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AutoLink

« Motivations: LLM context window is a critical bottleneck for industrial scale Text2SQL

B C D E
T = Dataset # Test #Test #Col #Tok. #Func. External SQL  Project
Examples DB /DB /SQL /SQL Knowledge Dialect Level
C D E
data format value descripi > WikiSQL.(Zhong et al., 2017) 15878 5230 63 122 0.0 X X X
» Table-level meta data Spider 1.0 (Yu et al. 2018) 247 a0 211 185 00° X X X
integer
integer KaggleDBQA (Lee etal , 2021) 272 8 234 138 00 v X X
integer > _ SEDE (Hazoom et al., 2021) 857 1 2120 469 1.4 X X X
County Cade text w CO | umn |eve| meta data BIRD (Li et al., 2024b) 1,789 15 542 309  04% v b4 x
District N text
SchootName = Spider 2.0-lite 547 158 8036 1445 6.5 v v X
g CcucgOTc Type Distict Type text Spider 2.0-snow 547 152 8121 1618 68 v v X
nsLPflSchool Type School Type text .
rewr Educational Option Type  Educational Option Type text Spider 2.0 632 213 7435 1483 7.1 v v v
Ch:n Chartlys| p provision Status NSLP Provision Status text
IRC | Chartlcharter school (¥/N) Charter School (Y/N) integer o 16 . . .
Char 1Y
o e e Sohod Wt G S i = S pi der 2.0 benchmark Statistics
Low QCharter Funding Type Charter Funding Type text
igh lIRC integer Not useful
i Lc.rwGrade Low Grade le:g '
Frll] - JHioh Gace Floh Guce . Agent-Environment Interaction
. s evidence <think>...</think><action>..</action>
Enrollment (K-12) Enroliment (K-12) real K_‘: = & Initial Inpu‘l' Actions E Database Env
grade - =
12nd grade Q’(El
o=
Initial Expnnsnon Observation Vector Store Env
Schema

Whole table meta data per DB

Input Schema Burden

A AYOM 2 EE[= +=FQ| STSID AHUst DB 7|H o2 A Z +AlSt7| M= il DBLI A E 2F
X| & 2

siE DB 7= U &0 CHt Ofs7F &=

CtESH Columndt DataTypes 7HX| & A =& DBE HIE O Z Text2SQL taskE 37| {SiAM= DBE A=
Schema(Metadata)E TE LHOE &SI taskE +=H dfjoret

o |
— LLM Context windowS H0{ A{-= DB Metadatal| Z0|2} E& M 2 ZH >




AutoLink

« ldea: Expand & Explore the database with Agent-Environment Interaction

Agent-Environment Interaction
<think>...</think><action>...</action>

=
F=
=

Initial

Inifial Schema Construction

_Qu

Initial Input

Expansion

Please list the phone numbers of the direct charter-

o P I :
W g_‘ Vector Store Env
Agent

funded schools that are opened after 2000/1/1.

Q Retrieve

=

H:H] Table: frpm, Column: school name, values: ......
H_H] Table: frpm, Column: school code, values: ......
0@ Table: schools, Column: phone, values: ......

Database Env

=
== Initial Schema
[eg=—]
(M-Schema)
[SCHEMA]
#Table: frpm|
(id, Primary key, INT, Description ......)
(school name, TEXT, Description: ...... )
]
#Table: schools[
(id, INT, Description: ......)

]
[FOREIGN KEYS]
frpm.id = schools.id

Meta data |=I (=3 Hf%QE x7| ®o
Z2t3H DB HEE =

M| [[

AgentZt 0%l =7| HEE HIYC =2
DB Environment2t2| &2 %82 S
7t HEE Explore, 28 DB metadatas
Expansiondt= 2HAIQ = Text2SQLOAM Q|
LLM Context window &4 slZ



