
Alcides Fonseca 
http://alcidesfonseca.com/ 

LASIGE & Faculdade de Ciências da Universidade de Lisboa

Liquid Types for AI



Alcides Fonseca et al.

http://wiki.alcidesfonseca.com/research/team/



Foundations of 
TypeSystems
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grade:{x:Int|0<=x&&x<=20} = 18

grade = -5
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grade = 4.5

Refined Types



{x:T|p} is a refined type.

• x is the name of variable (or fresh name)
• T is a type (usually a base type)
• p is a boolean predicate that can mention x.

{x:Int| x>0 }
{y:Bool| y }
{z:Float| true }



def bonus (ograde:Int|0<=ograde<=20) 
     : (ngrade:Int|0<=ngrade<=20){
ograde + 1

} 

Refined Types

def bonus (ograde:Int|0<=ograde<=20) 
     : (ngrade:Int|0<=ngrade<=20){
if ograde == 20 then ograde

     else ograde + 1
} 



def bonus (ograde:Int|0<=ograde<=20) 
     : (ngrade:Int|0<=ngrade<=20

&& ngrade >= ograde){
if ograde == 20 then ograde

    else ograde + 1
} 

Dependent Types



{x:T|p} is a refined and dependent type.

• if p mentions variables other than x.

{x:Int|x>y}
{p:Int|true} -> {q:Int|q>p}



def div: (x:Int) (y:Int|y!=0) : Int {…}

div 3 0 X

{z:Int|z==0} <: {y:int|y!=0}
Subtyping:

∀v:Int, v==0 -> v!=0
Verification Condition:



def div: (x:Int) (y:Int|y!=0) : Int {…}

div 3 2 ✓

{z:Int|z==2} <: {y:int|y!=0}
Subtyping:

∀v:Int, v==2 -> v!=0
Verification Condition:



How to prove (or disprove)

∀v:Int, v>=0 -> v!=0

?

Liquid Types: Discharging to an SMT Solver

Full Dependent Types: Manually



Foundations of 
Liquid Types



{x:T|p} is a liquid, refined and 
dependent type.

• if p is drawn from a decidable logic (QF_UFLIA)

QF: Quantifier-Free
UF: Uninterpreted Functions
LIA: Linear Integer Arithmetic 



{x:T|p} is a liquid, refined and 
dependent type.

{z:Int|z>0}
{z:Int|z+y>0}
{z:Int|z*y>0}
{z:Int|z*3>0}



∀v:Int, v==0 -> v!=0
Verification Condition:



{x:T|p} is a liquid, refined and 
dependent type.

empty  : {z:Array|size(z)=0}
append : x:Array ->
         el:Int -> 
         {y:Array|size(y)=size(x)+1}

predicate size : Array -> Int
Uninterpreted Function



Languages with Liquid Types



• https://catarinagamboa.github.io/liquidjava.html

Compiler for Java annotated with Liquid Types
LiquidJava

@Refinement("positive > 0") 
int positive; 
positive = 50; //Correct 
positive = -1; //Error 
        

@RefinementAlias("RGB(int x) {x >= 0 && x <= 255}") 
class MyColor{ 
  @Refinement("RGB(r)") int r; 
  @Refinement("RGB(_)") int g; 
  @Refinement("RGB(_)") int b; 
}

@Refinement("_ >= 0 && _ >= n") 
public static int absolute(int n) { 
  if(0 <= n) 
      return n; 
  else 
      return 0 - n; 
}

@RefinementAlias("Percentage(int x) { x >= 0 && x <= 100}") 
public class Grade{ 

    @Refinement("Percentage(_)") 
    public static int addBonus(@Refinement("Percentage(_)") 
                               int grade, 
                               @Refinement("Percentage(_) && bonus < grade") 
                               int bonus){ 
        if((bonus + grade) > 100) 
            return 100; 
        else 
            return grade + bonus; 
    } 

}



Liquid Types and Typestate
LiquidJava



• https://github.com/alcides/aeon

Programming Language with builtin Liquid Types
AEON

type Unit;

def math : Unit = native_import "math";

def pow : (b:Int | 1<=b && b <= 100) ->

                (d:Int | 1<=d && d <= 100) -> Int = native "lambda x: lambda y: math.pow(x , y)";

def test (x:Int | x > 0) : (z:Int | z < 0) {

    ?r

}



Machine Learning

Applications of 
Liquid Types





MLVP
Story #1: PHP Bytecode encoding



MLVP
Story #2: Sorted Dataset



MLVP
Story #3: Temporal Cross-Validation



MLVP
Story #4: Data Leakage

df[‘target’] = df[‘old_target’].map(
lambda x:1 if x == “Cat” else 0)

X = df.drop(‘target’)
y = df[‘target’]



MLVP
Static Verification of Semantic Properties



Robotics

Applications of 
Liquid Types



Integrating Robotics Software Components is not easy!



