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What is NL2SQL?

Table name Columns
e
—— r 3

Table1 instructor id|name| department id |salary|....

Database J ey
Schema Table2 department id| name | building | budget | .......
primary
key
Table n
+
Complex What are the name and budget of the departments
NL Query question  With average instructor salary greater than the
overall average?
l Complex SELECT T2.name, T2.budget
SQL FROM instructor as Tl JOIN department as

SQL Query

T2 ON Tl.department id = T2.id
GROUP BY Tl.department id
HAVING avg(Tl.salary) >
(SELECT avg(salary) FROM instructor)

Spider example




Mainstream Approach — Seq2Seq

- Based on Sequence-to-sequence framework
- Based on pre-trained language models
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Mainstream Approach — LLM

- Large language models
- Out-of-the-box or fine-tuned LLMs

» Use In-context learning with thoughtfully crafted prompts

Database (Bank-Financials) Natural language question

Schema (4 tables)

Basic_Info: | Stk Code | Stk Name |

(2 columns)

Balance_Sheet: | Stk Code | Cash CB | IB Deposits | Est Liab | Tot Liab | Prec Metals | Trad FAs | ---
(46 columns)
Income_Statement: | Stk Code | Oper Rev | Oth Biz Inc | Net Int Inc | Inv Inc | Fee Com Net Inc | ---
(33 columns)

Cash_Flow_Statement: | Stk_Code | Net CF_Fin | Net Inc IB Bomrowings | Net CF Op | Repay Debt | ---
(65 columns)

[ Metadata (ivpes, comments, and vaines of each eotinn) 77T >{ Text-t0-5QL method )

List bank names whose proportion of estimated liabilities in their total liabilities
exceeds the industry average, and whose net increase in borrowing funds from
other financial institutions exceeds 3 billion Yuan.

"Basic_Info.Stk_Code": {"type": "text", "comment": "Securities code", "values": ["601998.SH", ...]}.
"Basic_Info.Stk Name: {"type": "text", "comment": "Securities name", "values": ["Huaxia Bank", ...]},

"Balance_Sheet Est_Liab: {"type™: “real”, "comment": "Estimated liabilities (in Yuan)", “values": [2408443000, .13, SQL query
"Balance_Sheet.Tot_Liab: {"type": “real”, "comment": "Total liabilities (in Yuan)", "values": [35312689000000, ...]} . SELECT Basic Info.Stk Name

FROM Balance Sheet
JOIN Basic Info

"Cash_Flow_Statement.Net_Inc_IB_Borrowings": {
"type": "real", "comment": "Net increase in borrowing funds from other financial institutions (in Yuan)",

"values": [23043000000.0, ...] ON Balance Sheet.Stk Code = Basic_Info.Stk Code
) ’ o JOIN Cash Flow Statement
) ON Cash Flow Statement.Stk Code = Basic Info.Stk Code
—————————————————————————————————————————————————— WHERE (Balance Sheet.Est Liab / Balance Sheet.Tot Liab) > (
Metadata (primary keys and foreign keys) SELECT AVG (Est Liab / Tot Liab)
primary_Keys = [“Basic_Info.Stk_Code"] FROM Balance Sheet
foreign_keys = ["Balance_Sheet.Stk_Code = Basic_Info.Stk_Code", "Income_Statement.Stk_Code = Basic_Info. )

Stk_Code", "Cash_Flow_Statement.Stk_Code = Basic_Info.Stk_Code"] AND Cash Flow Statement.Net Inc IB Borrowings > 3000000000; {/} St a r C O d e r
https://arxiv.org/abs/2402.16347



https://arxiv.org/abs/2402.16347

Mainstream Approaches

« Mainstream approaches (either Seq2seq models or LLMSs)
primarily employ auto-regressive decoding to generate
unique SQL queries
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Existing Problem

« Problem: Auto-regressive decoding results in sub-optimal outputs
o Lack of output diversity: beam search tends to exhibit repetitiveness

countryCode  language  isOfficial percentage code name continent population
ABW Dutch T ] ABW Aruba North America 103000
ABW English F 95 AFG  Afghanistan Asia 22720000
ABW Papiamento F 76.7 AIA Anguilla North America 8000
ABW Spanish F 74 BMU Bermuda North America 65000
AFG Balochi F 0.9 CHE  Switzerland Europe 7160400
AFG Dari T 32.1 CMR  Cameroon Africa 15085000
AFG Pashto i 524 COL  Columbia  South America 42321000
AFG Turkmenian F
AFG Uzbek F NL Query:  What are the country codes for countries that do not speak English?
RbD S 3 SOL (Gold): SELECT countrycode FROM CountryLanguage EXCEPT
——— " SELECT countrycode FROM CountryLanguage WHERE language='English'

