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Abstract

The Fourth Chinese Spatial Cognition Evaluation Task (SpaCE 2024) presents the first compre-
hensive Chinese benchmark to assess spatial semantic understanding and reasoning capabilities
of Large Language Models (LLMs). It comprises five subtasks in the form of multiple-choice
questions: (1) identifying spatial semantic roles; (2) retrieving spatial referents; (3) detecting spa-
tial semantic anomalies; (4) recognizing synonymous spatial expression with different forms; (5)
conducting spatial position reasoning. In addition to proposing new tasks, SpaCE 2024 applied
a rule-based method to generate high-quality synthetic data with difficulty levels for the reason-
ing task. 12 teams submitted their models and results, and the top-performing team attained an
accuracy of 60.24%, suggesting that there is still significant room for current LLMs to improve,
especially in tasks requiring high spatial cognitive processing.

1 Introduction

Spatial expressions have long been a focus of cognitive linguists because they are not only a high-
frequency phenomenon in human language but also embody the fundamental mechanisms of how hu-
mans perceive the world (Talmy, 1983). In recent years, some NLP evaluation tasks have also sought to
explore machines’ cognitive semantic understanding capabilities through the lens of spatial expressions
by a single task such as spatial role labeling (Pustejovsky et al., 2015; Kordjamshidi et al., 2017) or
spatial reasoning (Mirzaee et al., 2021). As for evaluation in Chinese, the Spatial Cognition Evalua-
tion Task (SpaCE) has been held for 3 years since 2021 with the aim of comprehensively evaluating
machine’s capabilities with regard to Chinese spatial semantic understanding by multi-task learning (&
T ZRet al., 2022; Xiao et al., 2023a; Xiao et al., 2023b). The latest results indicate that machines’ spatial
semantic understanding capabilities lags significantly behind the average level of humans, especially in
tasks requiring high cognitive processing. Spatial semantic understanding remains a challenging task for
NLP systems, even for large language models (LLMs).

In this work, we construct a benchmark that comprehensively assesses LLMs’ performance on un-
derstanding spatial expressions and conducting spatial reasoning in the following five subtasks: (1)
Identifying Spatial semantic Roles (ISR); (2) Retrieving Spatial Referents (RSR); (3) Detecting Spa-
tial semantic Anomalies (DSA); (4) Recognizing Synonymous spatial Expression with different forms
(RSE); (5) Spatial Position Reasoning (SPR). SpaCE 2024 has released 10,373 multiple-choice questions
(MCQs) of the benchmark, which is available at https://github.com/2030NLP/SpaCE2024.
Summarized statistics are shown in Table 1. In summary, the characteristics of the benchmark can be
outlined as follows:

e The subtasks are interconnected. They not only share a common evaluation vision about spatial
semantics but also emphasize the relevance of data to each other, reflected in the shared contextual
information across some tasks.

e Structured synthetic data are used in the reasoning task. These rule-based generated data are 100%
accurate and do not require quality auditing.
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. #Test
Sub-Task | Answer Type | #Train #Dev Non-Disturb. . Disturb. #Total
single 1,074 186 746
ISR multi 19 4 24 30 2,083
single 937 226 489
RSR multi 161 24 81 30 1,948
DSA single 1,077 40 500 30 1,647
single 4 44 517
RSE multi 1 11 133 30 740
single 909 468 1,509
SPR multi 301 207 531 30 3,955
#Total - 4483 1,210 4,530 150 10,373

Table 1: Statistics of SpaCE 2024 benchmark.

e The consistency of LLMs is concerned. We set some disturbance data in the test set, by repeating,
rephrasing questions, and adjusting the order of options. If an LLM cannot perform well under
different conditions of disturbance, it’s hard to confidently assert that this LLM has some kind of
capability.

2 Task Definition

The five subtasks of SpaCE 2024 have different difficulty levels of cognitive processing, which can be
roughly divided into three levels: (1) Basic: ISR. This level requires understanding the lexical meaning,
grammatical structure, and semantic structure of a sentence, focusing on local information processing.
(2) Moderate: RSR and DSA. This level requires understanding discourse semantics with context and
commonsense, focusing on global information processing. (3) Advanced: RSE and SPR. This level re-
quires employing advanced cognitive capabilities based on semantic understanding, such as constructing
spatial scenes and conducting spatial reasoning. Details about the five subtasks are introduced in the
following.

2.1 Identifying Spatial semantic Roles (ISR)

Identifying semantic roles is a fundamental task in semantic understanding. We assume that a machine
that can understand underlying semantics should perform well in identifying semantic roles. SpaCE 2022
proposed an annotation scheme called STEP to formalize the semantics of spatial expression. S, T, E
and P stand for Spatial entity, Time, Event and Place, respectively. The meaning of a spatial expression
can be represented by STEP annotation as “an entity is at a certain place at a certain time via an event”.
Appendix A presents 14 spatial roles of STEP.

