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Motivation




sig Person {
teaches : set Course,
enrolled : set Course
'
sig Professor in Person {}
sig Student in Person {}
sig Course {}



fact Assumptions {
// There are no people besides professors and students
Person = Professor + Student
// All courses have professors
all ¢ : Course | some teaches.c
// Only professors teach
teaches.Course in Professor
// No one teaches themselves
all p : Person | no p.teaches & p.enrolled



Only students can be enrolled

fact Studentl ({

enrolled.Course 1in Student

}
fact Student2 {

all p: Person | some p.enrolled implies p in Student

}
fact Student3 {

no Professor.enrolled

}
fact Studentd {

enrolled in Student -> Course



sig Student in Person {}
sig Course {}

fact Assumptions {
// There are no people besides professors and stude
Person = Professor + Student
// All courses have professors
all ¢ : Course | some teaches.c
// Only professors teach
teaches.Course in Professor
// No one teaches themselves
all p : Person | no p.teaches & p.enrolled

}

fact OnlyStudentsEnrolled {
no Professor.enrolled

}
run {}
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teaches : set Course,

enrolled : set Course enrolled: 3 Person0 Personl
} teaches: 3 (Student) (Professor)
sig Professor in Person {} teadhes \teaches
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Course?2
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Executing "Run run$l"
Actual scopes: 3 Person, 3 Course
Solver=minisat Bitwidth=4 MaxSeq=4 SkolemDepth=1 S
306 vars. 30 primary vars. 468 clauses. 3ms.
Instance found. Predicate js consistent. 3ms.
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teaches : set Course,

enrolled : set Course enroiiled.: 3 Personl Person2
} teaches: 3 (Student) (Professor, Student)

sig Professor in Person {}
sig Student in Person {} enrolle rolled \teaches
sig Course {} ches

Person0O

fact Assumptions { Course0 Course2 (Student)

// There are no people besides professors and stude
Person = Professor + Student

// All courses have professors

all c : Course | some teaches.c

// Only professors teach

teaches.Course in Professor

// No one teaches themselves

all p : Person | no p.teaches & p.enrolled Executing "Run run$1l"”
} Actual scopes: 3 Person, 3 Course

Solver=minisat Bitwidth=4 MaxSeq=4 SkolemDepth=1 S
306 vars. 30 primary vars. 468 clauses. 3ms.
Instance found. Predicate js consistent. 3ms.
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fact OnlyStudentsEnrolled {
no Professor.enrolled

}
run {}
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teaches : set Course,
enrolled : set Course
}
sig Professor in Person {}
sig Student in Person {}
sig Course {}

fact Assumptions {
// There are no people besides professors and stude
Person = Professor + Student
// All courses have professors
all c : Course | some teaches.c
// Only professors teach
teaches.Course in Professor
// No one teaches themselves
all p : Person | no p.teaches & p.enrolled

}

fact OnlyStudentsEnrolled {
not no Professor.enrolled

}
run {}
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Executing "Run run$1l"
Actual scopes: 3 Person, 3 Course
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Instance found. Predicate js consistent. 4ms.




run Negative {

some disj P1,P2 : Person, disj Cl,C2 : Course {
Person = Pl + P2
Professor = P1 + P2
Student = none
Course = Cl + C2
teaches P1->C1 + P1->C2
enrolled = P2->Cl + P2->C2

}

} for 2 Person, 2 Course expect 0



run Positive {

some disj P1l,P2 :

Person, disj Cl

Person = Pl + P2
Professor = P1 + P2
Student = P2

Course = Cl

teaches = P1->Cl1
enrolled = P2->Cl1

}

} for 2 Person,

1 Course expect 1

Course {



Executing "Run Negative for 2 Person, 2 Course expect 0"
Actual scopes: 2 Person, 2 Course
Solver=minisat Bitwidth=4 MaxSeq=4 SkolemDepth=1 Symmetry=20 Mode=batch
289 vars. 24 primary vars. 466 clauses. 2ms.

No instance found. Predicate may be inconsistent, as expected. 1ms.

Executing "Run Positive for 2 Person, 1 Course expect 1"
Actual scopes: 2 Person, 1 Course
Solver=minisat Bitwidth=4 MaxSeq=4 SkolemDepth=1 Symmetry=0FF Mode=batch
429 vars. 40 primary vars. 670 clauses. 1ms.

No instance found. Predicate may be inconsistent, contrary to expectation. 1ms.

2 commands were executed. The results are:
#1: No instance found. Negative may be inconsistent, as expected.
#2: No instance found. Positive may be inconsistent, contrary to expectation.