Beam search outputs from LGESQL model E
Top-1 SQL:  SELECT countrycode FROM CountryLanguage WHERE language!='value'
Top-2 SQL:  SELECT code FROM CountryLanguage JOIN Country WHERE language!='value'
Top-3 SQL:  SELECT countrycode FROM CountryLanguage WHERE language<='value'
Top-4 SQL: SELECT code FROM CountryLanguage JOIN Country WHERE surfacearea!='value'
Top-5 SQL: SELECT code FROM CountryLanguage JOIN Country WHERE countrycode!='value'

o Lack of global context awareness: with the incremental nature of
sequential generation, it may encounter local optima as only partial
context is considered




Can We Have a Unified Framework?

- Can we develop a unified framework for NLZS(%L models, to
improve their vanilla auto-regressive decoding:



What is MetaSQL?

» MetaSQL: NL2SQL with Metadata

® Semantics Decomposition
(® Metadata-conditioned Generation
® Learning-to-rank

o= Generation --------- (TTTTTTT Rank ----------»
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Decomposition

- Inspiration from competitive-

level coding

o Solve problem with problem tags
» Decompose the meaning of NL

into a set of query metadata
o Opetator T'ag (e.g., WHERE)
o Hardness Value (e.g., 200)

o Correctness Indicator (e.g., correct)

- Frame the NL-to-metadata as a
multi-label classification problem

Problem
463. Island Perimeter Metadata

Easy Array Depth-First Search  Breadth-First Search Matrix

You are given row x col grid representing a map where grid[i] [j] = 1 represents land and grid[i] [j] =
0 represents water.

Grid cells are connected horizontally/vertically (not diagonally). The grid is completely surrounded by
water, and there is exactly one island (i.e., one or more connected land cells).

The island doesn't have "lakes", meaning the water inside isn't connected to the water around the island. One
cell is a square with side length 1. The grid is rectangular, width and height don't exceed 100. Determine the
perimeter of the island.

| @000 ~~~f 000 |

Multi-label
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Generation

Generafion
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Metadata-conditioned
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NL2SQL Models




Generation

- Valinna NL2SQL -> Metadata-conditioned NL2SQL

» Metadata as language prompt

o For Seq2seq models, re-train by having metadata as extra inputs
o For LLMs, use in-context learning with metadata infomraiton

CANDIDATE SQLS

. project METADATA SELECT countrycode
excep
Wherioo 400, project FROM CountryLanguage
composition
——> | 400, project, wh SELECT countrycode
00. project, where FROM CountryLanguage
Tsomeox 400, project, except WHERE language |= ‘English’
P SELECT countrycode
.MUHI IO.k?el + a FROM CountryLanguage
Classifier EXCEPT
SELECT countrycode

NL2SQL MODEL FROM CountryLanguage

WHERE language = ‘English’

() NL QUERY:

What are the country codes for
countries that do not speak English?
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Ranking
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Ranking

- Rank based on semantic similarity with NL and SQL

- Two-stage ranking pipeline
1) First-stage ranking for fast filtering
« Dual-tower architecture with similarity function

2) Second-stage ranking for top-1 selection




Ranking

Finer-grained
/ mismatch

» Two-stage Ranking pipeline T T

SELECT student.lname

FROM student JOIN hasg—pei JJOTIN peisg 0.76
WHERE pets.pet_age=3 I
o Second-stage ranking for top-1selection || | seseer studens i P -

SQL Queries | WHERE pets.pettype='cat' AND pets.pet_age=3

SELECT student.lname, [pets.pettype

FROM student JOIN has_pet JOIN pets 0.73
WHERE pets.pet_age=3 AND pets.pettype='cat'

SELECT student.lname
Matched FROM student JOIN has_pet JOIN pets 072
SQL Query WHERE pets.pettype='cat' AND pets.pet_age=3

 Problem: Current ranking primarily rely on sentence-level
supervision to distinguish matched and mismatched
candidates
o The semantic mismatch usually happens in finer grain, i.e., phrase level



Ranking

- Enhanced Second-stage ranking model
o Incorporate multi-grained signals (sentence-level and phrase-level)
o Construct multi-scale loss

o NL-to-SQL Global Loss =
D
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Evaluation

