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Who I am
My name is Matías Toro. Before I become an assistant 
professor, I have worked for 14 years in the aeronautical 
and educational fields designing and developing software.



What I do

My research sits at the intersection of gradual typing and 
language design for safety guarantees (confidentiality/
differential privacy). More recently, I've also been exploring 
how to bring type system foundations to database query 
languages.
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GQL
GQL (Graph Query Language) is a new (2024) ISO standard 
for graph query languages that is being developed to be the 
counterpart of SQL for graph databases.



GPC
Denotational 

semantics

What do you think 
about the type 

system?

Mmmh… (laughs in 
spanish)

λ



Nodes

Account

owner: "Aretha"

isBlocked: false

n1

Identifier Labels

Properties

𝒩id = {n1}

ℒ = {n1 : {𝙰𝚌𝚌𝚘𝚞𝚗𝚝}}

δ = {n1 : {𝚘𝚠𝚗𝚎𝚛 : "Aretha", 𝚒𝚜𝙱𝚕𝚘𝚌𝚔𝚎𝚍 : 𝚏𝚊𝚕𝚜𝚎}}

Data model G



Edges

Account

owner: "Aretha"

isBlocked: false

n1

Transfer

amount: 2000000

e1

Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2

Identifier Labels

Properties
Direction

𝒩id = {n1, n2}

ℒ = {n1 : {𝙰𝚌𝚌𝚘𝚞𝚗𝚝}, n2 : {𝙰𝚌𝚌𝚘𝚞𝚗𝚝, 𝙿𝚎𝚛𝚜𝚘𝚗}, e1 : {𝚃𝚛𝚊𝚗𝚜𝚏𝚎𝚛}}

δ = {n1 : {𝚘𝚠𝚗𝚎𝚛 : "Aretha", 𝚒𝚜𝙱𝚕𝚘𝚌𝚔𝚎𝚍 : 𝚏𝚊𝚕𝚜𝚎}, . . . }

ℰd = {e1}

Data model G



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)

[[π]]G =
path x y z

… … … …

… … … …

{(p, μ)}



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

Match any node.  
Store the result in x

(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)

path x

n1 n1
n2 n2
n3 n3



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)

Match any node.  
Store the result in x

Match directional edges that has 
label Transfer and the property 

amount is bigger than 1M.  
Store the result in z.

path x

n1 n1
n2 n2
n3 n3

path z

n1 e1 n2 e1
n2 e2 n3 e2



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)

Match any node.  
Store the result in x

Match directional edges that has 
label Transfer and the property 

amount is bigger than 1M.  
Store the result in z.

Match any node such 
that the property 

isBlocked is true. 
Store the result in y

path x

n1 n1
n2 n2
n3 n3

path z

n1 e1 n2 e1
n2 e2 n3 e2

path y

n3 n3



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)

Match any node.  
Store the result in x

Match directional edges that has 
label Transfer and the property 

amount is bigger than 1M.  
Store the result in z.

Match any node such 
that the property 

isBlocked is true. 
Store the result in y

path x

n1 n1
n2 n2
n3 n3

path z

n1 e1 n2 e1
n2 e2 n3 e2

path y

n3 n3

Join the results (by paths) if possible!



Path Queries
Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

path x y z

n2 e2 n3 n2 n3 e2

Result
(x) -[z:Transfer WHERE z.amount>1000000]-> (y WHERE y.isBlocked=true)



Path patterns

π ::= (d) ∣
d

⟺ ∣ π + π ∣ π π ∣ π⟨t⟩ ∣ πl..u

Node pattern

Edge pattern

Union pattern

Concatenation 
pattern

Conditioned 
pattern

Repeated 
pattern



Union

PATH X Y

n1 n1 Nothing

n2 n2 Nothing

n3 n3 Nothing

n2 Nothing n2

n3 Nothing n3

Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

(x : 𝖠𝖼𝖼𝗈𝗎𝗇𝗍) + (y : 𝖯𝖾𝗋𝗌𝗈𝗇)



Repetition (1)

PATH X

n1 e2 n3 [e2]

n3 e3 n2 [e3]

n1 e2 n3 e3 n2 [e2, e3]

Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

x 1..2



Repetition (2)

PATH X

n1 e2 n3 [[e2]]

n3 e3 n2 [[e3]]

n1 e2 n3 e3 n2 [[e2, e3]]

n1 e2 n3 e3 n2 [[e2], [e3]]

Account

owner: "Aretha"

isBlocked: false

n1
Account, Person

owner: “Jay"

isBlocked: false

name: “Jay”

n2 Account, Person

owner: “Mike"

isBlocked: true

name: “Mike”

n3

Transfer

transfer: 2000000

e1 Transfer

transfer: 2500000

e2

( x 1..2 )1..2



Observations

• A query can ”go wrong”. 