“Can LLMs help us with
validation?”




Empirical study



Research questions

. How does prompt design influence the effectiveness of test case
generation?

. What is the effect of non-determinism in test case generation?

. How do different LLMs compare in test case generation?

. What are the characteristics of invalid tests cases?

. How good are the generated test suites at finding incorrect
specifications?
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Wrong Specifications
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Courses 15 33 312 137



Requirement Wrong

Only students can be enrolled in courses 161
~ Onlyprofessors canteach courses 33
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Courses must have teachers 82
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Projects are proposed by onecourse 8
""""""""""""""""" Only students work on projects and projects must have someone working onthem 248
'''''''''''''''''''''''''''''''''''''''''''''''''' Students only work on projects of courses they are enrolledin =~~~ 168
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Students work on at most one project per course 177
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Aprofessor cannot teach herself 79
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' A professor cannot teach colleagues 312
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Only students havegrades 80
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Students only have grades in courses they are enrolled 87
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Students have at most one grade percourse 8
~ Astudent with the highest mark in a course must have worked on a project on that course 291
"""""""""""""""""""""""""""""""""""" A student cannot work with the same student in different projects 51

Students working on the same project in a course cannot have marks differing by more than one 109



Generate N positive and N negative instances for the requirement “R." for the following model.
All instances must also satisfy the requirements "R,", ..., and "R,_,".

Zero-shot

One-shot

Few-shot

Alloy is a formal modelling language where that uses sets (named signatures in Alloy) and relations (sets of tuples, named fields in Alloy) to represent information in a domain.

In Alloy we can express requirements about a model using facts specified in relational logic, which is an extension of first-order logic with relational operators. Given a requirement it is useful to have both positive and negative instances to serve as test cases for validation. An instance of a model is a
valuation to all declared sets and relations.

Positive and negative instances can be included as test cases in a model using run commands. A run command includes a specification of the instance using relational logic, a scope that states how many elements of each top-level signature exist, and an expectation that states if the run command
should be satisfiable (representing a positive instance) or unsatisfiable (representing a negative instance). To specify an instance with logic we can use an existential quantifiers to capture the elements of each signature of the domain, and then state what are the values of each set and relation using an
equality with the name of the set or relation in the left hand side and the value in the right hand side. To express that a set or relation is empty we can specify that it is equal to the empty set (none) or empty relation of appropriate arity (for example, none->none if the relation is binary). Since there can be
multiple total orders we must disambiguate which next relation is being defined using the <: operator with the signature on the left. The same applies if more that one relation is declared with the same name. The scope of run command only needs to define the number of elements that exist in top-level
signatures, those that are not subsets of any other.

In the following interaction you will act as an Alloy expert. | will ask you to generate positive and negative instances for different requirements for a given model.

Here are some instructions:
- Do not attempt to formalize the requirement with a fact, just output the requested instances as run commands.

- I will clearly state how many positive and negative instances you should output.

- All instances should be truly different (be aware that the names of the elements are actually irrelevant).

- Try to produce minimal instances with few elements.

- All instances must include a comment explaining in natural language why it is positive or negative.

- Al positive instances should have an expect 1 and all negative an expect 0.

- Allinstances must define the scopes for all top-level signatures in the model.

- In every instance you must specify the values for all declared sets and relations with an equality restriction.

- To declare the elements of each signature use a some quantifier with the disj keyword to ensure that all elements are different.

- The value of a relation should take into account its arity. For example, if it is a ternary relation its value must be a set of triples.

- If a set or relation is empty you must explicitly state that it is equal to the empty set (none) or empty relation (of the correct arity).

- If there are two relations with the same name you must disambiguate using the <: operator with the domain signature on the left.

- If a model uses ordering on a signature you must also specify the value of the next binary relation using the <: operator to disambiguate. Signatures with ordering cannot be empty so next is never empty.
- If the value of some sets and relations is irrelevant for a given requirement you can just state that they are empty or assign them random values.

- Generate only Alloy code, do not include any explanations outside the code.

