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Introduction

Spatial Reasoning in Human Cognition
* Mental Image: abstract representations from visual perception
* Mind’s Eye: mental image manipulation

Navigation Mental rotation Mental paper folding
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Motivation

Similar Mechanism in LLMs: Mind’s Eye
* Visualize internal states
* Manipulate mental images to guide subsequent reasoning

Behind you is the market. Verbal /
Turn right to the cemetery. — Mental Images
Turn left to the library. Mental Images
Go stralght to the post ofﬁce ______________ i— —————————————
| garage == post office | " :
! ! o 000 (m)
I | | I 000 ISR : 000 :
—_ : inema —— cheists by | Text 000 — N ,.:::‘.,; _®_, | X
, | | 0oo Q7% , 080 O i
Mind’s Eye market === cemetery | Mind’s Eye L e e e e e o ,I
Loooooooooooad
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Visual

Mind’s Eye of Humans Mind’s Eye of LLMs




..“T‘.\%;&"o
2° " NEURAL INFORMATION
%%, PROCESSING SYSTEMS

RR¢

Contribution

* We conduct quantitative and qualitative analyses on the mind’s
eye of LLMs and its limitations. We also explore cues about the
origin of this generalized ability from code pre-training.

* We develop two tasks of "visual navigation” and "visual tiling",
along with corresponding synthetic datasets, emulating various
sensory inputs for LLMs. These tasks are structured to support
varying levels of difficulty.

* We propose Visualization-of-Thought (Vol) prompting to elicit
the mind’s eye of LLMs for spatial reasoning and provide empirical
evaluations on three tasks.
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Spatial Reasoning Tasks

* Existing Benchmarks
* Spatial semantics are embedded in text, spatial term focused

* Could be solved by logic programming after converting spatial terms to
logical forms through LLMs

e Qurs

* Focus on spatial awareness
* Various aspects: spatial relationships, directions, and geometric shapes
* Essential for action planning in the physical world.
* Emulating various sensory inputs for LLMs
* Natural language
» 2D grid comprising of special text characters
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Spatial Reasoning Tasks

* Natural Language Navigation [1]
« Square map W = {(l4, 01), (I3,0,), ..., (L, 0,)}, each location associated with an object
* Navigation instructions I = {iy, iy, ..., i}
» Task: Find the object o0 at specific location [ determined by navigation instructions

. o o~ploeWIW ={(l1,01),(l2,02),...,(ln,0n)}, 1)
* Visual Navigation

» Grid map M consisting of k consecutive edges E = {e(sy, S1),e(S1,S2), -, €(Sk—1, Sk)}

* Route planning: generate a sequence of correct directions
D ~ p({d(So, 81)3 d(slv 82)7 T ad(sk‘—la Sk)} | M)

* Next step prediction: given t navigation instructions, identify the direction of next step
d ~ p(d(st, st+1) | M, Dy o<t<k)

* Visual Tiling

* Rectangle R masked with k unique polyominoes MP = {mp,, mp,, ..., mp; }

* Two variants of each polyomino v;., = {v;1, v;2}, a polyomino query g € MP

* Task: identify the correct variant of g

v~ p(vq | Ra {mpla e ampk}a {UllaUIQ e ankla’Uk2}7Q)

[1] Yamada, Yutaro, et al. "Evaluating spatial understanding of large language models." arXiv preprint arXiv:2310.14540 (2023).



Spatial Reasoning Tasks

Various Levels of Difficulties

pot vnh () ookt [ ) ek @
I I R I AR A P
@[] @[ [ Jmm @[ Jma =@

(a) k=2 (b) k=3 (c) k=4 (d) k=5

(a) Fit 2 pieces into a masked rectangle

wah vrh vk
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|t et [ e[
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(b) Fit 3 pieces into a masked rectangle
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Visualization-of-Thought Prompting

Visualize the state after each reasoning Step

Conventional Prompting

Chain-of-Thought

Input [ Thought ] [ Thought ]

Visualization-of-Thought

Input [ Thought ] [ Thought ]
® ®

Visualization Visualization

e Xx: text sequence of input
e P:visualization sequence in text form

* Z:language sequence of intermediate steps
v; ~ po(vi | promptyvoer, T, 21...4, V1...i—1)

Zi+1 " p@(zi—l—l | promptyor, T, 21...i, ”01---@)
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ualitative Results

Visual Navigation

R A

Visual Tiling Natural Language Navigation

You have been given a 3 by 3 square grid. Initially,
you are at the bottom-left corner...find a cassette
player...go right...a wool, go right...a conch, go
up...a moving van, go left...a confectionery store,
go left...a pot pie, go up...a siamang, go right...a
black-and-white colobus, go right...a minivan.
Now you have all the information on the map. You
start at where the cassette player is located, then
you go right by one step, go right...go up...go
left...go left...go up...go right...go down by one
step. What will you find?

Y/ RN TA

ot ol
a1k 1k
s [ |
i 1ei

Y774 .

