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and techniques have been proposed to tackle this challenge. However, they do not scale
well and are often unable to locate the conflicts when then number of OCL constraints
significantly increases. In this paper, we present a new tool called QMaxUSE. This tool is
designed for verifying UML class diagrams annotated with large number of OCL invariants.

(Z{%Zgﬁm QMaxUSE is easy to install and deploy. It offers two distinct features. (1) A simple query
UML&OCL language that allows users to choose parts of a UML class diagram to be verified. (2) A
Query SMT new procedure that is capable of performing concurrent verification.
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1. Introduction

In software engineering, Unified Modeling Language (UML) class diagrams along with Object Constraint Language (OCL)
are typically used to model structures of a system [1,2]. For example, an entity of a system is depicted as a class, and
relationships between different entities are represented as inheritance or associations. OCL is then used by modeling prac-
titioners to express additional constraints that cannot be captured by the UML graphical notation. For example, a user may
impose a constraint over an attribute of a class diagram.

However, reasoning or verifying the consistency of a UML class diagram is quite challenging [3,4]. Formally, verifying the
consistency means checking whether a valid instance can or cannot be generated from a UML class diagram and its OCL
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Fig. 1. The overall architecture of QMaxUSE.

constraints. If it cannot be generated (found), then a UML class diagram is said to be inconsistent.! This implies that there
exists at least one conflict in the structural and OCL constraints defined in the UML class diagram. To tackle this challenge,
many approaches and techniques have been proposed [5-11]. There are still two main challenges remaining: (1) When a
UML class diagram is inconsistent, many existing tools are unable to pinpoint the set of OCL constraints that cannot be
satisfied. (2) When the number of OCL constraints significantly increases, the existing tools and techniques do not scale
well [9,12].

The performance and scalability of a tool is particularly important for industries [13-15]. This is because they typically
have models with a large number of OCL constraints. Hence, our aim in this paper is to present our latest verification tool
QMaxUSE [16,17] that has the following two distinct features:

1. Provide an interactive verification that allows users to incrementally verify the consistencies of their models by selecting
different parts of their design for analysis.

2. Offer a scalable approach that can pinpoint the conflicting constraints when a model has a large number of complex
OCL invariants.

2. Architecture

QMaxUSE is very easy to install, use and no additional libraries are required. QMaxUSE is written in Java and consists
of about 33k lines of code. Currently, QMaxUSE supports Windows, Linux and macOS. QMaxUSE is a command-line tool
based verification tool and uses the same USE modelling tool GUI for showing pre-defined queries. Fig. 1 shows the overall
architecture of QMaxUSE. It has four main layers: front-end, query engine, translation and solver. Each layer has its own
functionality and provides relevant information for the next layer. We now describe each layer in detail.

Front-end. This layer is responsible for parsing queries issued by users and generating query ASTs (abstract syntax trees)
along with information collected from a UML class diagram and OCL invariants. To successfully parse a query from a user,
we have designed a query parser that extends the existing USE’s parser. Our query grammar consists of about 14 rules that
are written in ANTLR specification. During the traversal of a query, our parser constructs a corresponding query AST and
checks its semantics including query operators, types of a set of features and integrity of OCL invariants. Our parser reports
syntax and semantics errors to users if there is any.

Query Engine. This layer has four main modules: selection, decomposition, thread management and query verification.

1. Selection Module: The selection module uses a selection algorithm to traverse the ASTs generated from the font-end
layer and produces a query result. In particular, our selection algorithm visits each node of a query AST, analyses the
type of each operator and collects different model features from a model. The collected model features are saved in a
query result that essentially is a set. This set contains a list of classes, attributes, associations and OCL invariants to be
verified. The syntax and semantics of our query language is described in [18].

2. Decomposer: The decomposition module has a specialised algorithm that is able to decompose a class diagram along
with OCL invariants into a set of different queries. These queries then can be verified concurrently using a query
verification procedure. This module is enabled when a user would like to perform a concurrent verification. With the
support of this decomposition algorithm, it is now possible to verify a UML class diagram that has a large number of
OCL invariants. The algorithms used in this module are described in [18].