Alloy is a formal modelling language where that uses sets (named signatures in Alloy) and relations (sets of tuples, named fields in Alloy) to represent information in a domain. Consider, for example, the following Alloy model.

open util/ordering[Value]
sig Person {

likes : set Car,

owns : Car -> lone Value

sig Adult in Person {}
abstract sig Car {}

sig Sedan, SUV extends Car {}
sig Value {}

This model declares a set named Person, a subset of Person named Adult, a set name Car, two extensions (disjoint subsets) of Car named Sedan and SUV, and a set named Value. It also declares a binary relation named likes, that associates each Person with the set of Cars it likes, and ternary relation
named owns that associates each Person with the set of Cars it owns and the respective value. When declaring a field we can use other multiplicity keywords instead of set: set means there is an arbitrary number of target elements associated with a source element, lone means there is at most one
related element, some means there is at least one related element, and one means there is exactly one related element. When extensions are declared, if the parent signature is declared as abstract then it can only contain elements that are also contained in its extensions. In this model we have two
disjoint extensions of abstract set Car, meaning all cars are either sedans or SUVs. A model can use the module ordering to impose a total ordering on a signature. In this example Value is a totally ordered signature. The total ordering is defined in a binary relation called next, that is implicitly declared.

In Alloy we can express requirements about a model using facts specified in relational logic, which is an extension of first-order logic with relational operators. Given a requirement it is useful to have both positive and negative instances to serve as test cases for validation. An instance of a model is a
valuation to all declared sets and relations.

Positive and negative instances can be included as test cases in a model using run commands. A run command includes a specification of the instance using relational logic, a scope that states how many elements of each top-level signature exist, and an expectation that states if the run command
should be satisfiable (representing a positive instance) or unsatisfiable (representing a negative instance). To specify an instance with logic we can use an existential quantifiers to capture the elements of each signature of the domain, and then state what are the values of each set and relation using an
equality with the name of the set or relation in the left hand side and the value in the right hand side. To express that a set or relation is empty we can specify that it is equal to the empty set (none) or empty relation of appropriate arity (for example, none->none if the relation is binary). Since there can

be multiple total orders we must disambiguate which next relation is being defined using the <: operator with the signature on the left. The same applies if more that one relation is declared with the same name. The scope of run command only needs to define the number of elements that exist in top-
level signatures, those that are not subsets of any other.

For example, if a requirement is "Every person owns a car" the following command specifies a positive instance where this requirement is satisfied.

run Instancet {
some disj Person1,Person2,Person3 : Person | some disj Car1, Car2 : Car | some disj Value1,Value2 Value3 : Value {

Person = Persont + Person2 + Person3

Adult = none
Car = Cart + Car2

Sedan = Car1

SUV = Car2

Value = Value1 + Value2 + Value3

likes = none->none
owns = Person1->Cari->Value1 + Person2->Car2->Value2 + Persond->Car2->Value2

Value <: next = Valued->Value2 + Value2->Value3

}
}for 3 Person, 2 Car, 3 Value expect 1

In the above instance we have three people, named Person1, Person2, and Person3, none of them is an Adult. We have two cars, named Car1 and Car2, the former a Sedan and the latter a SUV. We also have three possible Values, being Value1 the lowest possible and Value3 the highest possible.
Person1 owns Car1 with value Value1, and Person2 and Person3 together own Car2 with value Value2. No one likes any car, because relation likes is empty.

In the following interaction you will act as an Alloy expert. | will ask you to generate positive and negative instances for different requirements for a given model.

Here are some instructions:
- Do not attempt to formalize the requirement with a fact, just output the requested instances as run commands

- I will clearly state how many positive and negative instances you should output.

- Allinstances should be truly different (be aware that the names of the elements are actually irrelevant).

- Try to produce minimal instances with few elements.

- All instances must include a comment explaining in natural language why it is positive or negative.

- All positive instances should have an expect 1 and all negative an expect 0.

- Al instances must define the scopes for all top-level signatures in the model.

- In every instance you must specify the values for all declared sets and relations with an equality restriction.

- To declare the elements of each signature use a some quantifier with the disj keyword to ensure that all elements are different.

- The value of a relation should take into account its arity. For example, if it is a ternary relation its value must be a set of triples.

- If aset or relation is empty you must explicitly state that it is equal to the empty set (none) or empty relation (of the correct arity).

- If there are two relations with the same name you must disambiguate using the <: operator with the domain signature on the left.

- If amodel uses ordering on a signature you must also specify the value of the next binary relation using the <: operator to disambiguate. Signatures with ordering cannot be empty so next is never empty.
- If the value of some sets and relations is irrelevant for a given requirement you can just state that they are empty or assign them random values.

- Generate only Alloy code, do not include any explanations outside the code.

Alloy is a formal modelling language where that uses sets (named signatures in Alloy) and relations (sets of tuples, named fields in Alloy) to represent information in @ domain. For example, the Alloy model

sig Person {
owns : set Car

}
sig Car {}

declares a set named Person, a set name Car, and a binary relation named owns that associates each Person with the set of Cars it owns. When declaring a field we can use other multiplicity keywords instead of set: set means there is an arbitrary number of target elements associated with a source
element, lone means there is at most one related element, some means there is at least one related element, and one means there is exactly one related element. If no multiplicity is declared it is by default one.