AutoLink

« Overview of AutoLinK: Autonomous Schema Exploration and Expansion

Environment Agent-Environment Interaction Action Space
- . <think>...</think> <action>_.</action> W/ Feedback .. .
Bl ¥ =Rk ol o W -— UL e Step 1 Initial Schema Generation
table column relation description values = ‘Explor‘e Schema
i Observat g Vector Store Env . Xo i/ B! x MHE 7| 9|8 2 =
g Slo| gof THHEl £7| DB HEE 27| Y30 ey, 6,2 TS
f8 Column Documents % Retrieve Schema H E. ~ = 7-| AH =x Xlo 4 7l =
- - = ol X£7 ) It
Table:frpm, Column: rtype, values: ..... Initial Schema Construction = _ Eys = T -I to p k COl umn E |- O:I | | H = =
Table:frpm, Column: IRC, values 5 = Initial Schema g (0) 4
Table:schools, Column: city, values: ...... @-’__‘ Please list the phone numbers of the direct charter- (M-Schema) q X O A
Question funded schools that are opened after 2000/1/1. ET‘;I’HE":I’]M[ G)w Ve.mfy Schema D B E S linked E :I'I'
i P id, Primary key, INT, Description ......
embedding Q Retrieve .@* Eschool":-.na;yxe, TEXT, Dessccngig ; W/O Feedback
Vector Store Env € o [
B Table: frpm, Column: school name, values: ...... n;; ';’,;’{",‘;‘;';[,,pm,m ) Add Schema
ﬂ'ﬂ] Table: frpm, Column: school code, values: ...... 1 M M
B8 Table: schools, Column: phone, values: ...... [FORFISN KEYS] St e p 2 A g e n t_ E n VI rO n m e nt I n t e ra Ctl O n
Database Env Eoe frpm.id = schools.id )
...... (top n) @ Stop Action )
0 = E o o
" Sinkea = HIE2E AgentZh 28 epp, & 20| BES
Agentic Schema Linking Process Instruction Prompt + Question + Complete Table List + Initial Schema
o A = C} ml O 3
. _ S m— Actiong SoliM +ASt0] 2T B 430 E a3t Table,
<think> The initial schema is missing a column indicating the school opening date. I'll <think> It appears that there is still a column missing, specifically one that identifies
T e (T (D e s HA e ) i) G oocee </think> = — () the type of charter fu.nding. T will attempt to reu?eve a colml'nn in the “frpm" table that C OI umn 3 E = * *
<action> @explore_schema(SELECT * FROM pragma_table_info(‘schools’) WHERE records charter funding type ...... </think><action>@retrieve_schema(The column
name LIKE 'open%) </action> representing the meaning of charter funding type in the frpm table)</action> Xlo| &l A = =l e = = EFAH -
Q Retrival results: #Table: frpm( (M-Schema) - = —l OH = 0“ Ll 7 I-E = Rﬂ- o E = O~ (Expl ore) Ol- 7 |
SQL execution results: Ea (charter funding type , INT, ...... ) = = Sl .
@ cid | name | type | notnull | dflt_value | pk 0 Retrieve ] (top m) Meta dataxo'l EE %!‘EH (Expand)ol': Multl—turn X|_-| 2FO i
20 | OpenDate | DATE | 0 | None | 0 Execute N N
<think>Now I will add frpm.Charter Funding Type. There are enough schemas to address _ITI_ = (o) I' D B metad ata XC-)l EE 2' E
<think>I have identified *OpenDate” in the “schools™ table. I will add it to the schema. It Q e T R w4 R G e ST T DT ) s ey LI = =
.. . - N . . @@ <action>@add_schema(frpm Charter Funding Type)</action> K- = — ol =] o] AMlasHS S -~
seem-s sufficiently complete to attempt drafting a .SQL query to verify ...... </think> %)’ <action>@verify_schema(SELECT s Phone' FROM " ...... LIMIT 5)</action> - D B C;l E = %! = I- 7 | _I.-l OH SQL —_I-I- = ACI;I *o.l *I °°“ = QEI‘-g- o) I- 01
<action>@add_schema(schools.OpenData)</action>
<action>@verify_schema(SELECT s.' Phone' ...... LIMIT 5)</action> S T H = o
Add frpm Charter Funding Type to initial schema DB %}76']'_'-2' x—l xﬁ-l x—-Il ?_I xﬁ.l :I_L &. .I.I.I E ﬂH %; E = %'g‘ OI' o:I
Add schools.OpenData to initial schema SLA ~ Xl o| AU 74 il = S S|l EO
SQL execution successful! / E Ol_l- OEl_l OEE E—l OH EO“ E-9-0|_|- Table, COlUmn oE %! — ] =
Exec\ne _
@ SQL Execution results : No data find. 0 O = H
EXecate <think> The SQL draft query execute successfully, all schema has been obtained! —
</think><action>@stop_action</action>
<think> The draft SQL query returned no results. I will further investigate the schema @_ )
for potential issues ...... </think> Terminate the process
Figure 1: Overview of AutoLink: iterative interactive agentic schema linking framework.
7



AutoLink - Methods

 Problem Definition

- AutoLink= A Xt E& @, Task instruction I, 22| S| Z 0f |
UHOZ FO{X|11 O|E HIE 22 Agent?} Environmentl| 43282 Sl A
A
T ©

E

épB : SQL — RsqL. Evs 1 (qn1; K, Cexal

Agent Action
- 8;: Reasoning Trace within <think></think> tags
- A;: Set of actions within <actions></actions>tags

- Hiyq1: (01, A4 0p)

6y, Ay) = m(H,). O = E(A,).