In ISR, machines are required to select the spatial role corresponding to a spatial expression or, con-
versely, select the spatial expression corresponding to a spatial role, as exemplified in Figure 1(a). The
answers of two questions in example are (B) ¢ Fi [ and (C) J7[H].

2.2 Retrieving Spatial Referents (RSR)

In Modern Chinese, a spatial entity’s position is commonly expressed through the combination of a noun
as the referent and a following localizer, such as # N [ (the area under the tree) and B[t B[ (the area
inside the theatre). However, referents can sometimes be omitted and instead be found in a more distant
position in the text. In Figure 1(b), there are no referents preceding the localizers Hij [ (front) and J&
[Hi(back), yet we can still understand that the meat is sold at the front part of the butcher’s and the bed is
at the back part of the butcher’s.

Since referents play a crucial role in accurately mapping localizers to real-world spatial scenes, the
ability to retrieve omitted referents reflects the capability of LLMs in text understanding. In RSR, the
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text: AEIANGE, SPANJLPREEIT HE. EFZHAIL text: [ AT 10/ PR 2 ALK (K1 2020F J5 K 19 JL 6], i T =52

MTERATH . EFENAFAIA T 5340, W, R —TRIK, X RS

text: With the sound of the gun, five people rushed out almost text: Lu Buxuan’s butcher’s is a rented single room of about 20

simultaneously. Wang Xiulan, taking the lead, sprinted to the square meters. The front part is for selling meat, while the back

front. Wang Chunlu, however, unhurriedly positioned herself in part has a bed where he lives here.

third place. question: ORI THISZAY, JEMHIZ KK,

question: 75 2% 3 B 7E(). question: The front part of () is for selling meat, while the back
part has a bed.

question: Wang Xiulan's position is in ().

A.f%J5TH the last one ALJK bed
B.15 i T the front one B [ 5% Lu Buxuan
C.53/{iI the third place C/NAIJE butcher’s
D.EA L3I0 £ None of the options are correct D.UA FIEI#EAS & None of the options are correct
question: “H#E” JET “SPMN” HIOEE. question: HITISZA, (JF M2 7KK,
question: “out” is a () role of “five people’; question: The front part is for selling meat, while the back part
A.#]][A] orientation of () has a bed.
AR bed

B.J IR shape

nape B.#1]A] single room
C. directi .
¢ ZE ellfsfn 10n0itlt C.[i#5%F Lu Buxuan
EaE g p D.UL LETGi#BAS & None of the options are correct

(a) ISR example (b) RSR example

Figure 1: Examples from ISR and RSR training set. English translations are shown for better readability.

machine needs to select one or more entities as the referent(s) of the localizer in question. The answers
to two questions in the example are (C) /NAJE and (B) H[H].

2.3 Detecting Spatial semantic Anomalies (DSA)

Having capability of semantic understanding means being able to detect an expression with semantic
anomalies. The text in Figure 2(a) has a spatial semantic anomaly: the protagonist should get out of her
car to enjoy the scenery after parking instead of getting in, because she was already inside the car. The
following context “’she looked back at her car” also indicates that the protagonist was outside the car.

In DSA, the machine needs to select an expression corresponding to the anomaly in text. The answer of
the question in example is (C) X7 EE FIEERE K E. Actually, the expression in option generally
don’t have semantic anomalies, but it always conflicts with contextual information in text that makes the
anomaly stick out.

‘ v \ foxt: SR ATERIRE T, PIBRMAC UH -
text: X EBIGTRESTE éb L2114 0% G S s B w0 text: Jang Yilun leans against under a willow and his legs slightly crossed.
e R A . 2 S VR 2R
e N+ i question: “ 5 FL A (ERVRE T 100~ 7 FEHORO R I 07T DL 5

W—REF E RN i i
text: Liu Zhien parked her car on a country lane and
got into her car to admire the village bathed in the
sunset glow. When she looked back at her car, she
saw a herd of cattle slowly passing by.

BRI R A7 5

question: Replacing “under” with () in “Jang Yilun leans against under a willow”
can make a new sentence presented a similar spatial scene as the original one.
AW in B.'H in C.5% beside D.i/l near

text: /K FIR ARG 7 SO AERRS , MSEEGR IR LETT A, DA

question: text 15 H {123 [H] 77 245 E 20 R R 221
question: The anomaly in text is (). text: The golfer needs to stand behind the ball after batting and observe from
AJREFIE S RNE . which direction of the hole the ball is rolling toward and at what speed.
B question: “ LT FERUIE VRIS 209 1l 30 32 BIOOTL I BT
‘A herd\of ca;{tlé;were slowl); ;;as;ing by the car. S,@ﬁg%ﬁiw?[ﬂj%% (TR, BALEARRM  HH
: B 5 FRAHHR I 7 AN .