In Alloy we can express requirements about a model using facts specified in relational logic, which is an extension of first-order logic with relational operators. Given a requirement it is useful to have both positive and negative instances to serve as test cases for validation. An instance of a model is a
valuation to all declared sets and relations.

Positive and negative instances can be included as test cases in a model using run commands. A run command includes a specification of the instance using relational logic, a scope that states how many elements of each top-level signature exist, and an expectation that states if the run command
should be satisfiable (representing a positive instance) or unsatisfiable (representing a negative instance). To specify an instance with logic we can use an existential quantifiers to capture the elements of each signature of the domain, and then state what are the values of each set and relation using an
equality with the name of the set or relation in the left hand side and the value in the right hand side.

For example, if a requirement is "Every person owns a car" the following command specifies a positive instance where this requirement is satisfied.

run Instancet {
some disj Person1,Person2,Person3 : Person | some disj Cart, Car2 : Car {
Person = Persont + Person2 + Person3
Car = Cart + Car2
owns = Personi->Car1 + Person2->Car2 + Person3->Car2

} for 3 Person, 2 Car expect 1
In this instance we have three people, named Person1, Person2, and Person3, two cars, named Car1 and Car, Persont owns Car1, and Person2 and Person3 together own Car2.
On the other hand, the following is a negative instance where this requirement is not satisfied, since Person2 does not own a car.

run Instance2 {
some disj Person1,Person2 : Person | some disj Car, Car2 : Car {
Person = Persont + Person2
Car = Cart + Car2
owns = Personi->Car1 + Person1->Car2

}
} for 2 Person, 2 Car expect 0

To express that a set or relation is empty you can specify that it is equal to the empty set (none) or empty relation of appropriate arity (for example, none->none if the relation is binary). For example, the following is another example of a trivial positive instance for the requirement "Every person owns a
car', since there are no persons.

run Instance3

some disj Car1, Car2 : Car {
Person = none

Car = Car1 + Car2

owns = none->none

}
} for 0 Person, 2 Car expect 1

A model can also declare subsets of a signature with keywords in and extends. The difference is that in declares an arbitrary subset while extends declares a subset that is disjoint from any other extension of the same signature. If the parent signature is declared as abstract then it can only contain
elements that are also contained in its extensions. The scope of run command only needs to define the number of elements that exist in top-level signatures, those that are not subsets of any other. For example, we could have the following variant of the above model.

sig Person {
owns : set Car

}

sig Adult in Person {}

abstract sig Car {}

sig Sedan, SUV extends Car {}

In this model we have two disjoint extensions of abstract set Car, meaning all cars are either sedans or SUVs. We also have an arbitrary subset of Person that contains all the adult persons. If our requirement is again "Every person owns a car the first positive instance above could be extended as
follows, where no person is an Adult, Car1 is a Sedan and Car2 is a SUV.

run Instancet {
some disj Person1,Person2,Person3 : Person | some disj Car1, Car2 : Car {

Person = Persont + Person2 + Person3

Adult = none
Car = Cart + Car2

Sedan = Cart

SUV = Car2
owns = Persont->Car1 + Person2->Car2 + Person3->Car2

}
} for 3 Person, 2 Car expect 1

A model can also declare relations of arity higher than 2 and use the module ordering to impose a total ordering on a signature. That total ordering is implicitly defined in a binary relation called next. For example de following model includes the price of each car that is owned and Value is a totally
ordered signature. Relation owns is now a ternary relation

open util/ordering[Value]
sig Person

owns : Car -> lone Value
}
sig Car {}
sig Value {}

When specifying an instance for a model that uses ordering we must specify the value of the next total ordering, as done in the following instance. Since there can be multiple total orders you must disambiguate which next relation is being defined using the <: operator with the signature on the left. The
same applies if more that one relation is declared with the same name.

run Instancet {
some disj Person1,Person2,Person3 : Person | some disj Car1, Car2 : Car | some disj Value1,Value2, Value3 : Value {
Person = Persont + Person2 + Person3
Car = Car1 + Car2
Value = Value1 + Value2 + Value3
owns = Persont->Cari->Value1 + Person2->Car2->Value2 + Persond->Car2->Value2
Value <: next = Value1->Value2 + Value2->Value3

}
} for 3 Person, 2 Car, 3 Value expect 1
In this instance Car1 has the lowest price, since Valuet is the first element in the total order. Since owns is now a ternary relation its value is defined as sets of triples.
In the following interaction you will act as an Alloy expert. | will ask you to generate positive and negative instances for different requirements for a given model.