Integrating Robotics Software Components is not easy!



Integrating Robotics Software Components is not easy!



ROSpec: a language for verification of robotics software 
architecture

ensures {
    topic_scan.range_max - topic_scan.range_min < ranges_size,
    topic_scan.angle_min < topic_scan.angle_max,
    topic_scan.range_min < topic_scan.range_max,
    topic_scan.angle_increment >= 0,
} where {
    ranges_size: int := 120,
    topic_scan: nav_msgs/LaserScan := topic /base_scan
}

# Native Functions
ensures {
    tag(topic_scan, "metric"),
    tag(t1, "metric"),
} where {
    t1: PoseWithCovariance := topic /initialpose
}



• MAVSDK is one of the two most popular open-source drone 
controller frameworks (with a version in Java)

LiquidJava for MAVSDK

@ExternalRefinementsFor("io.mavsdk.mission.Mission")
@StateSet({...,"connectionEstablished", "missionUploaded", "missionStarted"})
public interface MissionControllerRefinements {
      @StateRefinement(from="connectionEstablished(this)",to="missionUploaded(this)")

  public void uploadMission(MissionPlan missionPlan);
 
@StateRefinement(from="missionUploaded(this)", to="missionStarted(this)")
public void startMission();

…
} 



LiquidJava for MAVSDK

 2 in Camera, 1 in FTP and 1 in FollowMe

4 bugs were found! 



Why are 
Liquid Types 
not being adopted?



Participative Design of LiquidJava



Editor Support for LiquidJava



User Study on LiquidTypes



User Study on LiquidTypes



Program Synthesis

Liquid Types for 
Regression



Program Synthesis with Refinements



Tree Generation
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Problem: SMT Solvers lack consistent non-determinism



Solutions for type-guided sampling



https://www.researchgate.net/profile/Alcides-Fonseca/publication/369615357_Domain-Aware_Feature_Learning_with_Grammar-Guided_Genetic_Programming/links/64253f0292cfd54f843ba6dd/Domain-Aware-Feature-Learning-with-Grammar-Guided-Genetic-Programming.pdf


Probabilistic 
Symbolic 
Regression 

x ~ Beta(0.3, 0.25)

y ~ Beta(0.4, 0.25)

x+y  





https://arxiv.org/pdf/2305.01582.pdf
https://pdf.sciencedirectassets.com/272229/1-s2.0-S1568494622X00161/1-s2.0-S1568494622009048/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240311T194303Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYTGA6RKEA/20240311/us-east-1/s3/aws4_request&X-Amz-Signature=43c399d52b384f10b516b664bfd7c81353c2b3596b82198f2e0adc08748c068d&hash=7fab3524a0a489702587a749623cc7f6b29711b165d7f5c665bbc98910aea8e7&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S1568494622009048&tid=spdf-86936aea-d98f-4100-aa45-f2619169ccc1&sid=5f0fcf84285b41450a68b2307605ec258c65gxrqb&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=0a125d5351075257040156&rr=862e07fe1e8b6932&cc=pt


Full Dependent Types



• They require writing the proof manually.


• They are very expressive.

Often found in Interactive Theorem Provers (ITP)
Full Dependent Types

Lean4 Playground


  


https://live.lean-lang.org/#code=theorem%20proof:%20%E2%88%80v,%20v%3E0%20%E2%86%92%20v%20%E2%89%A0%200%20:=%20by%0A%20%20intro%20v%0A%20%20intro%20vg0%0A%20%20induction%20v%0A%20%20case%20zero%20=%3E%0A%20%20%20%20simp%20at%20vg0%0A%20%20case%20succ%20n%20_%20=%3E%0A%20%20%20%20simp%0A%20%20%0A%0A%20%20%0A


https://terrytao.wordpress.com/tag/lean4/

https://www.youtube.com/watch?v=AayZuuDDKP0




Next Steps
Curry–Howard correspondence

• Use Liquid Types to synthesize 
Mathematical Proofs


• Unlike with LLMs, any generated 
program is guaranteed to be correct!



http://alcidesfonseca.com

Questions?
Examples:

Can we use Genetic Programming to learn 
new laws, from observational data?

Should we formalize our proofs in Lean?

Is there a physics library for Lean?

Is Genetic Programming better than Deep 
Learning?

http://alcidesfonseca.com

