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Abstract

Neurolinguistic research on syntactic processing has utilized Node Count,
the number of structure-building steps executed at each word, to investigate
how the effort invested in structure building affects brain activity. How-
ever, several recent studies cast doubt on the presumed link between Node
Count and processing effort; they observe negative correlations between Node
Count and reading times. Seeking the source of this disagreement, we ana-
lyze information-theoretic measures and reading times using three large-scale
naturalistic datasets in English across different grammar formalisms: phrase-
structure grammar, dependency grammar, and combinatory categorial gram-
mar. This study establishes a dual nature of Node Count: we conclude that
it indexes two opposing forces—processing facilitation due to predictability
in immediate regions and processing inhibition due to contextual semantic
integration in spillover regions. We also demonstrate that Node Count has
a unique psycholinguistic value as an index of human prediction, since its
facilitatory effect explains reading time variance beyond that captured by a
Transformer-based language model. These results highlight the role of struc-
tural representations in human language processing and underscore the need
for a careful interpretation of the observed correlations between Node Count
and brain activity in neurolinguistic studies.

Keywords: Sentence comprehension; Syntactic processing; Node Count;
Predictability; Information theory
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Kohei Kajikawa! Shinnosuke Isono? Ethan Gotlieb Wilcox!
'Department of Linguistics, Georgetown University, USA
*National Institute for Japanese Language and Linguistics, Japan
Correspondence: kk1571@georgetown.edu

Abstract [Ew[k:Nlln’“:,.\,[pml(wi 5 w[k:N] | w[l:/\')\/’)]
Real-time sentence comprehension imposes a
significant load on working memory, as com-
prehenders must maintain contextual informa- _ ‘ -
tion to anticipate future input. While mea- Wit Wi
sures of such load have played an important [1:k) [k:N]
role in psycholinguistic theories, they have
largely been formalized using symbolic gram-
mars, which assign discrete, uniform costs to
syntactic predictions. This study proposes a
measure of processing storage cost based on
an information-theoretic formalization, as the
amount of information previous words carry
about future context, under uncertainty. Un-

11 . 1 1

Figure 1: Illustration of the proposed storage cost mea-
sure. It quantifies the predictive potential shared be-
tween a target word w; and the future wy;. ), condi-
tioned on the remaining context. Information-theoretic
storage cost at wy, is defined as the sum of the predic-
tive potentials across all context words, representing the
load of pending information.

K. Kajikawa, S. Isono, and E.G. Wilcox (2026) Information-

theoretic storage cost 1n sentence comprehension. In Proc. af

CoINLL. https://aclanthology.org/2026.conll-main.2/

45


https://aclanthology.org/2026.conll-main.2/

BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

N
The

46



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

N
The cat

47



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

N

The cat sat

48



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

N

The cat sat on

49



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

N

The cat sat on the

50



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

The cat sat on the mat

o EEEBEDBREICIIRFELNH DD T, FHIBERODOHERFIC I
N IN=RETaINANTS

51



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

The cat sat on the mat

o EREIBEDREICIEIRANGD DD T, FHIBEHDHERFIC I
HSSIEREAVAVAES
e FHAIDRBIEFERBDIY —RZRV., LEBDORKNLRY V2D
[ Just & Carpenter 1992]

Fa A IR

v

I

Storage

52



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

The cat sat on the mat

o EXEIBDAREICIIRANBDDT, FHIIBEEHRDHERFICIE
Tl SR DD S
e THIORBIIELREDY Y —RXZRBWV. LEDKMNLRY VZES
[ Just & Carpenter 1992]
P A B IR

v

I

Storage

53



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

The cat sat on the mat

o EXEIBDODREICIFRANDZDT, FRIFEmRDIHERFICIX
v SIE=RCiyaNVAMVANES
e FHIORBIEITEDOU Y —ZEBV. MEORKLZY ZEES
[ Just & Carpenter 1992]
oAl B IR

v

I

Storage

54



BEROFFICIE IR MDD S

e RERDIBEHZETFRTS7cHICARBEHRZRITFLTH <

The cat sat on the mat

o EELRDAEICIKRANGDDDT, FAIBEROHRICIE
S =R TPV
e THIORBIIELREDY Y —RXZRBWV. LEDKMNLRY VZES

[ Just & Carpenter 1992] )
oM &R STHEDEHD

| 3% 0 #5434

I

Storage

55



BEROFFICIE IR MDD S

o FZIE. PRIEDHAAXIILIEHNKE

| Yngve 1960; Miller & Chomsky 1963; Gibson 1998

RO $HIA 4

The reporter [who the senator [who Mary met] attacked] ignored the president

56



BEROFFICIE IR MDD S

o FIZIX. PPIRIFODHIAHNISILIENKE

| Yngve 1960; Miller & Chomsky 1963; Gibson 1998

RO $HIA 4

The reporter [who the senator [who Mary met] attacked] ignored the president

AR hn

Mary met the senator [who attacked the reporter [who ignored the president]]

57



BEROFFICIE IR MDD S

o FIZIX. PPIRIFODHIAHNISILIENKE

| Yngve 1960; Miller & Chomsky 1963; Gibson 1998

RO $HIA 4

The reporter [who the senator [who Mary met] attacked] ignored the president

AR hn

Mary met the senator [who attacked the reporter [who ignored the president]]

D TR, BHZEEDSSWMEEERIEIRFELTWS ?
EDEELFIRE ?