• GQL ISO standard defines types for data, but not formal 
type system for validating queries.


•  GQL ISO standard is written in a mix of prose and 
pseudocode, marking it hard to interpret and apply in a 
rigorous, research driven manner. 



What can go wrong?



What can go wrong?
(x) -[x]->

Incompatible shapes
According to the 

ISO this is 
syntactically invalid

Validated by GPC!



What can go wrong?
(x) -[x]->

(x WHERE x.isBlocked is bool) -> (x WHERE x.isBlocked is str)

Incompatible shapes

Incompatible properties
x

According to the 
ISO this is 

syntactically invalid
ISO: this is “fine”, but the 

result will be always 
empty!



What can go wrong?
(x) -[x]->

(x WHERE x.isBlocked is bool) -> (x WHERE x.isBlocked is str)

Incompatible shapes

Incompatible properties
x

(x WHERE x.amout>0)

Nonexistent attributes

According to the 
ISO this is 

syntactically invalid
ISO: this is “fine”, but the 

result will be always 
empty!

ISO: it depends. It might 
crash or return empty 

result.



What can go wrong?
(x) -[x]->

(x WHERE x.isBlocked is bool) -> (x WHERE x.isBlocked is str)

Incompatible shapes

Incompatible properties
x

(x WHERE x.amout>0)

Nonexistent attributes

(x WHERE x.isBlocked>0)

Wrong usage of attributes

According to the 
ISO this is 

syntactically invalid
ISO: this is “fine”, but the 

result will be always 
empty!

ISO: it depends. It might 
crash or return empty 

result.

ISO: it depends. It might 
crash or return empty 

result.



What can go wrong?
(x) -[x]->

(x WHERE x.isBlocked is bool) -> (x WHERE x.isBlocked is str)

Incompatible shapes

Incompatible properties
x

(x WHERE x.amout>0)

Nonexistent attributes

(x WHERE x.isBlocked>0)

Wrong usage of attributes

According to the 
ISO this is 

syntactically invalid
ISO: this is “fine”, but the 

result will be always 
empty!

ISO: it depends. It might 
crash or return empty 

result.

ISO: it depends. It might 
crash or return empty 

result.

(y WHERE x.isBlocked=true)
Unbound variables

Fatal error/stuck 
execution!



The execution of a query
Non empty result

due to inconsistencies

Stuck/Fatal Error

Query Empty result
no relevant data



Goals
• Provide a static type system for GQL that:


• Under-approximate definitive empty results. Issues 
warnings for programs that will definitively return an empty 
result.


• Over-approximate stuck evaluations. Rejects programs 
that may potentially get stuck or abort during query 
execution.


• Flexible. Starts with a schema that has no types and allows 
the gradual addition of types, progressively increasing the 
precision of the type system.


• (And typing must be faster than running the actual query)



Our Approach

• Flexible Path Pattern Calculus (FPPC)


•  a formal model of the path pattern language of GQL. 


•  extending ISO GQL with new syntax for filtering by 
property types.


• use of gradual typing [Siek and Taha 2006]: both the 
schema and path pattern language with imprecise type 
information by introducing an unknown type (★).



Overview: FPPC

Partial 
Schema

Query

Type 
System

Error

Path Type

Context

(*) -[Transfer {transfer: int}]->(*)  
(Account&* {owner: str, *})

(x)  
  -[z:Transfer WHERE z.amount=1000000]->  
    (y WHERE y.isBlocked=true)

(Account&* {owner: str, *})  
   -[Transfer {transfer: int}]->  
     (Account&* {owner: str, isBlocked: bool, *})

x ↦ (Account&* {owner: str, *})  
y ↦  (Account&* {owner: str, isBlocked: bool, *})  
… 

Empty?

Over-approximation

Under-approximation

Flexible



FPPC in action



FPPC in action



Types

L ::= ℓ R

Label type

Property type

Descriptor type

ℓ ::= 𝚕 ∣ ⋆ ∣ ℓ & ℓ ∣ ℓ ⊕ ℓ ∣ ⊤

R ::= {ai : τi} ∣ {ai : τi, ⋆ } ∣ ⊥

τ ::= ℤ ∣ . . . ∣ ⋆ ∣ τ ⊕ τ ∣ ⊥ Simple type



Matching by properties

[[(x? : L)]]G = { (n, x? ↦ n) ∣ n ∈ Nid, ⊢ ℒ(n) 𝒫(n) : L′￼, L′￼<: L }

We infer labels and 
properties of the node

We test by using 
subtyping 

instead

[[(x? : ℓ)]]G = { (n, x? ↦ n) ∣ n ∈ Nid, ⊢ ℓ ∈ ℒ(n)}

Now we include 
matching by label and 

properties

Previously:

Now:

A single label



Type Judgment
S ⊢ π : P; ΓPartial schema

Path query Path type

Type environment

N ::= (L)

E ::= N L N ∣ N L∼ N

S ::= ⋅ ∣ S, N ∣ S, E

Node type

Edge type

Partial schema



Type Judgment
S ⊢ π : P; ΓPartial schema

Path query Path type

Type environment

Path type

Variable type

Partial schema

P ::= N ∣ P − N |P + P | ⊥

Γ ::= ⋅ ∣ Γ, x ↦ T

T ::= N ∣ E ∣ T + T ∣ [T]l ∣ ⊥ ∣ 𝖭𝗎𝗅𝗅



FPPC
(x) -[x]->

Incompatible shapes

Incompatible properties

(x WHERE x.amout>0)

Nonexistent attributes

(x WHERE x.isBlocked>0)

Wrong usage of attributes

(y WHERE x.isBlocked=true)
Unbound variables

(x WHERE x.isBlocked is bool) -> (x WHERE x.isBlocked is str)

ill-typed! meet 
between a node 

type and an edge 
type is not defined.

empty warning!  meet 
between bool and string 

is ⊥.

empty warning! amout 
can not be find in the 

schema.

empty warning! type 
error in the conditional 

term is propagated to the 
pattern 

ill-typed! variable x is not 
present in the type 

environment 

FPPC detects all errors!



Properties



Soundness

• Well-typed path patterns do not get stuck during execution.


• their evaluation always produces “well-typed result”, i.e. 
subtype of the original path pattern type (but only for the 
extremes nodes due to repetition).

If S ⊢ π : P; Γ and S ⊢ G then
∃γ . [[π]]G = γ, ∀(p, μ) ∈ γ, G ⊢ μ : Γ, G ⊢ p : (N1, N2)
and (N1, N2) ≤ (first(P), last(P))



Emptiness

• a well-typed path pattern, if either the path type is empty or 
the type environment is empty,


• then the result is definitively empty.

If S ⊢ π : P; Γ, S ⊢ G and (empty(P) or  empty(Γ)) then [[π]]G = {}



Restriction on Emptiness
• The Schema  must be consistently equal to the actual 

data, not a consistent supertype:


• Consider: 


• If Schema  , then path query  
would be deemed empty, even though the query result 
would be not empty.

S

ℒid = {n1 = {A}, n2 = {A, B}}

S = ( ⊤ { ⋆ }) (x : A)

Data Schema Query

∼ <:

Evaluates on



Gradual Guarantee
• Static Gradual Guarantee (SGG) ensures that typing 

remains monotonic with respect to precision. 

• Dynamic Gradual Guarantee (DGG) guarantees that 
reduction preserves monotonicity with respect to 
precision

[Siek et al.2015]

 If S1 ⊑ S2, π1 ⊑ π2 and S1 ⊢ π1 : P1; Γ1
then S2 ⊢ π2 : P2; Γ2, P1 ⊑ P2 and Γ1 ⊑ Γ2

 
 

If S1 ⊑ S2, S1 ⊢ G, S2 ⊢ G,
S1 ⊢ π1 : P1; Γ1, S2 ⊢ π2 : P2; Γ2 and π1 ⊑* π2
then [[π1]]G ⊑ [[π2]]G



Does it work in 
practice?



Evaluation

• “Typing must be faster than running the query”


• froGQL: A single-file ISO GQL property-graph engine in 
Rust. MIT-licensed, on PyPI and NPM.



froGQL

Parser Elaborate Typechecker Runtime 
(LTJ)

Pushdown 
optimizer

GQL query

result table

prunes ⊥

When the meet collapses to   
short-circuit the query, return 

empty: no graph scan

⊥ ⟹

The same type system now lives inside a real engine, and runs 
before any graph access.



The typechecker is (almost ) 
free

< 6% 
type checker overhead 

on 29 of 36 valid-query cells 
(<1% whenever the runtime 

exceeds 1ms)

146 s 
to reject a 4-hop 

contradiction 

that the unchecked runtime 
spend 38s enumerating

μ 2,280,000x 
peak speed-up  

on the worst chain 
enumeration measured to 

completion



Where LTJ wins, and where 
work remains



Limitations

• No formal support for negation on label:


• What is the meaning of ?


• How to implemented this fast?


• Potential explosion of types due multiple unions + long 
schema.

(x : A & ¬ ⋆ )



Future work
• Not only path patterns but to formally support full range of 

GQL queries.


• Formally supporting aggregation and negation in label 
predicates.


• Exploring other optimizations for query evaluation under 
these typing enhancements.


• Further refinements to the interaction between schema 
evolution and gradual typing in graph databases (Spark/
Shacl).



Thank you

Partial 
Schema

Query

Type 
System

Error

Path 
Type

Type 
Environment

Empty?








