IRTHEME R S
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MES T, SETHFELE S AT RCR s BDREE 1 2B R B AL SS . SR EE T t-SNE ek
PRI B 3E N7V, AR AR AL AE T EE B 1 [ SR T A B MR s AR B[ 13 145 A AU 5 -SNE, *HInBUR
(RFEREAT BESE, 762 N4 RIRAE T AR TAE G vk B4 iR . at, B5IRIIEIE SR HI%
[1411E R —Fh T2 AT 5 ¥ B i AR LR M P 4 g v, DRI LA AR R0 42 )5 5 =y 0 46 4 J T P A e
PERE, I RIENLAS S S OUZ BT 12 K. ABCFEAE[ 15 R UMAP B{E 5 PCA, 1EAZZETH
TSI T AR RS Bk 5 R AE ;. Chae Z[16]% UMAP 5 UIH-Bi & Mg 44, 1RH 24
SHMERERTNE, BERT TZE) RS EW R RCR 50 KK Tan 5517 WI7E A 2= 22 B 5 31
oI UMAP RAERFE, ol AR 75 R 4T 10 E0F8 € 1% Mehrjardi 561814 UMAP 5H1#%
)G, ST T RE R R 4 Anant FE[19) RS VEE T Aligned-UMAP TE W] A= W) = 22 HfF 51
H RIS 7 S5 A R FFRE 775 BORB RESE 2014 H 2 A PR 29 INA UMAP 5 S50k 98 i 27 2] R GUAH 45 4 1A it
EFETRIRERY, fER S F e R B, FHEIZE[21 5T UMAP ekt 2 S AR SR U 5, 6 SR
B2 07 o SR 100% H9R BIAERE : TRIEEE22]%F UMAP (IS ER S (7407 T 7 RS 40R, NILAE
SN R AL T TR S . R AR T I S R R B R 4 (B KRE T, tHONRIE
TREEBEEREAR VRGO T EEG R, RS EAHEA S LIRS & PN SR,
e ol 2 b At e REAE B8 BV R RN PR LIS RE , O ARTE AT AR (1 G B

UG FIRBTFOAE ARG T BT SR % ) 7 B R T R R, HER G GIT XK 4
FELR G VPN B I RE i, BUE I FUAE B 4 AR TR 0/ 25 8 & 4R Ao Q1 37 22 7 (1 S PR DT R A B . R 2 7E
BLAS 5 ST, RRAE DAL B AERN 9 & PR THSE B R B AT I RE 1) BT B, SR I 0T 98 R RGEIR R
FEBUEIX —Z AT %5 UMAP X — 56 2 ST BRI S5 6, T A0 38 GIT e 4 AR 20 1) JE 2k
PEGE T2 IE -5 R B B ) . R AT GIL 2 4ERE . FRbRIELR M S It H 8 BRE FE A — e bk
W, ARG PERELE A PCA M LA FCHARFL AR IR 4548, 1 BLE A3 R IR 2% 21 J732: 0 UMAP U]
RE BARAS R G R bR 0 AR 2 R DR 2 e, PR AESE RIX M EAE

BT OB R, AW TR — Fh G R A 1 SR Y 2 2] 7 vE—— A UMAP, B /55 A 3
P 7s A ERCUHAS R N FE S5 W) S EEBFRRE . BT 7T DL 2013~2022 4F 118 ANEFFAR GII AR A3 ht,
IR BLE B U E S G TR PR AL, R RN UMAP (RE 5 B b, MY IR 4 pty s k1 Al
I K-Means 20} [k 2t REAT 408, 45 &% /%, Calinski-Harabasz 841, £i#t Davies-Bouldin $&8
B FEN T T IS Z BT FR AR, LAR TOPSIS LRGN, RGN FIRRYE 77 R R R &
LEET R IRRLE R, 456 ISR R S &SR Y L] S5 FRAE IR B BE o A FE A CA GII
e Z AR RIGBELE S R HT AL TR I T AE LS, o A ERQEECR 52 5 ORISR AL T
Fafg s o TR .