Z 9 5t pBO| &£t

n

) retrieve top- K columns

B E Table O| & list T 7| 27|
chema linking, SQL generation=

? S subset -

[DB_ID] ga360

# Table ga_sessions_ 20160810
(visitNumber: INT64,

— Examples:[2,1,1,1,1], The session

— number for this user. If this is the
— first session, then this is set to
— 1)

(fullvisitorId: STRING,

— Examples:["1906","7880","5836",
"6743","0244"], The unique wvisitor ID.)
(date: STRING,

— Examples:["20160810","20160810",
"20160810","20160810","20160810"]: The
— date of the session in YYYYMMDD

— format.)



AutoLink - Methods

Action Space

Action Space for AutoLink

W/ Feedback

!

Explore Schema , : -
@retrieve_schema ("exam score, quiz score or

— final grade”);

. —-— Verification query (minimal hypothesis)
FROM incidents_2016

W/O Feedback WHERE is_arrest = 1;

Add Schema l

@ STOP Action @add_schema (Torders.id; orders.prod_sku;
— users.is_active; products.cat_id");

—— Check sample values containing specific
— keywords (e.g., "INTOX")

SELECT DISTINCT descript

FROM incidents_2016

WHERE descript LIKE 'S$INTOX%'

LIMIT 5;

—— Sample values to understand data format
SELECT date, timestamp, time

FROM incidents_2016

LIMIT 5;

—— Analyze value range of a date column
SELECT MIN (date), MAX (date)
FROM incidents_2016;




AutoLink - Methods

« Step 1: Initial Schema Generation

Agent-Environment Interaction
<think>...</think> <action>...</action>

@== Initial Input m < Database Env
= g =

=
Initial  Expansion S Observation g Vector Store Env
Schema Agent

iti i [E(—]
Iﬂl“'l(’lpl Schema Construction o= Initial Schema
: =
%] ]"__| Please list the phone numbers of the direct charter- (M-Schema)

. funded schools that are opened after 2000/1/1. [SCHEMA]
Question #Table: frpm[

Q Retrieve g‘ (id, Primary key, INT, Description ......)

(school name, TEXT, Description: ...... )
|

ﬂ_ﬂ] Table: frpm, Column: school name, values: ......

H.H] Table: frpm, Column: school code, values: ......

#Table: schools|
(id, INT, Description: ......)
i@ Table: schools, Column: phone, values: ......

]
[FOREIGN KEYS]
frpm.id = schools.id

Step 10ME ZO| 20 2R3t 7| DB HEQ S

Algorithm 1: AutoLink: Autonomous Schema Exploration
and Expansion

Require: Database Environment £pg, Schema Vector Store
Environment Eyyg
Require: Instruction Prompt I, User Question (), Full
Database Schema Sp, All Table Names T extracted
from Sfu[]
Require: Maximum Interaction Turns 7., Initial Re-
trieval Count n, Targeted Retrieval Count m
Ensure: Final Linked Schema Sjipkeq
1: Initialize:
2:  History H < empty string
3:  Current Linked Schema Sjjpieq < ¢
4:  Excluded Columns Ceyoj < ()
5. Step 1: Initial Schema Generation
6: St — Evs(Q,n,Cexe1) {Retrieve top-n columns
from }

7: Stinked = Sinitial
8:  Cexcl ¢ columns in Siy;tial
9:  Hy <« Construct initial context with I, Q, T, Sinitial