« Benchmarks
v’ Spider
v' ScienceBenchmark

« Metrics
v Translation Accuracy (syntactic equivalence)
v Execution Accuracy
v Translation Precision/MRR (for ranking evaluation)




Evaluation

« Overall results on Spider and ScienceBenchmark datasets

| GPT-4+METASQL |

69.6(115.3)

SPIDER pe, SPIDER ¢ ¢ SCIENCEBENCHMARK !
NLIDB Models EM % EX % EM % EX % EM % (ONCOMX) EM%(CoOrDIS) EM%(SDSS)
BRIDGE [36] 68.7 68.0 65.0 64.3 16.5 230 5.0
I{ BRIDGE+METASQL | 70.511.8)  69.2(141.9 - - 18.6(12.1) 25.0(12.0) 7.0(12.0)
GAP [9] 71.8 34.9 69.7 - 33.0 20.0 5.0
| GAP+METASQL | 734¢11.6)  37-2(12.3) - - 35.0(+2.0) 20.0 6.0(+1.0)
LGESQL [[11] F L] 36.3 72.0 342 41.7 24.0 4.0
[ LGESQL+METASQL ] 77'4(T2-3) 42'0(T5-7) 72.3(»]1)‘3) 55.7(1\21.5) 42'7(T1-0) 28'0(T4-0) 12'0((T8-0)
RESDSOQLy apqr [112] 75.8 80.1 - - 42.7 29.0 4.0
I RESDSQLy srge+METASQL ] 769(T11) 81'5(T1-4) = = 49'7(T7-0) 33'0(T4-0) 10'0(T6.0)
CHATGPT 51.5 65.3 - - 5.2 40.0 11.0
| CHATGPT+METASQL | 65.11136)  74.2(18.9) - - 53.2(12.0) 42.0(12.0) 16.0(15.0)
GpT-4 543 67.4 - - 65.7 42.0 15.0

68.612.9) 42.0 17.6(126)

NL2SQL Models Easy Medium Hard Extra Hard  Overall
BRIDGE 91.1 733 54.0 39.2 68.7
BRIDGE+METASQL 89.1¢12.0) 75.3(12.0) 58.0(14.0) 42.8(13.6) 70.5
GAP 91.5 74.2 64.4 442 71.8
GAP+METASQL gll(lO 4) 78'0(T3.8) 64.9(11)5) 434(J,08) 73.4
LGEsSQL 91.9 77.4 65.5 53.0 75.1
LGESQL+METASQL 94.0(12.1) 81.4(140) 70.1(14.6) 49.4(13.6) 774
RESDSQL{ zrgE 90.3 82.7 62.6 47.0 75.8
RESDSQLLorge*METASQL  92.5(15 2) 83.9(112) 64.1(115) 48.2(11.2) 76.9
CHATPGT 84.7 51.3 39.7 15:1 515
CHATPGT+METASQL 89.0(13.3)  70.6(1193)  552(4155) 24.419.3) 65.1
GrT-4 82.2 56.3 513 14.6 543
GPT-4+METASQL 91.1(15.9) 747 (1154) 641(4128)  36.1(1015) 69.6

NL2SQL Models MRR  Precision@1 Precision@3 Precision@5
BRIDGE+METASQL 73.8 70.5 76.7 78.6
GAP+METASQL 76.4 73.4 79.9 81.0
LGESQL+METASQL 78.2 76.8 79.6 80.9
RESDSQL| srge+METASQL 78.8 77.2 80.6 80.1
CHATGPT+METASQL 52.6 51.5 64.3 64.5
GPT-4+METASQL 69.6 69.6 72.5 72.5

MetaSQL can consistently improve model
performance over six baseline models




Evaluation

« Results on metadata sensitivity anal_ysis

Translation Accuracy

Translation Accuracy
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(a) Translation accuracy of METASQL with different classification
thresholds. The dotted line shows the results of original LGESQL.

=—sfpe— Fixed Hardness Values

----- Oracle Hardness Values

= = = LGESQL+METASQL
100 300 500 700 900

Hardness Value

Translation Accuracy

(b) Translation accuracy of METASQL applied to LGESQL using
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different correct indicator-type of metadata information.

Translation Accuracy
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‘ MetaSQL is relatively not sensitive to hardness values, while exhibits
oreater sensitivity to operator tags and correctness indicators




Conclusion

- Metadata bring good hints «& for NL2SQL

» MetaSQL: A generate-then-rank framework for NL2SQL
- Coarse-to-fine > End-to-end!

Yuankai Fan <fanyuankai@fudan.edu.cn>
https://github.com/Kaimary/MetaSQL
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