CXERGE EVRAE R B A E

tion: Replacing “t d” with () in “rolling t d and at what d”
Liu Zhien got into her car to admire the village. question: Replacing "toward” with () in "rolling toward and at what spee

can make a new sentence presented an obviously different spatial scene from

D'iq‘“‘z‘;flil f\Eklu(Ji{;‘i" h the original one. The scene can be usual or unusual.
1u Zhien looked back at her car. A.[H % back B. |- % upward C.F % down D.j# % into
(a) DSA example (b) RSE example

Figure 2: Examples from DSA and RSE training set. English translations are shown for better readability.
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2.4 Recognizing Synonymous spatial Expression (RSE)

In Modern Chinese, different localizer generally causes to different meaning of the expression. For
instance, if we change the localizer " (on) of the sentence I HUCAEMWE L (Putting the chopsticks on
the bowl) into 1/ (beside), then the position of the chopsticks will change from the top of the bowl to the
area near the bowl. However, there are certain situations where two spatial expressions can have similar
meanings even though the localizer is different. For instance, the meaning of both sentence ¥ — ¥ A
FEMIB T and sentence ¥ — ¥ A EENIN L is Jiang Yilun leans against a tree, while the former uses
localizer T (under) and the latter uses localizer _[(on). The spatial scenes pictured by these sentences
are considered equivalent.

Comprehending such sentence groups needs to utilize commonsense and knowledge to compare the
spatial areas of the entity activated by different localizer in the real world. RSE has two kinds of ques-
tions. One requires selecting all localizers or directional verbs which ensure that the new sentence after
replacement can describe a spatial scene similar to the original one, as exemplified by the top question in
Figure 2(b), where the answers are (C) 55 and (D) 3/1. The incorrect options are so because the replaced
sentence implies ’the person leans inside the tree”, which is an anomaly. The other type requires to
ensure that the two sentences describe different spatial scenes, as seen in the bottom question of Figure
2(b), where the answer is (D) 77 and the others are incorrect: the scenario described by & _t % (rolling
upward) or {8 | % (rolling down) is similar to V&1 2= (rolling toward), because the trend of the ball’s
movement are similar and the former is just more detailed in the description of direction; V& [H] 2= (rolling
back) makes the sentence anomalous because [F] 2= (back) implies a return to a previous position but the
context suggests batting the ball to a new position.

2.5 Spatial Position Reasoning (SPR)

Spatial Reasoning is a cognitive process based on the construction of mental representations for spatial
entities, relations, and transformations, which is necessary for spatial semantic understanding (Clements
and Battista, 1992). In SPR, the context is automatically generated based on a preset spatial layout,
where entities within the text can form a spatial layout, but their positions must be deduced using the
spatial relations provided by the text. Figure 3 shows 4 types of spatial layout schema used in SPR.
These layouts contribute to evaluating the comprehension of different spatial relations, as well as the
same relation expressed in different ways, in an unified structure. Moreover, a larger number of entities
and more advanced layouts indicate a more complex spatial relation, which is conducive to building an
evaluation system with varying levels of difficulty.

The example in Figure 4 is an instance of the concentric hexagon layout. First, you need to use the 4
given conditions to infer the position of six statues, as the resolution pictured. Then, find the statues that
are not adjacent to Zhang Tianshi: (B) & [ & and (C) 5KFR2E.

g o 7 ° o o
e ® 3 © o
T— D o o

(a) square (b) concentric hexagon (c) eccentric hexagon (d) 3x2 matrix

Figure 3: Schema of 4 kinds of spatial layout. Blue circles with letters are spatial entities, with gaps
indicating their orientation

3 Dataset

Each data is a four-choice question containing five fields: gid, text, question, option and answer. The
gid field is the unique identity label of the data. For example, gid as “3-test-s-1660” points to the 1660
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text: SRR #MlT BRE, L7F, WEHE, KL
N BEARAE A0 o Bl — B8 LT L, A A A4 i T A

B o ARSI SR Z WK RS AN S, RZA—K.
LA

7 [ B 4 S T A O SR

Bl SR R IR R4 E

BRI AL A BRI E,

question: 5K K5O A Ao
question: Zhang Tianshi and () are not adjacent.

A. 515 Lv Dongbin

B.# [E 5 Cao Guojiu

C. 5k 2% Zhang Guolao

D. DL T #BAS /& None of the options are correct

TR AL LT W B 7 T 552 B

Resolution: = B

text: There are six statues arranging in a circle in the temple: 7 4
Zhang Tianshi, Han Xiangzi, Lv Dongbin, Jiang Ziya, Cao E‘G @ £
Guojiu, Zhang Guolao. Every statues face the center of the
temple. The distance between two statues is equal to one meter.

o % %
The known conditions are as follows: x A % =
Cao Guojiu is in the second position to the left of Han Xiangzi. I %
Lv Dongbin is in the fourth position to the right of Zhang
Guolao.