Here are some instructions:
- Do not attempt to formalize the requirement with a fact, just output the requested instances as run commands

- I will clearly state how many positive and negative instances you should output.

- Allinstances should be truly different (be aware that the names of the elements are actually irrelevant).

- Try to produce minimal instances with few elements.

- All instances must include a comment explaining in natural language why it is positive or negative.

- Allinstances must define the scopes for all top-level signatures in the model.

- In every instance you must specify the values for all declared sets and relations with an equality restriction

- To declare the elements of each signature use a some quantifier with the disj keyword to ensure that all elements are different.

- The value of a relation should take into account its arity. For example, if it is a ternary relation its value must be a set of triples.

- If a set or relation is empty you must explicitly state that it is equal to the empty set (none) or empty relation (of the correct arity).

- If there are two relations with the same name you must disambiguate using the <: operator with the domain signature on the left.

- If a model uses ordering on a signature you must also specify the value of the next binary relation using the <: operator to disambiguate. Signatures with ordering cannot be empty so next is never empty.
- If the value of some sets and relations is irrelevant for a given requirement you can just state that they are empty or assign them random values

- Generate only Alloy code, do not include any explanations outside the code.



Finding 1

GPT-5 with a few-shot system prompt is highly effective at generating Alloy test suites for
structural requirements expressed in natural language. It is also more cost-effective due to
less reasoning effort.

Prompt Tests Syntax Consistent Previous Valid % Cost
Few 258 255 255 252 247 96% $3.56
One 258 226 208 206 205 79% $3.69

................................................................................................................................................................................................................................................................................................................................................................................................................................



Finding 2

The overall effectiveness of GPT-5 when using a few-shot prompt is not significantly
affected by non-determinism.

Run Tests Syntax Consistent Previous Valid % Cost
1st 258 255 255 252 247 96% $3.56
2nd 258 256 256 256 251 97% $3.50

................................................................................................................................................................................................................................................................................................................................................................................................................................



Provider Model

Open Al GPT-5
beepMind Gemini25Po
"""""""""""""""""""""""""""" Anthropic  Claude Opus 4.
"""""""""""""""""""""""""" OpenAl  GPTSMini

..................................................................................................................................................................................................................................................................................
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Finding 3

Different LLMs struggle with different aspects of test case generation, some struggle more
with syntax while others with semantics.

Model Tests Syntax Consistent Previous Valid % Cost
GPT-5 : 258 : 255 : 255 : 252 : 247 I 96% : $3.56
""""""" Gemini 258 248 220 212 210  81%  $278
""""""" Claude 258 258 258 202 197 76%  $555

...............................................................................................................................................................................................................................................................................................................................................................................................................................



Finding 4

The syntactic errors made by GPT-5 are due to a very peculiar feature of Alloy syntax and
easily fixable by some post-processing.

Finding 5

GPT-5 struggles more with negative test cases then with positive ones, but only on specific
requirements that our anecdotal evidence suggests to be also ambiguous to humans.




Finding 6

GPT-5 generates diverse test cases for most requirements.

N Complete Wrong Missed Mean %

1 41 5587 2204 38.10%
""""""""""""""""""" 2 34 423 814 17.02%
"""""""""""""""""" 3 8 435 525  990%
""""""""""""""""""" 4 8 5129 446 745%

...........................................................................................................................................................................................................................................................................................................................................




Conclusion



GPT-5.5

Generate 5 positive and 5 negative instances for the reqguirement
"Only students can be enrolled" for the following model. All
instances must also satisfy the requirements "There are no people
besides professors and students", "All courses have professors’,
"Only professors teach", and "No one teaches themselves”.

sig Person {
teaches : set Course,
enrolled : set Course
}
sig Professor in Person {}
sig Student in Person {}
sig Course {}



run PositiveInstanced {

some disj Personl, Professor2 : Person some disj Coursel, Course2 : Course {
Person = Personl + Professor?2
Professor = Personl + Professor?2
Student = Personl
Course = Coursel + Course?2
teaches = Personl->Coursel + Professor2->Course?
enrolled = Personl->Course?2

}

} for 2 Person, 2 Course expect 1






Future work

 Can we use LLMs to also generate scenarios for validating behavioral
requirements?

 Can we use open-source SLMs to make test generation more accessible”?
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