£ Vector Store AAM S Edf MY

10



AutoLink - Methods

10: Step 2: Agent-Environment Interaction -

« Step 2: Agent-Environment Interaction O o vt 7,

13: (64, Ay) «— w(F;) {LLM agent generates reason-
o ol - Xl ing and actions}
7 Q L4 1<l | S | H mkel} _ L4 = ) o .
! ' : . 11 : ¢ <— empty string {Initialize observations for
%] lV__| Please list the phone numbers of the direct charter- 20002 1= 1= T 2 58 charter current turn} {
funded schools that are opened after 2000/1/1. Sk ol X |_ S = |. (@x] -'-H X Al | 15: stop_flag <— FALSE
Question . fu n de d == I_-I L I:Il_-I 2 = =0 (= A 2 16:  for each action @ € A; do
17: if a« = @explore_schema(sql query) then
Agentic Schema Linking Process Instruction Prompt + Question + Complete Table List + Initial Schema 18: RsqL +— Eps(sql-query)
19: Append RgoL to Oy
<think> The initial schema is missing a column indicating the school opening date. I'll <think> lt_appears Fhat .there isAstill a column mi.ssing, speciﬁcfxlly one that identifies 20: else if a = @retrieve,schema(nl,query) then
inspect the “schools™ table to check if such a column exists ...... </think> — the type of charter funding. I will attempt to retrieve a colurnn in the *frpm’ table that 21: Stretrieved <— Evs (nl_query, 7, Cexcl)
<action> @explore_schema(SELECT * FROM pragma_table_info(‘schools’) WHERE records chaner tundm‘g type ... <{lhmk><act|fm>@retrleve_schemfl("l"he column 22: Append Sieuieved 10 Oy
name LIKE 'open%') </action> representing the meaning of charter funding type in the frpm table)</action> 23: else if ¢ — @veri fy_schema(sql_query) then
. Retrival results: #Table: frpm[ (M- Schema) 24: RSQL +«— Epr (sql,query)
SQL execution results: e % (charter funding type , INT, ...... ) 25: Append Rggr. to O,
@ cid | name | type | notnull | dflt_value | pk J ‘ Refrieve 1 (top m) 26: else if a — @add,schema(schemas) then
20 | OpenDate | DATE | 0 | None 1o xecute (220
P Exesy 27: Shaddea +— extract full metadata of schemas
<think>Now I will add frpm.Charter Funding Type. There are enough schemas to address 28: S, «— 5 us
. B e i .. N N . . Q the question. Let's verify if we can draft a SQL query to answer the question ... </think> ) linked linked added
<think>I have identified *OpenDate” in the “schools™ table. I will add it to the schema. It = <action>@add_schema(frpm. Charter Funding Type)</action> 29: Cexcl $— Cexcl U columns in Spggeqd
seems sufficiently complete to attempt drafting a SQL query to verify ..... </think> Q <actiml>@veri?y_schema(SELECT s Phone’ FROM ' ...... LIMIT 5)</action> 30: elseif a = @smp,action() then
<action>@add_schema(schools.OpenData)</action> 31: stop_ﬂag + TRUE
<action>@verify_schema(SELECT s. Phone’ ...... LIMIT 5)</action> ) . L 32. d if
Add frpm Charter Funding Type to initial schema - enc i
L 33: end for
Add schools.OpenData to initial schema ‘-w 34: Hy < Hy 1 U {(8:, Ay, O4)} {Update history}
J SQL execution successful! / @ 35: U 'd . P, - ?th H
R : __ Update prompt P wi ¢
@ SQL Execution results : No data find. 9 O N - - 36: if stop_flag is TRUE then
Execute <think> The SQL draft query execute successfully, all schema has been obtained! 37: BREAK
</think><action>@stop_action</action> 38: end if
39: end for

[ <think> The draft SQL query returned no results. I will further investigate the schema

for potential issues ...... </think> Terminate the process

40: return Siinked

1)  @explore_schema. &t 7H HEE B2 columna EMMSH= SQL 712 dd X epg OIAEH > OpenDate column &

2) @add_schema, @verify_schema. OpenDate column= Sj;eq %l 71 YHIOIE E S 1ed B B8 BE =F Al > 0f Y L

3) @retrieve_schema. @& =& ol 71 HE7I BR5ICH= B2 = QI8H0] charter funding typedt 2HAE columng FESHES
column ZAA Al > top-m column Z A4

4) @add_schema, @verify_schema. ZAEl column® Charter Funding Type columng S;;4.qOl =7t YHIOIE &l ). .S S8l HE
CEEANES> ZNESE

5) @stop_action. @verify_schemaZ 217} =&E[1 5., 47t S HH0| S22 DEE HUACD EHESHY process

i
0z

11



AutoLink - Methods

- Step 3: SQL generation

1. SQL Candidate Generation via LLM Policy: Self-Consistency &2 2 HE = &2 23 N=57l2] SQL queryE 4

{soL;}iY 1 = TsoL(Q, Shinked)

2. lterative Syntactic Correction: N7Hf M4%l SQL 222 Multi-turn BAS 2 tHO| Li2E 2t SQL &1t M Z 0| A LIEHL}= Error
types 2H2Z 5l0{A SQL query?2| Syntactic Errorg ’dot= 1P°d Al =& SQL query?| 20| X7} §lE 8% =82 T=
_ (4—-1) . (4) corr k
C; = Cs-1 U {(suy’ ™", error;)}. sort = msau(C;):  SQLE™ = SQL{®,

3. MaJorlty Votlng +=E sQL —T—L-E-%% 30”3“)1 AHLO| 758 TE== otLel A& g B F2 7l queryl| 7t 7t B2 Group=

gmax — gj | |gg| - m";ixlgkl

4. Final SQL Selection: 4 & & gl W& 7|E2 2 oo FAof Wt =F B7tsQL +=8 M3
RandomSelect(Gmax ), if |Gmax| = 1
argmax PairwiseWins(SQL), otherwise
SOLESke

12



AutoLink — Experimental Setups

« Experimental dataset

Dataset # Test #Test #Col #Tok. #Func. External SQL  Project
Examples DB /DB /SQL /SQL Knowledge Dialect Level
WikiSQL (Zhong et al., 2017) 15878 5230 6.3 12.2 0.0 b 4 x X
Spider 1.0 (Yu et al., 2018) 2,147 40 27.1 18.5 0.0* b 4 x ) 4
KaggleDBQA (Lee et al., 2021) 272 8 234 13.8 0.0 v X X
SEDE (Hazoom et al., 2021) 857 1 212.0 469 1.4 b 4 X X
BIRD (Li et al., 2024b) 1,789 15 54.2 30.9 0.4* v } 4 X
Spider 2.0-lite 547 158 803.6 1445 6.5 v v X
Spider 2.0-snow 547 152 8121 1618 6.8 v v b 4
Spider 2.0 632 213 7435 1483 7.1 v v v
Spider 2.0-lite
BIRD-dev Simple Moderate Challenging Total
925 465 144 1,534
BIRD-dev