& 9

hi E T
e I e

Han Xiangzi is in the fifth position to the right of Jiang Ziya.
Zhang Guolao is in the second position in the clockwise
direction from Jiang Ziya.

Figure 4: Example from SPR training set. English translations and resolution schema are shown for
better readability.

data in the test set, with only one answer, belonging to DSA. We use numbers 1 to 5 to present the five
subtasks and use ”’s” or ”m” for a single answer or multiple answers, at least 2 up to 4. The fext and
question field are string shown above in Figures. Notably, the genre of the text covers general domains
such as textbooks and newspapers, as well as specific domains including text of traffic accidents, body
movements and geographical encyclopedias. The option field is a dictionary with the keys from the
letters A to D. The answer field is an array containing the letter corresponding to the correct option.

To ensure data quality, data in ISR, RSR, DSA and RSE were generated based on manual annotation
and data auditing with the rules that data could only be accepted if two people agreed or one person
audited it twice. The SPR data were automatically generated by a spatial knowledge base and an inter-

pretable program, without the need for data auditing.

3.1 Word Replacement for Text

Texts in DSA and RSE were generated by word replacement. We first grouped localizers and directional
verbs based on their morphological characteristics and the degree to which they can be grammatically
substituted. For example, 30, 11,51, /5 1 (up,down,front,back) were in one group. The groups
also served as options of RSE. Then, using the results of part-of-speech tagging, we replaced the original
words in the text with words from the same group. Finally, we manually annotated the replaced sentences
to determine if there were any anomalies in the sentences. Data with consistent annotations by two
annotators were considered valid. If there were any anomalies, they belonged to DSA, otherwise became
a resource of RSE for further annotation about whether the two sentences can picture a similar scene.
To generate more sentence pairs for RSE, the members of the SpaCE team needed to construct texts that
satisfy the requirement of the given word pair.

3.2 Annotation Extraction for Option

Since 2022, we have recruited nearly 30 students majoring in linguistics each year to annotate STEP
information, achieving about 5000 high-quality annotations as a data resource for subtasks. To construct
appropriate options for ISR, we extracted annotations that include at least three target roles and then
filled in question templates designed for different semantic roles to generate data. RSR took advantage
of the discontinuity between the omitted referents and the localizers. We selected discontinuous texts
from the annotations and, using the results of part-of-speech tagging, chose nouns as candidate options.
For DSA, before word replacement, the text had been annotated with STEP information, making it easy
to locate the annotation of the original word and perform the replacement to create a wrong annotation.
Together with three other correct annotations of this text, they were sent to GPT-4 to generate natural
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sentences, thereby forming options related to this text.

3.3 Synthesis Data for SPR

It’s too challenging for humans to entirely manually construct a spatial reasoning data, so we try to use
synthetic data techniques. Current technology employs LLMs to generate more data, such as data aug-
mentation or to generate complex prompt and narrative texts.(Mukherjee et al., 2023; Josifoski et al.,
2023; Eldan and Li, 2023; Dai et al., 2023; Yehudai et al., 2024) For reasoning tasks, LLMs are still un-
able to produce high-quality data, especially in cases where the reasoning chain is long(Liu et al., 2023).
Since the time required for human to audit a reasoning question is much longer than the other tasks,
we have decided to use a rule-based method to generate data with transparent intermediate processes.
SpartQA is a representative work of the rule-based method, but it only considered 7 types of spatial
relations which might no longer be that challenging for LLMs(Mirzaee et al., 2021). To address this,
we proposed a program that can automatically generate reasoning questions driven by expert knowledge.
Figure 5 illustrates the entire process.

E’roposmonsj
Input Qutput

Er:ouzledge_Ba;e - @Reasoner = (@ Generatorssp (@3 Polisher = Batase;j

Figure 5: A flowchart for SPR data generation program.

Based on the spatial layout shown in Figure 3, the knowledge base uses templates and reasoning rules
to describe the positions of entities within the layout. Each template is a spatial expression that contains
slots for entities, like X7E Y ZE i EUHL 552 1L B (X is in the second position to the left of Y), where "X
and Y™ are the slots. Reasoning rules between two templates are logical relations, including equivalence,
implication, inclusion, conflict, and reversibility, ensuring that the program has the ability to generate a
large number of varying expressions based on a small number of premises. For example, X7EY /211 %{
27 B can deduce XAEYIRET £ 75 [ 552 M & (X is in the second position in the clockwise from
Y) because they are equivalent. We also set up multiple templates as conditions and one template as a
conclusion in reasoning rules to expand the program’s reasoning ability. For instance, X7EY Z& i1 Z{ 2
27 B groups with ZIEY /2N EGESE 1ML B (Z is in the first position to the left of Y) can deduce
XAEZFEINEGHLTE 1 ML B (X is in the first position to the left of Z). The current knowledge base contains
a total of 592 templates written by linguistic experts, expressing more than 30 types of spatial relations.