Y A

Y /a7

g
Qo
m e
Provided: Tl T L
To fit all the provided polyominoes into the

empty squares, what's the correct variation of
Tetromino T?

E - i Zri a1k qid ved

Starting from &, provide the steps to navigate
tofil .

Visualize the state affer each reasoning step.  Visualize the state after each reasoning step. Visualize the state after each reasoning step.

ik g A& PR AN ek vk
gak. 11k rak v a1k qsd wek red l\ qrid 1ad Ak red '\ .
924 10 2t 121 ko wmem § kK oo s|B|mM s|B|m s|B|mM
yak yri quid rri ari rri rd qri Y a7 i rri
1k 11k yai qri yai rri - . . . . P C Vv P (@ \Y P C \Y
Jad qak red rei 4k 12k 1ad red Yak. 11k qad qed A nalyze 1 Analyze L Analyze T T W c T Ay c 7 o —
[£3] 7ak. 7ad rad rek [£3] 41k qrd ik 1k ] 41k qrd ek rrk
1. Move right 2. Move down 3. Move left l l 1. visualize 2. Move right 3. Move right
R AN PR AN R AN co.
2k rak vk ek ) W1d 14k 1ad rrk \ ak qsk rak wek
A ] A
ik §OK N when kKL wmhrh KR .... .... .... *S*I B | M S |*B¥*| M S|B|M
SELE . RIS SR Sl R EEEE EEEE EEEE
PR A PR A A PR AR O
% 2 2 % 2 - 2 Ok
X ek prk LA K e A A K whan ... _’.-. _’.... P c|lvV P cl|lvVv P cx|l v
Y1k qad qad rik Qsk ik 1k rek \ G4k 1k rak rek . . . . . T W C T W C T W C
R A S R [ | 72k sk 2k, veh .
4. Move down 5. Move left 6. Move down 1. Place I 2. Place L 3.Place T 7. Move up

8. Move right 9. Move down
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Dataset
Natural Language Navigation
* 200 square maps of size 3x3
Visual Navigation
* 496 navigation maps and 2520 QA instances
* Map size up to 7x9 and 9x7
* Visual Tiling
* 5 x4 rectangle with 2 or 3 polyomino masked
Task K Step Total Mask count Total
2 3 4 5 6 7 2 3
Route Planning 8 16 32 64 128 248 496 Configuration 248 124 376
Next Step Prediction 8 32 96 256 640 1488 2520 QA Instance 489 307 796
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Experiments

* Settings
* GPT-4 Col: Let’s think step by step.
* GPT-4 w/o Viz: Don’t use visualization. Let’s think step by step.
* GPT-4V CofT: Let’s think step by step.
* GPT-4 VoTI: Visualize the state after each reasoning step.

Visual Navigation
Settings : Visual Tiling Natural-Language
Route Planning Next Step Navigation
Completing Rate | Succ Rate Prediction
GPT-4 CoT 37.02 0.48 48.61 54.15 54.00
GPT-4 w/o Viz 37.17 10.28 48.49 46.98 35.50
GPT-4V CoT 33.36 5.65 46.59 49.62 /
GPT-4 VoT 40.77 14.72 55.28 63.94 59.00
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Analysis

Do visual state tracking behaviors differ among prompting methods?

L, : length of visualization sequence, [, : number of reasoning steps

n
Complete tracking rate = (L, ==1)/n
"
Patial tracking rate = Z (l, <0)/n
i

* Vol markedly improves the visual tracking rate

* LLMs inherently exhibit the capability of visual state tracking in some tasks.

[ 0 pra vor [ 0 6Pr4 cot [] 0 GPT-4 wio Viz [ 0epra vor [ 0 P14 cor [ 0 GPT-4 wio Viz
100 96.2 92.9 7.1 100 My 95-391 87.4
80.5
° 59.3 57 .4 o 9.2
S 50 = 50
30.5
18.1 20 18.3
0 12 0 2 ﬂ |_|[J.6 0 0 18 o > ﬂ H 0
Route Next Step Visual Natural Route Next Step Visual Natural
PlanningPrediction Tiling language PlanningPrediction Tiling language
Navigation Navigation

(a) Complete tracking rate (b) Partial tracking rate
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Analysis

How visualizations enhance final answers?

* Visualization Quality
* Compliance: visualization satisfies requirements in 51-52% cases
* Accuracy: visualization aligns with the corresponding state in 24%-26% cases

* Performance enhancement

e LLMs are able to make correct decisions in 65%-77% of the cases when accurate internal state
visualizations are generated

Spatial Visualization Spatial Understanding

Task
Compliance | Accuracy Accuracy
Visual Navigation 51.14 26.48 65.16
Visual Tilling 52.01 24.25 77.20




Analysis

Can VoI benefit less powerful language models?