58



SGENR—ADstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

59



SGENR—A Dstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

/\5 storage cost
/—/‘/N&

The reporter who the senator who Mary met # attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president

60



SGENR—A Dstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

/\5 storage cost
///N&

The reporter who the senator who Mary met # attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president

. ﬁ?}iﬁ%” 5%%% le.g., Chen et al. 2005; Nakatani & Gibson 2010] )¢ ' %7’-& %}Taj*r;_l-'laﬁﬁ [Isono et al. 2025; Isono
g
and Kajikawa 2026 ] 0)%:&!:%75\ ’5 -lj-/_l_:_ I\

61



SGENR—A Dstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

/\5 storage cost
/—/‘/N&

The reporter who the senator who Mary met # attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president

. ﬁ?}iﬁ%” I;%%ﬁ le.g., Chen et al. 2005; Nakatani & Gibson 2010] )¢ ' %7’-& %}Taj*r;_l-'laﬁﬁ [Isono et al. 2025; Isono
and Kajikawa 2026 ] O)ﬁ‘g%h\ ’5 -lj-/_l_€_ l\
o EANR—RD storage cost DPRFFICS

62



SGENR—A Dstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

/\5 storage cost
//‘//—\\f

The reporter who the senator who Mary met 7 attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president

o IREIZEER (¢, Chen et al. 2005; Nakatani & Gibson 2010] ¥° B PR TR ER A BF M [Tsono et al. 2025; Isono
and Kajikawa 2026] DFERM S P R— K
o EANR—RD storage cost DPRFFICS
1R FEDOKRER - BEICEKT

inn

63



SGENR—A Dstorage

® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.

/\5 storage cost
//‘//—\\f

The reporter who the senator who Mary met 7 attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president
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® Dependency Locality Theory (DLT; [Gibson 2000])
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® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.
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® Dependency Locality Theory (DLT; [Gibson 2000])

* Defines storage costs as the number of predicted syntactic heads
required to complete the current input as a grammatical sentence.
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The reporter who the senator who Mary met 7 attacked™# ignored the president

7\ 1storage cost
Mary met the senator who # attacked the reporter who ¢ ignored the president
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o IENR—ZD storage cost:
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The cat sat | on the mat
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¢ EX:
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The cat sat | on the mat
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1 bit
7 bits
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The cat sat
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o IENR—ZD storage cost:
s FHISNIEMBENERZHAS
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The cat sat | on the mat

® on CO information storage & :
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o IENR—ZD storage cost:
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o IEE:
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The cat sat | on the mat

® on T information storage I&: 1+ 2 + 7 =10 bits

76



BiRIE:mRYStorage

S OEARWICWD & ...

Wi1:k) WiiNT

77



BiRIEmAYstorage

Witk WiiNT

78



IBERIB:mAYstorage

pmi(w; 5 Wi | w[l:k)\i)

/\

Wi1:k) WiiNT

79



P(x, y)
P(x)P(y)

pmi(w; 5 Wi | w[l:k)\i)

/\

Wi1:k) WiiNT

?pm1(x; y) :=log
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[Pmi(Wi > Wik | W[l:k)\i)]

/‘é\

w[k:N]‘w[lzk)

Wik WikN]
k—1
IntoStor;, :=Z S O [Pmi(Wi§ Wi | W[1;k)\i)]
i=1

® PMI@HH?:—IWIE & BERT Tfl:ﬁﬂ_ | Devlin+ 2019; Hoover+ 2021].

»»/Please refer to our paper for the estimation details and the results of other BERT-family models. 85
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1. 7T—ARXT 71 : PRIEHIAH

o MIBET  RRIEMHIAHA > G H N
e SVAAMICI0T DX EHERK
e

M =5 =
e EiFE & D information storage & H#EXE
50 -
@ Center Embedding
A Right Branching
2 40-
=5
)
O)
© 30+
i)
@)
-
S 20+
©
=
NS,
€ 10-
O-
The actor who the doctor who the reporter watched visited called the dancer
The reporter watched the doctor who Vvisited the actor who called the dancer

*» See our paper on relative clause assymetry!!
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The actor who the doctor who the reporter watched visited called the dancer
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2. DLT &D1EE

e Information Storage (& DLT storage & THEI T 5D ?