After loading logical relations and condition-conclusion pairs from knowledge base, the Reasoner
needs to input some initial propositions that can form a complete spatial layout and automatically gener-
ate more prepositions. Then the Generator will randomly take several prepositions as known conditions
and one preposition as a question until these prepositions can form a spatial layout. The entity will
be removed from the question as an answer and the other entities will be the options. These extracted
propositions are then fed back into the Reasoner to output the intermediate reasoning process. Finally,
the Polisher will replace the slots in template like X as a predefined entity like 5K K (Zhang Tianshi)
and add a lead in the text to make it conform to natural language.

Given that the knowledge base is constructed correctly, the data generated by this method is guaranteed
to be 100 % accurate. It can generate a vast amount of diverse data without limitations if the spatial tem-
plates and inference rules in the knowledge base are sufficiently comprehensive. Futhermore, compared
to using LLMs for data synthesis, the rule-based method offers strong interpretability, transparency in in-
termediate processes, and traceable reasoning steps. This is extremely beneficial in assessing the quality
and difficulty of spatial reasoning data.
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Team Total | Single Multi | ISR RSR DSA RSE SPR
TeleAl 60.24 | 64.90 37.45 | 93.64 89.47 84.80 5631 3471
SHU 59.69 | 64.34 3693 | 9143 8491 81.00 5431 37.16
PKU 5949 | 63.55 39.66 | 94.29 77.19 78.00 58.77 37.11
ZUT 56.60 | 61.71 31.60 | 9143 8526 79.80 4923 32.11
GDUT 5647 | 6126  33.03 | 92.86 73.68 7620 58.62 32.40
BNU 56.20 | 6179  28.87 | 9429 79.65 7420 56.92 30.64
Knowdee 5448 | 5929 3095 | 91.17 75.09 7540 5231 30.44
DataGround 5355 | 61.69 1378 | 90.13 7333 79.60 S51.23 28.58
SU 51.99 | 56.16 31.60 | 90.00 80.53 70.20 24.15 34.07
CPIC 48.65 | 5291 27.83 | 86.10 76.67 6220 4031 26.03
Insgeek 4724 | 51.53 2627 | 81.82 67.19 70.00 33.69 27.35
XTU 33.64 | 36.80 1821 | 67.27 4947 2160 26.62 21.72
(F?;:iﬁgﬂg) 4792 | 5437 1638 | 88.18 7509 68.60 42.00 21.96
Baseline2 4629 | 5294 1378 | 85.19 5439 65.60 45.08 25.00
(GPT-4-1106-preview)

Table 2: Accuracy of 12 teams (%)

4 Evaluation and Results

We use accuracy as the ranking metric. The higher the accuracy, the better the LLM’s capability of
comprehensive spatial semantic understanding.

Accuracy = #Correct (D
‘B #NonDisturbDatas

There are 150 disturbance data in test set that use to evaluate the consistency of LLMs. A group of
disturbance data contains an original data, a repeated version, a version with different order of options,
and a version with different expression of question. A LLM is considered stable only if all the answers in
a group are the same. The higher the consistency score, the less the LLM is affected by the data format,
making the evaluation results more reliable.

#StableGroups
# DisturbGroups

Consistency = 2)

Totally 30 teams enrolled and 12 teams stick to the end. The top 6 teams won the prize. They all
employed LLMs either fine-tuned or utilized prompt engineering. The accuracy results are shown in
Table 2. We develop two baselines, one is using prompt engineering in GPT-4-1106-preview", the other
one is fine-tuning in Qwen1.5-7B-Chat model'. Both baselines were tested in zero-shot mode. Most
of the teams surpassed our baselines, yet the best total accuracy only slightly exceeded 0.6, suggesting
that SpaCE 2024 is quite challenging for current LLMs, especially in RSE and SPR. In contrast, LLMs
performed well on tasks from basic level and moderate level, notably the top accuracy was close to 0.9

Ohttps://openai.com/index/gpt-4
"https://github.com/QwenLM/Qwen1.5
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in ISR. We also analyzed the performance of questions with single answers versus multiple answers and
found that LLMs are much better at handling single-answer questions.

We selected 100 questions from each of the four tasks, excluding SPR, to create a human test set.
Each task had 6 human participated. Table 3 shows the performance of the top 6 teams and the average
of human accuracy on the human test set. None of a team surpassed human performance. Although
accuracy in ISR and RSR is close to human, there is still a gap between LLMs and human on DSA and
RSE. For SPR, we believe that spatial reasoning questions tend to reflect individual human differences
rather than the overall human level. Additionally, the quality of our synthesis data does not need to be
reflected by human scores, as our members have sampled on every type of questions, ensuring no error.