2. fARGE
2.1. ERA ST

F 543 43 BT (Principal Component Analysis, PCA)& —F £ 14 [ 4E 7770, i 1E 22 AR s R 4 AH R AIE
ORI TER Ry EE E A R AR R
(1) XIARAEACEARHERE X e R™ TFEP T 2560, m NFEAREL,  n NFFIEEL.
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(5) BREL N R SR
oL
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2.3. BRI IEWSETE
Y L1 3 L5 #2582 (Uniform Manifold Approximation and Projection, UMAP)& 3 Tt 2 3] fl i b
BT RIBELE TV, DT R FREL R
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2.4. {5 UMAP

FERRE UMAP S0k F 5| NRREACE LS, FIRBUE 2 WU E & BHT 48 br B E AL, KA )
N\ UMAP BR300k P 4 I S Ao [ S SRR AR AR AL, M ions S s GRT 248 FZ iR DR R RE 0, HL K
FHERAZI T

(1) IBGETHRAFAEALE,  BRRAEAL SRR R - X:(xi,.)mxn, R, m AREL 0 NRFIEEL.
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p =0

: f:xij
2) TFHEAHIERE, RIS B E X, B MR EREE T EA RN

1 m
e, =——o0 np.. j=1--n
/ lnm;p” Py J

3) it ZE R RAH S E:

g =l-e, w;= ngj J=Len
ng
k=1
15 B SRR AL
w=[w],w2,---,wn]T

(2) MEBAIEEE . /£ UMAP RS &, SRR G
d.yeighted (XwX_/) = \/; Wy '(xik Xk )2

o, X, =[x, || 95§ AR BORAE 1
(3) ML UMAP BEdfE: HEH BU: I 22 1 2 JE b1 7 S LT S T UMAP (04T B 5025,
A ABPE L R UMAP S0 (45— 5.

3. EIkGIFIEBRTL R BRI
3.1. BiERIE
A 7R B0 IR B ZA(WIPO) K AT I 4 BR BB HE BB 4, RS N 2013 4E & 2022 4,
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3.2. PRHETTIRILST AT

K 1~4 B7R T PCA. t-SNE. UMAP FIR§H UMAP DU B4k J5 i 7E Z 4E 25 R K AT MiAL S5 58 . N B
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Figure 1. Distribution of PCA dimensionality reduction results
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Figure 2. Distribution of t-SNE dimensionality reduction results
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Figure 3. Distribution of UMAP dimensionality reduction results
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Figure 4. Distribution of entropy-weighted UMAP dimensionality reduction results
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AR, FRO AL 2~3 DR, AE AT RTHER 4~6 TRk R AT RID i E RS kN 2.
3. 4. 5. 6, JABAEE VT IRE P E IR AUAREL

33. BEDH

3.3.1. BAGRITEIERERGE
NRGVAEA R FEAEER RBBORMIRTHEH, AR TME T — A2 4. TAMERIPH R R,
AL AL O FR IR L — B RS T
(1) %0J58 & (Silhouette Coefficient): ZIBHR[FIIS 5 [ T RN B2 HIER /r B 5, @I THE R
A [R5 B HARRRE A (W FE B9 06 2ok VPl AR i & 3 k. THR A SUN:
b, —a,

Si_]nax{q,h}

Horb o AR B AR ARRFIIIEE, b NFEA i B AR AR PR RE R, HAUEEHE A
[-L1].
(2) Calinski-Harabasz $8%0: 1% 8 b i i 17 5 A2 0] 25 B0 5 4 P9 35 B0 ) DUBDR VAR SR 2RE R,
HoE H T IR 7 BB R BRI B 2R R . HE AR T
__tr(EQ)/(k-—l)
= m)n—h)
b B, AR BB, W ONIRN B BUERERE, kR o NFEARLE. T REURE T2, o
RN 522, ZEEBRKFR IR B B E R, BN ETER—E.
(3) Davies-Bouldin T6%{: 1ZFetriB i EAb 7 N S5 E 5 R0 7 3 B BT 06 2R PP B R & . 5
B ARY:

1 & d +d,
DB=— - J
k;maxj;tl(d(ci,cj)J
ﬂ*%%%iWWﬁﬁﬁﬁ%*b%?ﬁﬁ%,d@pﬂ%%*bq%q@%ﬁ%o%ﬁ%ﬁﬁ%%%*
ik, ARWFFCRH 1-DB MIEAG HEWON IE MRS, [HBRERRR T E .
(4) BN J7FI(SSE): WSR2 at B M L il FE AR, SSE EUER/N, R N FEA R Fort,
RS REE R BBy, MR AL A:
k
ss8-3 3 el

i=1 xeC;
H CONFR ARy, NIRRT

3.3.2. BEESFETREEAMENESTH

TESERLE PR AE T VR L SE0 5, AR T | BRI A TG R . ZRARGHEE TLF
FMIPEEAF R BHACE FRIVERERIL, W T 24 BN e

MEZiA Topsis_score HEH » AL UMAP B#4E 715/ R IBON 5 BRI, 255137 0.902466 HE
H—, BRECH 6 A 3 I UMAP JiiEar 5158 —. BB =, RUIEH UMAP fEZ TR E NG
RERGF. MHILZT, FIAEIES KRBT LA/, RS, U0 BB s 4 5 a5 SR 2
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Table 1. Comprehensive evaluation results of clustering for various dimensionality reduction methods