{'question_id": 0,

'db_id": 'california_schools’,

'‘question’: "What is the highest eligible free rate for K-12 students in
the schools in Alameda County?’,

'evidence': 'Eligible free rate for K-12 = "Free Meal Count (K-12)" /
“Enrollment (K-12)7,

'SQL': "SELECT “Free Meal Count (K-12)" / "Enrollment (K-12)" FROM
frpom WHERE "County Name' = 'Alameda' ORDER BY (CAST('Free Meal
Count (K-12)" AS REAL) / ‘Enroliment (K-12)") DESC LIMIT 1",
'difficulty': 'simple’}

13



AutoLink— Experimental Setups

Implementation details

Policy Model (671B)
- Schema linking policy : DeepSeek-V3

- SQL generation policy: DeepSeek-R1, DeepSeek-V3

Metric

Schema linking Evaluation Metric

Strict Recall Rate (SRR)

SRR =

>

n
1=

L I(S;

Set,i)

n

SQL Query generation Evaluation Metric

- Execution Accuracy (EX)

14




AutolLink — Result

« Main result: Schema linking performance of Autolink

Bird Dev Spider2.0-Lite

Method Full Input SRRT C+ Avg. Tokenst SRRT i SRRT SRR! sf SRRlocal Ct  Avg. Tokens*
DE-SL (BGE-Large) v 35.5 357 - 436 282 57.1 875 1538 -
CE-SL (BGE-reranker) v 724 357 - 576 423 726 958 153.8 -
MCS-SQL v 857 175 29.8K 589 578 548 79.2 45.1 168.9K
SQL-to-Schema v 925 135 19.4K 640 64.8 548 91.7 49.0 171.9K
CHESS v 89.7 4.5 - - - - - - -
RSL-SQL v 93.3 13.0 14.8K 520 528 441 75.0 25.8 29.2K
LinkAlign X - - - 364 225 512 66.7 21.1 66.7K
AutoLink (ours) X 974 358 8.0K 91.2 93.7 857 95.8 1594 21.2K

Table 1: Performance comparison of schema linking on Bird Dev and Spider 2.0-Lite. We report the overall Strict Recall
Rate (SRR,;) for both datasets. For Spider 2.0-Lite, SRR is further broken down by SQL dialect: BigQuery (SRR3,), Snowflake
(SRR;y), and SQLite (SRR;ocql)- C denotes the average number of columns included in the simplified schema (Sjnkeq) after
schema linking. Full Input indicates whether the entire database schema is provided to the LLM or if all database schemas are

iterated through.
- K2kt AutoLinkZ} Baseline CHH| 253t Schema linking H&t= &£ 2. £3| Spider2.0-lite®l A Baseline CHH| 45 X0|7} FE2{Z
- Spider 2.0-lite?} BIRDCHH| DB metadatal| Z 0|2t E&E= FHO|AM 0% =7| 20| T2 BaselineO| d50| Xdtr|= A= F7. U AutoLinke
HNe2H XMotE §E2E HE2E Explore & Expanddt?| 20 Context Length =X|E 2t2150 Schema I|nk|ng°| Hatdg ey
- Baseline ST M= CHESS, LinkAlignZ2 7| 0Tl YEM M NoiseE Z0/= L2 2 Y= baseline2 40| 7t FBATICH= HE 2A



AutolLink — Result

« Main result: SQL generation performance

Method Model EX" Avg. Tokens*
QwQ 11.33 -
GPT-40 13.16 -
- DeepSeek-R1 13.71 -
Spider-Agent ol-preview 23.03 -
03-mini 23.40 -
Claude-3.7-Sonnet 28.52 -
CHESS GPT-40 3.84 -
LinkAlign DeepSeek-R1 33.09 -
RSL-SQL'  DeepSeek-R1 30.53 50.0K
REFORCE'  DeepSeek-R1 29.62 81.1K
REFORCE  ol-preview 30.35 81.1K
REFORCE  GPT-03 37.84 81.1K
AutoLink DeepSeek-R1 3492 38.0K

Table 2: Execution Accuracy (EX) comparison of different
methods on the Spider 2.0-Lite dataset. T indicates results
obtained through independent reproduction. Avg. Tokens in-
dicates the average number of tokens comsumed to generate

a SQL.