Team ISR RSR DSA RSE
TeleAl | 94.00 92.00 81.00 54.00
SHU | 82.00 85.00 72.00 58.00
PKU | 91.00 81.00 75.00 60.00
ZUT | 86.00 90.00 77.00 49.00
GDUT | 86.00 79.00 77.00 54.00
BNU | 93.00 83.00 71.00 58.00
Human | 96.00 92.33 91.50 86.33

Table 3: Accuracy of top 6 teams in Human test set (%)

Table 4 shows the top 6 teams’ consistency scores. The results indicate that the performance of LLMs
is affected by the question format, which is unrelated to the test content, particularly the order of the
options. The 1st was not only the most accurate but also the most stable.

Team | Consistency | Repeated Reform Question Switch Option

TeleAl 84.85 98.46 85.00 89.23
SHU 81.82 95.38 90.00 87.69
PKU 69.70 81.54 85.00 78.46
ZUT 71.21 96.92 95.00 72.31

GDUT 77.27 90.77 85.00 84.62
BNU 72.73 98.46 80.00 76.92

Table 4: Consistency scores of top 6 teams (%)

5 Overview of Approaches

Only the top 6 teams submitted their models. Model ensemble with majority voting is the main strategy.

The team from TeleAl company manually selected 5 examples for each subtask to construct in-context
learning (ICL) training data, then fine-tuned Qwen1.5-7B-Chat 3 times to do the majority voting. TeleAl
set weights on various models and tasks, thereby performing a more nuanced and context-sensitive ag-
gregation to enhance the accuracy and consistency score of the final predictions.

The team from Shanghai University (SHU) recategorized the dataset into four types of questions based
on the training size and the difficulty of the tasks. For the questions having large training data with
low difficulty, SHU fine-tuned Qwen1.5-7B-Chat, Yi-6B-Chat, and intern2-chat-7B, then voted for the
majority as answer. For the structured data in SPR, SHU assumed that it was too difficult and not suitable
for training with the easy question, so they fine-tuned the above models again and voted. The remaining
questions did not have enough training data to fine-tune well, so SHU ran GPT-40 with Chain of Thought
(CoT) and Qwen1.5-110B-Chat with 5-shot to solve them.

The team from Peking University (PKU) ran GPT-4o three times in ISR, RSR, DSA, SPR and con-
ducted a majority vote. For RSE, it ran GPT-40 and Deepseek-chat, meanwhile set another Deepseek
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as the judge to decide which one was better when two answers were not the same. PKU also set an
error correction mechanism to rerun the question in some situations like only outputted one answer in a
multi-answer question.

The team from Zhongyuan University of Technology (ZUT) used data augmentation by generating
pseudo-labeled data. They used training data to fine-tune Qwen1.5-7B-Chat in different hyperparameter
and chose high-score models to predict the unlabeled test data. After majority voting, nearly 3k reliable
pseudo-labeled data were added to the training set to fine-tune again until no further improvement in the
accuracy of the test set. ZUT also ran GLM-4 in the test set and made model ensemble.

The team from Guangdong University of Technology (GDUT) employed 5-fold cross-validation and
majority voting to produce the final prediction by fine-tuning ChatGLM3-6B-base. Another model for
ensemble was Ernie-4.0-8k-0329, whose overall score was higher than ChatGLM3 in ISR, DSA and
RSE. For ICL, GDUT dynamically selected 5-shot examples by computing the similarity of options
between the target test data and the training data in same subtask. The top 5 of similarity would be
chosen as examples.

The team from Beijing Normal University (BNU) constructed prompt with one-shot. To select the
most representative example for each task, they used Sentence-BERT(Reimers and Gurevych, 2019) to
encode all training data into embedding and averaged all embedding to get the centroid of the task. The
data closest to the centroid in terms of embedding distance was the most representative.

In general, the models of the top 6 teams were primarily based on ICL and the majority voting strategy.
Fine-tuning can bring about a more stable model, and it can improve the performance of a 7B model close
to that of GPT-4o0, but this improvement is limited to simple tasks. For the two most complex tasks, fine-
tuning might not bridge the gap because it’s fundamentally related to the reasoning capabilities of the
base LLMs.

6 Additional Analysis

Following an analysis based on the results of the top 6 teams, We studied each subtask, the shared text
across tasks, and conducted a comparison between SpaCE 2024 and SpaCE 2023.

6.1 Performance of Per-Task

Questions in ISR were labeled as STEP roles. The good performance on most types may be due to
the powerful ability of LLMs to capture the correspondence between form and meaning, such as the
negation marker of Factivity and the preposition marker “£!|” of Ending Point. There were two types of
questions where performance needed to be improved: 1) Questions asking for selecting a spatial role.
For example, only two teams correctly answered the question “ZE5 558”8 T 7P 288" HIO5 B ( "the
back of the car” is a () role of "the delivery box”). Some LLMs may not have a good grasp of STEP,
leading to confusion between Internal Place, the correct answer, and Part. This issue was more serious
in the Direction type, where LLMs often misidentified directional verbs as other roles. It was possible
that the machine’s internal knowledge did not classify directional verbs under semantic of Direction
like STEP did. Therefore, the prompt must include a detailed introduction of STEP to achieve better
performance. 2) Questions requiring reasoning ability, including event sequencing questions in Time,
qualitative distance reasoning questions in type Distance, and position reasoning questions similar to
SPR in External Place.