1. BREGEREGETEE

Fs Vikis BRE BERE CHIEH  1-DBIHEHE SSE Topsis_score Ranks
1 JR a6 HcHh 2 0.522815 193.7 0.312599 4419.77 0.598836 19
2 A% 3 0.363831  168.465  0.0552189 3002.68 0.484178 21
30 JEAGEORE 4 0.296128 140282  —0.0766611 2515.11 0.429802 23
4 JFIE%EERE 5 0.217944 116312  —0.356596 2305.93 0.364347 24
5 %GR 6 0.189108 103242  —0.438348 2103.76 0.351035 25
6 PCA 2 0.619681  294.177  0.475944 2907.92 0.698189 10
7 PCA 3 0513124 324258  0.388377 1548.73 0.673912 16
8 PCA 4 0.470497  318.951 0.306562 1094.64 0.641434 17
9 PCA 5 0.421753  297.66 0.259634 891.284 0.602397 18
10 PCA 6 0394101  291.029  0.185317 734.86 0.573417 20
11 t-SNE 2 0.531482  194.003  0.331436 32876.5 0.45234 22
12 t-SNE 3 0.584222  363.887  0.462681 11988.9 0.675574 15
13 t-SNE 4 0.537749  377.114  0.391087 8042.85 0.679916 12
14 t-SNE 5 0.49503  394.836  0.361562 5866.56 0.676109 14
15 t-SNE 6 0.493156  415.25 0.313544 4496.92 0.682669 11
16 UMAP 2 0.582435  262.284  0.447715 478.119 0.679032 13
17 UMAP 3 0.617255 492437  0.512385 163.024 0.81417 7
18 UMAP 4 0.571594 537266  0.446043 102.994 0.821492 6
19 UMAP 5 0.545316  573.407  0.429373 73.2092 0.826297 5
20 UMAP 6 0522332 577.424  0.319256 58.2264 0.791999 8
21  weight umap 2 0.611393  299.784 0.49641 511.538 0.707682 9
22 weight umap 3 0.632673 545311 0.525614 174.86 0.849254 3
23 weight umap 4 0.56973  549.485  0.454357 118.574 0.828884 4
24 weight umap 5 0.585141  654.938  0.484045 75.8023 0.902466 1
25 weight umap 6 0.535873 762369  0.398842 52.3251 0.878065 2

MASF e 2 77 V0 L 45 5, UMAP 508480 UMAP #4541 F PCA F1 t-SNE. 28%0Kh 3 £ 5 i,
UMAP R JTEEERE ZH0M 1-DB $55 E RIS, BRERF S EHE S50 EE, CHIEH S SSE
AL R BLEGAE T fRZE My 38— 8otk . Aid, CH #8%0'5 SSE 3T 75, % K-Means 2E il BRI 7%
LERIH R . ATV RETR, AR RS R %D K fabs, T EHMEAS

HAREE ML, FERISEIEN, SRR RBOEE T, XA, Skl 23K
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FEAR A& BT . AL UMAP 7ESERE0CH 6 If CH $8 578 51(762.369), RBLILAE S TR H FRer=E
T ESN B AT IR S K, (HBELE SRR R 80(0.58514 1) 53R bRar & FIWr, Wit IR, 25 b, Askib
R ZR R A UMAP FE4E 01 e RBEON 5, &7 RAEZ DAL EAR H R I R, L
R R B RIS, W TSRS,

3.3.3. HE UMAP BRER ST

FET I UMAP 54k 5 K-Means FREESRIR 5 KRR, 65RO R BRI R. &
GER BB X PRRRAE S ORI 22 57, X% BRI a2 5 5 St B SR IR T, BARWTR
£ 2R,

Table 2. Statistical summary table of entropy-weighted UMAP-KS clustering results
= 2. I UMAP-KS RELERGITLRE

Rh 5 EEe e i (%) F X A %O REE
1 15 12.7 JEEG A BB ) R E ) 51 Y G o 22
2 18 15.3 RRIM(12 A KEEER A M@ D) SR E R E 25k
3 18 15.3 BRI A PG D FEME D REEH IR A5k
4 29 24.6 FEMAL AN WO ) Begie ) AT I & Ak
5 38 322 FEP 21 M) WI(I2 AN EIES D) B RH M AT

R SIORAEREL . DSk, . B a5 BEOUL, MEEERENRT S B . Bk
BN, NSIBAMEE, B WIEREBT TR N A e B2, HA IR, RORBURY A 77,
WU 5 T 3 0 6] e R

