@Q‘. Mohamed bin Zayed
b :. .; niversity of

U ity o
.c. Artificial Intelligence
Q
NN
K. @ T &33
Bl
1

How a Bilingual LM Becomes Bilingual:
Tracing Internal Representations with Sparse Autoencoders

Tatsuro Inaba, Go Kamoda, Kentaro Inui, Masaru Isonuma,
Yusuke Miyao, Yohei Oseki, Yu Takagi*, Benjamin Heinzerling*

EMNLP 2025 findings

Presenter: Tatsuro Inaba, PhD student @MBZUAI
2025/10/28, 224[0] LLM fsRe



F ¥ Fog ET

« FERT—C B - ETIWTHAXDOZEICHWL LM IERRIHE S &S 5 H
Findings

(i) SEZARICERT - SBEON LN ZEFE

(i) PERBMEDSHEEONINZE L DER

(i) REWVWETILIEENA ) VAL TXNAROEKRZ & 5 R I-RITZER

(iv) SEEBIDOXTINICE T 2RIFISMEEICKIBEE

training layer size

> > >

== [\lonolingual rep. === Bilingual rep.

#524[0] LLM #5782 - Inaba et al. Inaba+, EMNLP25, “How a Bilingual LM Becomes Bilingual: Tracing Internal Representations with Sparse Autoencoders”



Background: Superposition g

o LR > RITHD & E.
= 1 DDRTICEBDBZN T Y I— R I N3 (Superposition)
— RIS D DHEEL L)

« $FEoKRIR Okit) ZEETIE<C LT Monosemantic (Z L 7=0L)

>

{

Observed model Hypothetical disentangled model

0\

#2408 LLM #158< - Inaba et al. Mechanistic Interpretability for Al Safety -- A Review, Bereska & Gavves, 2024.



Vs

Background: X/N\—XA—bFI > 3—4 (SAE) =i

- FREIBABRIT CTHAA— NI —HICEDREEIESCT
« A—bI>O—HR. ANZBER TRy T—2
o AN/HFIRTE << PlEfE

o (KEAETIF) FREBDOREXTZFFHEZE (Features) MR

ERE

z = ReLU (Wenc(x — byre) )
X = WdeCZ + bpre

0 X
= |[x — xIIz + /1IIZII1

(Clele Tolol YO

N
m
7

3

ﬁ*ﬁﬁi iﬁi

#524[0] LLM #h78<> - Inaba et al.



, = ﬁ = e Mohamed bin Zayed
q#ﬁﬂsd)i&s‘ﬂ: 5;5-} sy of e

- HRIFHEZRNSEBZ =T BEh 5. FOMERZDE/HEL
« 2D MDIEIE:
- Language: English, Japanese, or Mixed
« Monosemancitiy (BEERDF & £0): 0~1 (0=EHHN/NZ /5. 1=EKHE—)

Activating Tokens Language Activating Tokens Monosemanticity

Dogs are scary/Cats are cute/Cat cafe English K(I L V/I like apples/| love that guitar | 0.00
RNiFwLNVEIEIZ0NVELD T Japanese KiZ L V/Cat cafe/l like apples 0.50
Dogs are scary/Jgl& "] Z L V/Cat cafe Mixed Dogs are cute/JilL "I Z | \/Cat cafe 1.00

#524[0] LLM #h78<> - Inaba et al.




i A= N — =1 4000, lichamed in zayes
ﬁﬁi w E E{ t b :"(..' Artificial Intelligence

« Monosemancitiy (BEERDF & £0): 0~1 (0=EHHN/NZ /5. 1=EKHE—)

Activating Tokens Language Activating Tokens Monosemanticity
Dogs are scary/Cats are cute/Cat cafe | English K(FHLV/I likelapples/| love that'guitar | 0.00
RNiFwLNVEIEIZ0NVELD T Japanese KiZ L V/Cat cafe/l like apples 0.50
Dogs are scary/Jgl& "] Z L V/Cat cafe Mixed Dogs are cute/JilL "I Z | \/Cat cafe 1.00

#524[0] LLM #h78<> - Inaba et al.