In RSR, we found that the difficulty of referent retrieval is related to the type of localizers. LLMs per-
formed better on questions where localizers describe up-down, inside-outside, and front-back relations
than on those describing left-right and cardinal directions (north, south, east, west). We also observed
that LLMs tended to choose entities closer to the target localizer. For example, in the question “()/5 121
DRE — BRI G HAC RN R FE7 (" Behind ( ) is a camera recording the entire teaching process”,
only one team correctly chose “classroom” as the answer. The remaining five teams chose the closer
option, “blackboard”, which is illogical because blackboards in classrooms are commonly mounted on
walls, making it impossible to place a camera behind them. Another observation is that LLMs tended to
avoid using the subject as the referent. For example, in the question “FI& R 48T RAE(O) AL THE
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b, A —LWLE RN " Yuan Gebing tied a rope to the left doorpost of () and threw the other end to
the driver”, the correct answer is the subject ”Yuan Gebing”, but all teams chose “’streetlight” or “car”,
which are inconsistent with the context of the flood rescue situation described in the text.

The DSA’s questions were annotated with the amount of textual information needed to infer anomalies.
Statistics show that the more information required, the harder the question, and the poorer the LLMs’
performance. In texts describing body movements and traffic accidents, embodied experience and traffic
knowledge were necessary to infer the anomalies but not included in the text, making it more difficult for
LLMs. For example, in texts describing body movements, LL.Ms performed poorly on questions related
to the orientation of the chest in a prone position. Similarly, in texts describing traffic accidents, without
common knowledge, such as north-south roads have east-west lanes, it was hard to judge whether two
cars will collide. In terms of understanding spatial relations, we observed the same phenomenon as
in RSR that LLMs performed worse with left-right and cardinal directions compared to other spatial
relations.

RSE had two types of questions. LLMs performed better with synonymous spatial expressions than
with those have different meanings, which was consistent with human performance. However, unlike
humans, the pairs of words with which LLMs performed better in synonymous spatial expressions were
quite different from another type. The former mainly included synonyms, such as *5%-11” (beside-next
to) and "H-[N” (within-inside), while the latter mainly included antonyms, such as “-%} (inside-
outside) and ”_F - N [H” (above-below). Humans did not show such a significant difference. For exam-
ple, with common antonyms like ” |- (up-down), humans performed well on both types of questions,
although antonyms were rarely used in synonymous spatial expressions. It indicates that LLMs’ under-
standing of spatial semantics remains at surface semantics, lacking the capability of modeling spatial
scenes case by case.

The difficulty of SPR questions was measured based on the number of actual reasoning conditions
used, which were automatically outputted by the reasoning program. The more reasoning conditions
required, the longer the reasoning chain, the harder the question, and the worse the performance. For
instance, the score of the questions with using 2 conditions was 40 % less than those with only 1 condi-
tion. The complexity of spatial layouts and the number of entities also affected LLMs’ performance: 1)
The more complex the layout, the worse the LLM performs, shown as Square layout >hexagonal layout
>matrix layout. 2) LLMs performed better on texts involving 4 entities compared to those with 5 or 6
entities. 3) If a cardinal direction was added to a hexagonal layout, LLMs’ performance decreased by
approximately 8 %. In terms of spatial relation, we labeled each question with spatial relation based on
the localizer used. Statistics show that LLMs perform better in reasoning about opposite and adjacent
relation compared to left-right and cardinal directions. Reasoning about up-down relation is even worse.

6.2 Discussion on the Shared Text

20% of the test set questions shared textual information between subtasks. Taking the most basic task,
ISR, as a clue, we constructed 801 question pairs in the form of (ISR, RSR/DSA/RSE/SPR). The condi-
tional probability that ISR is correct when the other subtask is correct reached 92.26%, suggesting that
the LLMs’ ability to complete advanced tasks is based on a fundamental understanding of semantics.
On the other hand, the number of pairs where both tasks are incorrect is much fewer than the number
of pairs where ISR is incorrect and another one is correct. Other fundamental capabilities of LLMs like
reasoning may compensate for this deficiency when the LLMs’ semantic understanding is flawed.