1 Note that for this scenario, this may also mean that an algorithm may not terminate and the problem itself is not decidable.
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3. Thread Manager: This module is responsible for controlling the number of threads to be spawned for verification.
Depending on configurations, users could specify a particular number of threads for concurrent verification for both
simpler and complex verification tasks. By default, the number of threads created is based on the number of queries
produced by our decomposition module (Decomposer).

4. Query Verification: This module uses an algorithm to take care of the verification of a single query. In other words,
when a user issues a query in QMaxUSE, this module formally verifies the parts touched by the query.

Translation. This layer uses a first-order translator to translate a query into a set of first-order formulas that can be verified
by the SMT solver. The translation here is similar to the one described in [9]. We use first-order formulas to encode classes
or attributes and linear integer inequalities to capture the multiplicities at an association-end. For an OCL invariant, we
traverse its AST and generate an SMT formula by using a combination of first-order theories.

Solver. At this layer, we design a new interface (SolverManager) to reduce the interaction overhead between the translation
and solver layer. This interface is able to directly interact with an SMT solver and can be extended to multiple SMT solvers.
Currently, QMaxUSE uses Z3 as its default SMT solver [19].?

2.1. Software functionalities
We describe the functionalities QMaxUSE offers to facilitate query and verification.

o Feature Selection. A user can issue a query to select features of a UML class diagrams. Every query must use a select
statement. The features can be selected by a query are: attributes, classes, associations and OCL invariants. A wildcard
character * can be used within a select statement to choose many features. The rule here is when a feature is selected,
its owner is also implicitly selected. For example, the following query

select Person.* with Student::*

selects all attributes of the Person class and invariants of the Student class, and the classes Person and Student are
also implicitly selected.

o Joint Query. Multiple queries can be joined together as a joint query. To form a joint query, a user can use one of the
three joint operators: intersection (&), union (+) and difference (-). To facilitate forming multiple complex queries into
a joint query, QMaxUSE provides users with an alias expression. This allows users to refer an alias in a joint query. For
example, the following two queries

select Person.” with Student::*, Student::* as q1
select University.*, Module.* as q2

use two alias names g1 and g2 respectively. A joint query (intersection) can then be easily formed by using ql1 & q2
to select common features shared by these two queries.

o Pre-defined Query. QMaxUSE provides a query module that allows users to store their pre-defined queries so that they
can be used as test cases to cover parts of their UML class diagrams. A query module is saved in a USE specification file
and automatically loaded when a user launches QMaxUSE.

e Concurrent Verification. A user can use command qverify in the QMaxUSE command-line to start a concurrent ver-
ification on current loaded UML class diagram. This command decomposes a class diagram into many smaller queries
and verifies each of them concurrently. QMaxUSE lists relevant conflicting OCL invariants if a query contains any.

3. An illustrative example

In this section, we provide an illustrative example to show how to use QMaxUSE to verify a UML class diagram. This
example was first introduced in [20,12] and later extended in [9]. It models a university student that can select multiple
modules to study. This is shown in Fig. 2. Furthermore, this UML class diagram has 8 OCL class invariants. These invariants
impose additional constraints. For example, inv5 indicates a student can select modules that are available only in their year.?
A department must have some research students and non-research students. This constraint is reflected in inv6. However,
this class diagrams has a total number of two conflicting OCL invariants.

A user can use QMaxUSE to verify this UML class diagram in two ways: query and concurrent verification. For queries-
based verification, a user may issue a query (in QMaxUSE) that covers a part of this diagram, and QMaxUSE is able to verify
the parts covered by the query. For example, a user could issue the following query to select the attributes from the Person
and Student class along with two OCL invariants: inv1 and inv2.

select Person.*, Student.* with Person::inv1, Student::inv2

2 Though users can switch to different SMT solvers, the completeness of algorithms for extracting unsat cores is determined by individual SMT solver.
3 In this example, numbers 1 to 6 are used to distinguish a student’s year. Students that are in year 6 are considered as research students.
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fund: Integer dpt students | year: Integer students modules | year: Integer

context Person
inv1: Person.alllnstances()->forAll(p|p.age>0 and p.age<18)

context Student

inv2: self.age>18

inv3: self.year>=1 and self.year<=6

inv4: Student.allinstances()->forAll(s1,s2:Student|s1<>s2 implies s1.id <> s2.id)

inv5: Student.allinstances()->forAll(s|s.modules->forAll(m|s.year=m.year))

inv6: Student.allinstances()->exists(s|s.year=6) and Student.allinstances()->exists(s|s.year<6)
inv7: Student.allinstances()->forAll(s|s.modules->notEmpty())

[e>erierian

context Module
inv8: self.year>=1 and self.year<=5

Fig. 2. A UML class diagram with the 8 OCL class invariants shows how the students in each department can choose multiple modules to study.