- SQL generation0f £gst 7|07} Gl=

- 592 Backbone2 AlE3%H

B0 o5t A

- Avg. Tokens?t CH2 baseline CiiH| MZ0| = &2

Method Model EX"  Avg. Tokens*
MAC-SQL GPT-4 59.39 6.8K
TA-SQL  GPT-4 56.19 73K
RSL-SQL  GPT-4o 67.21 7.5K
CHESS Gemini-1.5-Pro  68.31 14.5K
AutoLink  DeepSeek-v3 66.36 8.0K
AutoLink  Gemini-1.5-Pro  68.71 8.0K

Table 3: Execution Accuracy (EX) comparison of different
methods the Bird Dev.

A 2t0| M X Spider 2.0, BIRD 0| A AutoLink?2| 4S0] E} Basline CHH| 2=
utoLink= El baseline CHH| @3t 852 &4

=%t ™2 2 W Autolink®| Schema linking

> o
detd=

T2k sQL ==& €4

7

—

iRl
A
|0
Hu
El
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AutolLink — Result

« Ablation Study: Impact of ablating action space and Environment interaction

Method SRR,.—5 SRR,.—50 SRR,.=100

AutoLink 79.2 88.0 91.2

- w/o Verify Schema 77.2,2.0 86.81.2 89.6,1.6
- w/o Explore Schema  76.8)2 4 84.83.2 88.812.4
- w/o Retrieve Schema  72.4 6.5 80.4 7.6 84.5,6.7

Table 4: Ablation study on the impact of different schema
linking actions under varying numbers of initial candidates
n on Spider 2.0-Lite.

- Schema Retrieval M|A St=2 7t& 2 45 NSIE =28 €22 > x=7| AM AN = Schema linkingg 43¢ =+

o O
22 LA

- Explore Schema MAHA| FHME & 85 X7t L > Q| DBLF #& & Ambiguity Si20] Explore SchemaZt
7104 2S LA
- Verify Schema MAA|0 = H5 XN5I7t Yl > Self-assessment7t s 240 7[0fgh2 A
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 Scalability Analysis of Different Database Scales

(a) (%0 ()
100 4 . ~O- AutoLink 1
3 -+ Linkalign T L A ¥ 80
0 MCS-SQL JRRRPREE . i
2509 .. sqLto-schema b"”:“” ----
80 ' 501
< 2004 <
3 601 ] __ 404
§ 5 150 g
= ~ & =
o e o % 301
wn 404 o
. 100 -
~o— AutoLink .. . Mo reraneenees A. < L0 201
20 -9 BGELarge ’ Lt ~O— Autolink
-A- BGE-Reranker el 504 O- BGE-Large Qs
~Q- Linkalign -+ Linkalign
<0 MCS-SOL 101.0. messoL
0 -#- SQLto-Schema 04 -%- SQL-to-Schema T S
<100 100-500 500-1500 1500-3000 >3000 <100 100-500 500-1500 1500-3000 >3000 <100 100-500 500-1500 1500-3000
28.8% 27.6% 10% 14% 19.6% 28.8% 27.6% 10% 14% 19.6% 28.8% 27.6% 10% 14%
Database Size Database Size Database Size

Figure 2: Scalability comparison across databases on Spider 2.0-Lite of varying sizes in terms of (a) Strict Recall Rate (SRRT),

(b) Average Tokens Consumption (Avg. Tokens]), and (c) Execution Accuracy (EXt). Percentages below each bin indicate the
proportion of databases within each size range.

- Column@| 7i==0f [}2tA Database size intervalZ& LM A 242 A=

=
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Schema linking

Schema Linking in the Wild: Clause-Aware Grounding
with DB Disambiguation under Synthetic Distractor
Pressure



Schema Linking in the Wild

« AutolLink®| £/

- X¥2 X7| DB HIO|EH{ 2 Agent —Environment Interaction® &%t Schema linking2 +ddl= Y&HE0| 2utd TYH
- DB2J Scalelf & F&¥sS 2= A0t HEE XSt
:

- Schema linking2| performance?t Z|& SQL generation ‘0| E¢ d=

N
T — O

Ol

3

fujo

« AutoLink® 7|E Schema linking 2 & SHA|

- Model Scalability: AutoLink2| Agent= DeepSeek-V30|H 671B 2 &, LinkAlign2| Agent= GLM-4-air, GPT-4
< X|etSt= frameworkE +A5t7| fI5HA O B[N REO| R

- Unrealistic Settings: Autolink®| Explore & Expand Al XtAfl= EFEStLE O HA
Expandl| #2|7t DB 17§ = ot E|= A0 2. O|2{et DB BEE F1 SQL +&= ‘445t
zMEE 257t s=
< AFEAH7L Ol DBE EEEXA| RE= ¢, = Multi-DB 20 A= EE517| 022 T4

O] &&E & U= O|F+= Explore &
=S M-dste 7|FE Text2SQL Al Q|
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Schema Linking in the Wild

 How to implement Realistic Schema linking settings?