* VoI offers a scaling advantage when applied to more advanced models

* Less capable models tend to rely on random guessing

VoT Models Performance Trend

Visual Navigation 100
Sett; Visual Tili Natural-Language
ctings Route Planning Next Step tsual Hing Navigation 80
Completing Rate | Succ Rate Prediction S 60 \.//'\o\
> — L
GPT-3.5 CoT 16.10 2.62 17.42 44.10 8.50 3
GPT-3.5 VoT 19.02 1.61 13.10 47.99 9.00 ?’) 40
LLAMA3-8B CoT 4.65 0 28.73 47.24 16.50 < o
LLAMA3-8B VoT 4.97 0.2 26.75 46.73 15.50
LLAMA3-70B CoT 19.90 2.62 49.01 56.41 26.00 02 3 A 5 6 7
LLAMA3-70B VoT 30.24 5.85 54.09 56.03 32.50 K-step Map
—o— GPT-4 GPT-3.5 LLAMA3-70B —o— LLLAMA3-8B




Appendix

Mental Images for State Tracking

Mark the path with unique symbols
Mark path and direction with arrows
Mark path with temporal steps

Remove road: turning roads into obstacles

da #rd ard ard w5k
Urd grd srd rrd
ari trd
Ued e, urd gri,
wrk rri
ek rd vrk rri

wrd wed wrd wnk |
Original map

G #rd ard ek i
WrL wrd ek rri
ard itk
weh ek © Gri i
wrd ek
Wk rrd ard ek

wrd wrd ok wrd |

3. Move down

Use round pin

Gy #ad wad v v

© Gk gah wai vri
vk ek

vk ek wri i,

wi ek

Wrd wrd ek ek

Wtk wad ek ek |

1. Move down

G #ed sk wrd rrd

Y N A A

wrk ek

ek wek © ek gri

wehwer © © ©
Wk ped wrd rek

wad vk wrd vrd |
il

4. Move right

fo ek wrd ked ke
wrk prd wrd vk

© © © wiw

vk vk rrd,

vk

#rd wrd rrd rik

b ved ek wed |
2. Move right

@& wak wrk reh ved,

22k, wrd rid rad,

Wik red

ik wrd Wik red
Wik wrd

ik wek ek ek ©

ark wrk wrd vk ||
el

5. Move down

Use arrows to reflect direction

£ wai rek
ri i Fak rik
ird grd,

Frd Frd rd rid

st ek | H|

Original map

o bei ik
ik rrk Fai ki
i v [

#rd rd ik rid

Fad rrd |

3. Move right

@ wrh erh
rk ik ik rrk
i rad

Fak Fik rid rid

rek vk L]

1. Move right

w urd rrd,
wri rii #ri wrd
wrk rik

ek reh ek vk, u

rak rik 1]

4. Move down

o i i
rai ki “ ari trd,
#rk rrd

22k krk 1rk 1k

wed wed |

2. Move down

& urd pri,
rai vk ¥rd rri,
vk wrh

#ik wrk wrk o wnd

rid vk |+

5. Move left

’
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Use checklist
wri rrd | . ard rid wrd iri . . & wrd
wrd ek ek rik rd rrd @i ard
gri rri Fri ard

G2d T1E TEE THT, Frd rrd rrk ek

ik et [
ek ek ard R A7 E
ri rri gk pri /|

Original map Move down

Remove road to avoid turning back

ari k| i ’ulf 1
iai -

wri trd rrk red i ek ek ek

wrid i —lp th. P
I ik vk i rri, ard. rrd,
& P ark gri rrd rrk ek

Original map Move right

Use numbers for temporal steps

@ ek i B & wh @& ik ek

ek pak 1rd 1rh a1 ek trk prd 12 R
wri wrd rri ri ri i

ik rik, wrd wiid #id wrd ari 1rd, wri i rrd prd
ik ik ‘ ] ik grd, . J. ari fri. l |
Original map 1. Move left 2. Move down
G ek v G vri i £ ek pd

ik wrk prk vek

B i wid
pei vk wrk vk

ek rak [

3. Move right

Wrk grd vrd ped

i Fri

i 403 [[Y 024 224
ek rrk

fai

4. Move down

yrk wrd wrd rek

rd

uri rri rri rri
urk tri ﬂ f
5. Move right
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Appendix

Ascii-art in Code Comments
* Represents data structure, diagram, geometry

* |[llustrates how an algorithm works or simulates an operation

e Spatial Causality: Double-ended queue in Rust, Scrolling web pages, tree rotation present triplets
of previous visual state, instruction, and updated state of instruction following.

* Temporal Causality: Undo systems from emacs provides various temporal states of the undo
system when undo operation happens in different timelines and corresponding visualizations in
an interleaved manner. Each visualization reflects the temporal casuality of the system state.



https://github.com/rust-lang/rust/blob/57d7cfc3cf50f0c427ad3043ff09eaef20671320/src/liballoc/collections/vec_deque.rs#L1399
https://github.com/stipsan/compute-scroll-into-view/blob/d6447854d04031ee3942c6d5654a8477b6bb928f/src/index.ts#L124-L168
https://git.musl-libc.org/cgit/musl/tree/src/search/tsearch.c?id=v1.1.21
https://github.com/emacsmirror/undo-tree/blob/master/undo-tree.el#L242-L751
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