6.3 Comparison between 2023 and 2024

SpaCE 2024 inherited ISR, DSA and RSE tasks from SpaCE 2023, providing a basis for comparison.
However, the data formats differ between the two years. In 2023, ISR and DSA were sequence labeling
tasks, and RSE was a true-false task, while in 2024, they were all multiple-choice questions. To allow a
comparison, we selected questions with the same text from both years and used F1 score as a metric for
ISR and DSA to be consistent with 2013. For ISR, we only considered the single labeling corresponding
to the MCQs as the result of SpaCE 2023.
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ISR DSA RSE
#Num F1(%) #Num F1(%) #Num Acc.(%)
2023 45.40 62.54 68.48
92 40 46
2024 95.47 86.25 52.54

Year

Table 5: Per-task Comparison between 2023 and 2024 of SpaCE

As Table 5 shows, the F1 scores in 2023 are the average of two BERT-based models and the accuracy
score is the average of two LLM systems. All scores in 2024 are the averages of six LLM systems. The
state-of-the-art improved markedly for ISR and DSA, but went down for RSE. This displays the strengths
of LLMs compared to BERT-based models, but also indicates the effect of data format. For ISR and DSA,
sequence labeling tasks are overly complex in format, preventing the machine’s capabilities from being
fully demonstrated. For RSE, MCQs are more challenging than true-false questions because true-false
questions only require comparing one pair of words, while MCQs provides four pairs, resulting in a
lower score. In general, it was the first time that the SpaCE series of tasks employed multiple-choice
questions, helping to improve the validity of the evaluation.

7 Conclusion

This paper introduces the fourth evaluation of the Chinese Spatial Cognition Task. The benchmark con-
sists of five subtasks covering 5 dimensions of spatial semantic understanding to comprehensively assess
the machine’s language comprehension and reasoning capabilities on spatial semantics. In addition to ca-
pability assessment, SpaCE 2024 concerns the consistency of LLMs’ performance and sets a disturbance
set. As for quality control, a novel rule-based method was used in the spatial reasoning task, successfully
generating high-quality synthesis data with transparent intermediate processes and difficulty levels.

The accuracy scores across 5 subtasks reveal the following trend: ISR >RSR >DSA >RSE >SPR.
Based on a fine-grained analysis, we have gained the following insights into the spatial semantic under-
standing capabilities of LLMs:

e Regarding the spatial relation, understanding ’left and right” and “cardinal directions” are weak-
nesses of LLMs, which have been observed among tasks.

e LLMs’ ability of semantic analysis is comparable to those of humans. However, the semantics
of spatial expressions also encode the interactive experiences between humans and other entities,
which currently cannot be simulated by LLMs. This limits LLMs’ performance in some advanced
tasks.

e Spatial reasoning tasks pose a significant challenge for LLMs. Current LLMs do not possess the
ability to solve complex reasoning problems. Data fine-tuning is unlikely to improve their perfor-
mance in spatial reasoning tasks.

In future work, our aim is to generate a large amount of structured, high-quality, and knowledge-
controllable data to train LLMs to enhance their semantic understanding and reasoning capabilities. To
this end, we will further investigate data synthetic methods to incorporate more spatial relations such
as H.(inside) and %M outside) into the knowledge base and to extend this method to four other subtasks,
exploring a technical path for data synthesis driven by knowledge.
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A STEP scheme

Role Description

Example

Spatial Entity the entity in a spatial relation.

Ry EE -4

There is a glass of milk on the table.

the position of an entit
External Place P Y

relative to an external referent.

T LR

There is a glass of milk on the table.

the position of an entity

Internal Place e
within the referent.

XN B TR A BT AL -
The top of this cocktail is red.

the initial position of an entity

Starting Point ]
when it moves.

DI TEEER] T EIE -

Tome walked from the dormitory to the library.

the final position of an entity

DI NTE SR T R A -

Ending Point when it moves. Tome walked from the dormitory to the library.
the path taken by an entity DB E X B -
Path .
when it moves. Tome walked south along the street.
. the position that an entity VIR E X R B E 2 -
Direction . —
towards when it moves. Tome walked south along the street.
the position that an entity’s IS ERILTE R fIE -
Orientation P . . y Tome walked backward to the south
surface is facing. . .
while facing north.
Part the piece of a spatial entit DIBETAUE 7547 L -
p p Y Tom placed his hand on the table.
the physical form WAKH—FEL -
Shape . . . . - .
of a spatial entity. Please line up in a straight line.
. the amount of space PHIAEPE3 A B -
Distance i .
between two entities. The two places are 3 kilometers apart.
the event related to DIBIEF AT £ 1 E-

Spatial Event ) .
a spatial relation.

Tom placed his hand on the table.

the time that

Spatial Time . .
a spatial expression happens.

HIEEREE A Z BT T3 .

Tom left the scene before the police arrived.

the state that

Spatial Factivity . .o
a spatial expression is a fact.

IR -

Tom is not at home.

Table 6: Introduction of STEP scheme. The underline in the example indicates the words corresponding
to the roles. English translations are shown for better readability.
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