/1:0... Mohamed bin Zayed
University of

Monosemanticity FI e

1. Token entropy Z&1tH: Hioken(i) = — Ypey f(0]i) log f (v]i)

I
<
~.

—

f

0.5
0.4

Probability

0.1

Dog Cat Apple

Activation patterns of i-th Feature

#524[0] LLM #h78<> - Inaba et al.



/1:0... Mohamed bin Zayed
b .; University of
:)4 Artificial Intelligence

Monosemanticity

1. Token entropy Z&1tH: Hioken(i) = — Ypey f(0]i) log f (v]i)

2. Semantic entropy % 5+ &:
1. O9AVEMEIZEDODWThR—0 % IZ AR VY

fld)
0.5
> 0.4 Sim |
= ___Sim
5 ) s (O
£ 0.1 Cat. _ _Apple
Dog Cat Apple v €1 Co
Activation patterns of i-th Feature Clustering in the embedding space

#524[0] LLM #h78<> - Inaba et al.



@Q‘. Mohamed bin Zayed
b University of
:)4 Artificial Intelligence

Monosemanticity

1. Token entropy Z&t8: Hioken (D) = — Xper f (i) log f (v]i)
2. Semantic entropy % 5+ &:
1. O9AVEMEIZEDODWThR—0 % IZ AR VY
2. VZRZ—=LARNILD entropy Z5tR: Hsemantic()) = — Xcec, p(cli) logp(cli)

fwli) p(cli)
0.5 0.9
> 0.4 Sim | >
= B \Im =
: ) s (OO0 m)
o o
D’: 0.1 Cat\\ ————— Apple o 0.1
Dog Cat Apple v €1 C2 & o C
Activation patterns of i-th Feature Clustering in the embedding space

#524[0] LLM #h78<> - Inaba et al.



@Q‘. Mohamed bin Zayed
b University of
:)4 Artificial Intelligence

Monosemanticity

1. Token entropy Z&t8: Hioken (D) = — Xper f (i) log f (v]i)
2. Semantic entropy % 5+ &:
1. O9AVEMEIZEDODWThR—0 % IZ AR VY
2. VZRZ—=LARNILD entropy Z5tR: Hsemantic()) = — Xcec, p(cli) logp(cli)

3. Monosemanticity Z5t&: R ,on0(i) = 1 — Hsemantic ()

Htoken(i)
fld] p(cli)
0.5 0.9
> 0.4 Sim | >
= B \Im =
; AN G - -
o o
D’: 0.1 Cat\\ ————— Apple o 0.1
Dog Cat Apple v €1 C2 & o C
Activation patterns of i-th Feature Clustering in the embedding space

#524[0] LLM #h78<> - Inaba et al.



Vs

i%ﬁ%ﬁi :;:%;25

« £7J)L: LLM-jp-3 (HENT VUV HILETIL)

« (150M-3.7B) X (16 checkpoints) X (All layers) => 1572 setups
« F—4:En-Wikipedia / Ja-Wikipedia (1:1)
« TopK-SAE

- sparsity K=32 / g n=32,768
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» BHERE/ ETIVY A IBRTHREBRD D7z Rt

&5 [ (Fully-trained, 3.7B)

Layer (region) Mixed lang. proportion | Monosemanticity _

Lower layers High Contain many polysemantic features

Middle layers Medium High Contain many bilingual features

Contain many contextual features

Upper layers Low eI (see our paper for details)

ET /LY A XA M (Fully-trained, middle-layers)

Small Medium Contain almost no bilingual features

Large Medium High Contain many bilingual features
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Perplexity ({) COMET-22 (1)

Add En Ja al En—Ja Ja— En
- 18.70 25.78 2243 61.1 56.4
En 18.53 2564 22.28 61.4 56.9
Ja 18.65 2533 22.17 61.3 57.2
Bi 18.36 25.20 21.96 62.5 57.2
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