e UD_English-(-TTM 17.11.2 90171 {222 Q24 sxraede) THEEH

Universal Dependencies

Universal Dependencies (UD) is a framework for consistent annotation of grammar (parts of speech, morphological features, and syntactic dependencies) across
different human languages. UD is an open community effort with over 600 contributors producing over 200 treebanks in over 150 languages. If you are new to UD,

2004 - Understanding UD 4 Using UD
Short introduction to UD (history) Query UD treebanks online
Annotation guidelines (changes) Download UD treebanks: all releases
UPOS tags = feats = deprels = CoNLL-U format @ Release 2.18 (May 15, 2026)
Tutorials and events Tools for working with UD

150 -+

% Projects related to UD

you should start by reading the first part of the Short Introduction and then browsing the annotation guidelines.

“\ Contributing to UD

How to contribute to UD

UD mailing list
Guidelines issue tracker

SUD: Surface Syntactic Universal Dependencies = Deep Universal Dependencies = Universal PropBank = CorefUD: Coreference in Universal Dependencies = UNER:

Universal Named Entity Recognition = UMR: Uniform Meaning Representation = UniMorph = UDMorph = UDer: Universal Derivations = PARSEME: Multiword

expressions = UniDive COST Action = UCxn: Universal Constructions = UD on Hugging Face

1 OO = LLI Overview Publications

Linguistic framework

308.
Treebank data

o)
o
1

Resources and Evaluation (LREC 2020), pp. 4034-4043, Marseille, France.

Mean Information Storage (bits)

Current UD Languages

4 | Abaza 1 <1K ®)
E= Abkhaz 1 13K &8
»=  Afrikaans 1 49K /0
= Akkadian 2 25K E=6
FsY  Akuntsu 1 1K EQ

https://universaldependencies.org/

Information about language families (and genera for families with multiple branches) is mostly taken from WALS Online (IE = Indo-European).

Northwest Caucasian
Northwest Caucasian
IE, Germanic
Afro-Asiatic, Semitic
Tupian, Tupari

Marie-Catherine de Marneffe, Christopher Manning, Joakim Nivre, and Daniel Zeman (2021). Universal Dependencies. Computational Linguistics 47(2): 255-

Joakim Nivre, Marie-Catherine de Marneffe, Filip Ginter, Jan Haji¢, Christopher Manning, Sampo Pyysalo, Sebastian Schuster, Francis Tyers, and Daniel Zeman
(2020). Universal Dependencies v2: An Evergrowing Multilingual Treebank Collection. Proceedings of the 12th International Conference on Language

J1
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2. DLT &D1EE

e Information Storage (& DLT storage & THEI T 5D ?

e UD_English-GUM [Zeldes 2017] (233,926 words) CTHE
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PRON NOUN ADP PUNCT PRON ADP VERB NOUN ADP NOUN PUNCT NOUN CCONJ NOUN ADP VERB AUX PUNCT

o0 -

Mean

o 1 2 3 4 5 6 7
DLT Storage Cost

https://github.com/kohei-kaji/ja-constitution-treebank
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e Information Storage (& DLT storage & THEI T 5D ?
° UD_EnghSh—GUM [Zeldes 2017] (233,926 words) CTHESR
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e Information Storage (& DLT storage & THEI T 5D ?
° UD_EnghSh—GUM [Zeldes 2017] (233,926 words) CTHESR
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 Information Storage [FBRGFHREZ FAUTESHH 7

o AREIDZEE)Z DLT storage & DERBATE 5H 7
e DLT storage (& Universal Dependencies TatHE

Reading Times (ms/word)

o KMBBRFEDT —F v b THRIE «smEL)
* Natural Stories [Futrell+ 2021] ® OmneStop [Berzak+ 2025]

* Self-paced reading (181) [Futrell+ 2021] * Eye-tracking (180)
* A-maze reading (95) [Boyce & Levy 2023] 99
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® Info A DLT Info-on-DLT DLT-on-Info

Just information storage cost How much more reading-time variance is explained above DLT

NS=Natural Stories; OS=OneStop
SPR=self-paced reading; FPD-=first-pass duration; GPD=go-past duration; TFD=total fixation duration

»#/See our paper on the coefficients!! 100
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Discussion & Implications
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e ANL—YORMZIBEEXRED (half-pointwise) HHE[FEHRE TEL
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Discussion & Implications

e ANL—YORMZIBEEXRED (half-pointwise) HHE[FEHRE TEL
e [RoNIFBAMEIRDH ETD lossy—context storage xR ERE

o memor

 Information/DLT storage [FFiAREIRZEDERS E D ZRATVND

o METHNARTAEBENRNEIZIERDIEHNEANZXLT
HILWTW5 | Kajikawa & Isono 2026 ]
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