BRI 2. WA AR TR, BRI, BAE 18 MR KIEE S . QUF R R e, BT
il s, DARSEdnit eI o T, BERIEEREIE . BT R OUR, JEEA SR SRS, BUIER
BT R

HK 3. R EA A, S, b BTECPESE 18 AP AR LI E XK. QIR AT A
7175 CRET - AR TR, IR 1T SMESE 0 S LS, BUFEE R
el X e A S B OB IR E) -

K4 R Hatik. £EE. P B AWRE 29 B, LTEUFEE. =Kikte. ®IRE
(Wb ) CAREIEIV & B R R B B X i (n 00 AR5 Ay 5 mAB 5 32 e sh i s Ja it Rilze
DR (N 8 ZR 24 90 TE RN T TSR 610387 1 5%

RS BEAHNGT R, W, 1, 85 38 MARR B ER, BB K. T S A e
59 WERBANG. NFIEAALEER L), L RBIZ0™ L, SRS, HEAEATEE, RIEERA
WiV 5 BRI A5 B

3.3.4. BRGRMIBRIHLITEL

R — IRV PR YE T 10 SR EE 2, AH FU AL UMAP J77%:Y Eufrazio 1 Costa [10]
KFH PCA J7iE AN GIT AR BHE HEAT 7 B mT AL 6T B, 3 DL rp [ D I B AR 4T o

TEE 5 HET PCA MIZREEE R, hEG R SRMFNESEE 08 —2K . BRI 2R %
ZEET, WORMES M. REMBIRS, KW E R, AR5 SRS SR N TE
Kk MHILZT, K6 FE T UMAP FIREE G E S HA. 5 ES00HE RS TR RN —2K,
X T 5455 TAVE K E ISR L TR L R . S EEURH IR S BR 45k, R [ £ 4L,
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R RS T AL UMAP R 24t e BEEm 12400 b i (B, B SE Sl Rr AL IR 3 e 0 AN 7 A & B 1k
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Figure 5. PCA clustering results
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Figure 6. Entropy-weighted UMAP clustering results
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Table 3. Top 5 Core features by weight ranking
= 3. MEHBR R OHHE

i FEIESES FHIES R BEE FE b E
1 B2 2022 Creative outputs index 0.0313 3.13%
2 IR e 2022 Innovation Output Sub-Index 0.0250 2.50%
3 FREEAR = 2022_Knowledge and technology outputs index 0.0240 2.40%
4 FRFEA = H 2 2021 Knowledge and technology outputs index 0.0224 2.24%

5 HIREAR = H K 2020 _Knowledge and technology outputs index 0.0221 2.21%

WNEFR, MO RHER) B HRCE Ik 12.53%, HAESE R SR, 31 = HNMRIE R RUCE
40%, R T MR IR ML ORISR S o BE— 2D B, BT H SRR AR A BB 225 T AL
FIREE . N D) R A S IR SCAEIRFAE o RIS, [R) SRTYRFAE 2022 4 K O A EE 3 i T 2021 15 2020 4F,
RPN, IR RIET P AR AT RELE X 7 [ XG0T = 0 A B 0 I 28k 5 AR

3.4.2. FHEMEERXPRER
NI UERAGE PR TACE ) SEbr i 30, #E— P T RBCEREE AR R R R ER. T
A RTR T RCE AR T FURRHIE 5 = WU EARFAE AR & R T I A A

Table 4. Comparison of means and differences of high- and low-weight features in each cluster (after standardization)

F4. 5 BNEREERRLPESEFILLARENLRE)

FRE R R K3 R4 TS ER

FAE S FAEAFR "
AL AL BE W W BE BE BE R
2022_Creative outputs index 0.0313 0.82 0.65 0.48 0.33 021  3.90

2022 _Innovation Output Sub-Index 0.0250  0.79 0.61 0.45 0.30 0.22  3.59

R EAFAE 2022 Knowledge and technology outputs index 0.0240 0.76  0.58 043 029 024 3.17
2021_Knowledge and technology outputs index 0.0224  0.74 0.56 0.41 0.28 023 322
2020 Knowledge and technology outputs index 0.0221  0.72 0.54 0.39 0.27 022 327

2019 _Infrastructure index 0.0032  0.51 0.47 0.43 0.39 0.39 131
TRALEHFAE 2018 Market environment index 0.0035 049 045 042 038 038 1.29
2017 _Institution index 0.0038 0.48 0.44 0.41 0.37 0.37 1.30

BTSN RN, SR W B ™ 5 KRR R B A R R KA BB = R, TR S
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