- RAG &S 785t EHe| ol 2 7t= DB HELQF HO| of A0 2t& U= Distractor DB7} YH2 = = oHEl H7t
Ho|E{ M-S =
- Ground truth Schema Linking 23} 7|22 2 column T distraction2 CHYSHA F= YAl 2 Distractor DB
metadata ‘84 € Contextual Error Injection
- Distractor DB metadatal| &% EtFd =2l /ot HIO|E verification &'8E T35 < Structural error
prevention

« How to utilize weak LLM for Schema Linking?

- StLtS[ LLMO| Two-stage HEH2 2 £&T = U= framework X2t
- Stage 1: Mention & Entity Extraction: Xt 0{ & 2|2} Gold + Distractor DB metadata setO| FO{A 2 I A U=

mention, entityE FE5t= A

- 1=
> Schema linking0fl 223t 2tH M 0| &2 table, column set=2 Z|CHDE 0| EEE recall@ =0|&= MEE =+
- Stage 2: Clause-aware Schema linking: Stage 10|A] ==& El Mention, EntityE &350 %|Z ALEXF Ho|o| SEHE

T U= table, columna FE5t= schema linkings 2 Al

> EntityZ Table/Column0| mappingZ [, SQL2| 0{ = E(Clause: SELECT, WHERE, GROUP BY &)0]| &5l=X],

OfH H4tXH(Aggregation §)2t A& El=X| 71HX| & 0|55t H A Schema linkings 21 ,
1
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Distractor DB creation procedure
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Schema Linking in the Wild

 Distractor DB creation procedure

[DB_ID] california_schools

| [Schemal

. # Table: frpm
[
(CDSCode: INTEGER, Examples: [01100170118489, 01100170112607, 011
(Academic Year:INTEGER, Examples: [2014-2015]),

" (County Code:INTEGER, Examples: [01]),

" (District Code:INTEGER, Examples: [10017]),
(School Code :INTEGER, Examples: [0109835, 0118489, 0112607]),
(County Name:TEXT, Examples: [Alamedal),
(District Name :TEXT, Examples: [Alameda County Office of Educat
(School Name:TEXT, Examples: [Aspire California College Preparat
(District Type:TEXT, Examples: [County Office of Education (COE)
(School Type :TEXT, Examples: [K-12 Schools (Public), High Schoo
(Educational Option Type:TEXT, Examples: [Traditionall),

" (NSLP Provision Status:TEXT),
(Charter School (Y/N):INTEGER, Examples:
(Charter School Number:TEXT, Examples:
(Charter Funding Type:TEXT, Examples:
(IRC:INTEGER, Examples: [1]),

[11),
[@811, 1049, @7281]),
[Directly funded]),

H/l T —/ = &2 =G M7 \LOUNIUYy v teyliull, S o1 VS =

[DB_ID] california_student_wellness
[Schemal
# Table: campus_directory
[
(campus_id:INTEGER, Primary Key, Examples: [120045, 120318, 121@
;'E-l ED4 01 _(reporting_year:TEXT, Examples: [2014-2015, 2013-2014]),
(district_label:TEXT, Examples: [Alameda Unified, Hayward Unifie
(site_label:TEXT, Examples: [Lincoln Middle, Fremont High, Bayvi
(campus_category: TEXT, Examples: [Elementary, Middle, Highl),
(low_grade_flag:TEXT, Examples: [K, 6, 9]),
.et_name (high_grade_flag: TEXT, Examples: [5, 8, 12]),
(charter_flag:BOOLEAN, Examples: [true, falsel),
(street_location:TEXT, Examples: [125@0 Atlantic Ave, 4610 Foothi
(municipality:TEXT, Examples: [Alameda, Oakland, San Leandrol),
> FK %§;(posta1_code:TEXT, Examples: [94501, 94601, 945771),
(latitude:REAL, Examples: [37.76512, 37.77483, 37.72451]),
(longitude:REAL, Examples: [-122.24118, -122.21456, -122.15674])
(calendar_model:TEXT, Examples: [Traditional, Year-Round, Modifi
(start_month:TEXT, Examples: [August, Julyl),
— A|ZH (end_month:TEXT, Examples: [June, Mayl),
(active_status:TEXT, Examples: [Active,
]
# Table: fitness_assessments
[

EE (assessment_id:INTEGER, Primary Key, Examples: [500901, 500944,
(reporting_year:TEXT, Examples: [2014-2015, 2013-2014]),
(campus_id:INTEGER, Examples: [120045, 120318, 121007]),

Inactive])

[=13

EMANTIC

VALUE

ANULARITY
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« Clause-aware Schema linking

SQL query
execution order

FROM and JOIN

l

WHERE

!

GROUP BY

HAVING
window functions |

execute here “--______‘ SELECT

ORDER BY

l

LIMIT

"question"

““json

"join_analysis": {
“needs_join": true,
"tables_involved": ["<table_1>", "<table_2>"]

k

"schema_linking_predictions": [
{
"mention": "<exact mention string from the input list>",
"'schema_items": [
{
"table": "<table name as shown in the schema>",
"column": "<column name as shown in the schema>",
"clauses": ["<clause_label>", "..."],
"elements_by_clause": {
"<clause_label>": ["<operator_or_function>", "..."]

"join_path": [
"<table_a>.<column_i> = <table_b>.<column_j>"

"Provide ID, sex and age of patient who has blood glucose (GLU) not within
normal range but with total cholesterol(T-CHO) within normal range."

"join_analysis": {
"needs_join": true,
"tables_involved": ["Patient", "Examination", "Laboratory"]
b
"schema_linking_predictions": [
{
{
"mention": "blood glucose (GLU) not within normal range",
"schema_items": [

{ "table": "Laboratory", "column": "GLU", "clauses": ["WHERE"], "elements_by_clause": { "WHERE": ["NOT_EQUAL"] }}

"mention": "total cholesterol(T-CHO) within normal range",
"schema_items": [

{ "table": "Laboratory", "column": "T-CHO", "clauses": ["WHERE"], "elements_by_clause": { "WHERE": ["EQUAL"] }}

"join_path": [
"Patient.ID = Examination.ID",

"Patient.ID = Laboratory.ID"

24



Schema Linking in the Wild

Natural Language Question

Framework structure diagram

Stage 1: Retrievial & Extraction

Entity / Mention Extraction

Database Pool
Gold DB + Distractor DBs

Candidate Schema
Retrieval

Extracted Mentions +
Candidate Meta Data

Stage 2: Clause-Awgre Schema Linking
w21
1. DB Disambiguation
Select/Reject DBs

l

2. Join Analysis
Identify required tables &
joins

l

3. Schema Item Mapping
Map Mentions to Table &
Column

l

4. Clause Assignment
Predict Clauses &
Operators

l

5. Join Path Prediction
Predict PK/FIK relationships

ked Schema
Info

Final
with Clause & Join



Schema Linking in the Wild

- Experimental Results: Schema linking

Qwen/Qwen2.5-Coder-7B-Instruct & F2 A A|
DB Acc Table Acc Col Acc Table Acc (cond.) | Col Acc (cond.)
real_naive N/A 51.47% 31.93% N/A N/A
v2 Zero Shot N/A 53.39% 36.96% N/A N/A
v2 2shot N/A 57.661% 42.014%
v2_1 Zero Shot 60.47% 48.60% 34.84% 80.06% 57.46%
v2_1 2shot 72.791% 58.427% 43.708% 79.837% 59.950%
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Schema Linking in the Wild

Framework structure diagram TODO

Natural Language Question

Stage 1: Retrieval & Ektraction
Database Pool Entity / Mention Extraction
Gold DB + Distractor DBs

Candidate Schema
Retrieval

Extracted Mentions + Missing DB/Table
Candidate Meta Data (Re-retrieve)

Rule-based & LLM
Verifier

a

- Verifier =2 &%+ Z Stage error mitigation
SN

Wrong Column

(Refinement)

Spurious Join, PK/I

Valid Stage 1 Output

o
Vaiidatsg Output - Feedback-aware &t
Stage 27 €lguse-Aware Schema Linking
= 1. DB Disambiguation

A0 & o|-'— X MX

SE= °|'7| Ton_i':l'l'—l— e
Final Linked Schema

Select/Reject DBs

with Clause & Join Info
-

2. Join Analysis
Identify required tables &
joins

l

3. Schema Item Mapping
Map Mentions to Table &
Column

-

4. Clause Assignment
Predict Clauses &
Operators

l

5. Join Path Prediction
Predict PK/FK relationships

Stage 2 Output

27
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Schema Linking in the Wild

- Experimental Results: Schema linking

DB Acc Table Acc Col Acc Table Acc (cond.) | Col Acc (cond.)
real_naive N/A 51.47% 31.93% N/A N/A
v2 Zero Shot N/A 53.39% 36.96% N/A N/A
v2 2shot N/A 57.661% 42.014%
v2_1 Zero Shot 60.47% 48.60% 34.84% 80.06% 57.46%
v2_1 2shot 72.791% 58.427% 43.708% 79.837% 59.950%
v3_fewshot 70.46% 58.11% 44.35% 82.48% 62.95%

28
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TODO

- Stage 1, Stage 2 E3} &5 MA|
- Stage 12 Input Context Length

£ EO0|HA —'T'—
Stage 2= SQL Clause-aware signal2 &

ol
AA

£ 5t ContextE Explore & Expanddte &

= |oss + verifier feedbackE 2= loss
st& MO Al A=

HE 70 Zlg
i

- =
'|7;” |l Q

E

H| 1 Baseline A&

- A o UE ZA HA|
Etc.
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