[Person.gender Student.year Student.id Person.age ]
==Selected Associations=

Selected Invariants=
::inv2 Person::invl ]

z3 solver is picked.
verifying query (Linux) start...
Solving Finished query.

Fig. 3. A screenshot showing the verification result returned from QMaxUSE for a single query.

QMaxUSE verifies the features collected by this query and reports a conflict between inv1 and inv2. This is because inv1
indicates that every person’s age is between 0 and 18, while inv2 requires that every student in a university is over 18.
Hence, it is impossible to create an instance of the Student class. A screenshot of the verification result of the query is
shown in Fig. 3.

To enable concurrent verification, a user can just simply type gverify to launch our decomposition algorithm. This
algorithm creates a number of threads and each of them verifies a part of the class diagram. In this example, a number
of 3 threads are created. This is because this class diagram can be decomposed into 3 different queries. A screenshot of
concurrent verification for the class diagram (Fig. 2) is shown in Fig. 4. The second conflict implies that a department
allows some research and non-research students (inv6) to choose some modules (inv7) in their corresponding year (inv5).
However, inv8 indicates that modules are only available for non-research students (inv8: between year 1 and 5).
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Launching QueryCompiler...
z3 solver is picked.

verifying thread1i (Linux) start...
shed from threadi1.

verifying thread2 (Linux) start...
ing Finished from thread2.

Total conflicts: 2
Total Time Spent (3 threads): 132 ms.

Fig. 4. A screenshot showing QMaxUSE'’s concurrent verification results for the UML class diagram in Fig. 2.

Table 1
Evaluation results. Invs=number of OCL invariants, Nodes=size of invariant ASTs, Quant=number of quantifiers, Op=number of operators. TO= Timeout
(20min), MaxUSE=our previous tool without query and concurrent verification support.

Name OCL Structure Size MaxUSE [12] QMaxUSE
Invs Nodes Quant Op Time (sec) Threads Time (sec)

A4 8 73 7 18 0.204 3 0.241
< B1 27 150 10 30 4.528 23 2.022
E B2 45 266 13 57 56.846 32 3.046
~ C1 29 201 24 33 38.167 19 3.413

c2 43 279 28 51 91.319 33 5.954

B4 90 599 23 152 159.378 68 7151
o B5 136 925 44 228 TO 90 118.64
g c5 156 1008 100 184 TO 90 114.41
E D5 166 1143 131 225 TO 95 14.026

E4 105 985 56 246 TO 42 4.464

E5 167 1134 68 325 TO 45 3.653

4. Evaluation results

We use a benchmark from [9] to show the size and the complexities of OCL invariants QMaxUSE can handle. This bench-
mark has a total of 25 different class diagrams annotated with different size of OCL invariants. This benchmark covers a
wide range of OCL language features including: nested quantifiers, collections, logical/arithmetic operations and navigations.

Table 1 summarises a subset of our evaluation results for QMaxUSE.* Part A shows QMaxUSE’ performance on smaller
size OCL invariants while Part B demonstrates its performance on large size OCL invariants. The more detailed evaluation
results including a comparison against other tools can be seen in [17]. The evaluation shown here is carried out on an
Intel(R) Core (TM) machine that has six 2.8 GHz cores with 16 GB memory. The underlying SMT solver is the Z3 SMT solver
(version 4.8.10).

In general, QMaxUSE can significantly improve verification performance. This is mainly due to two reasons. (1) We
directly extract unsat cores from the SMT solver (Z3) through its dedicated APIs. This is fundamentally different from our
previous tool MaxUSE [12,9]. The algorithm MaxUSE tries to satisfy as many OCL invariants as possible by reducing to a
weighted MaxSMT problem, and then pinpoints conflicting invariants by solving the set cover problem [21]. Although this
algorithm is generic, it can easily become very slow when the number of formulas increases. QMaxUSE operates differently
from MaxUSE. It directly extracts unsat cores from the solver without implementing an extra layer on top of the solver.
However, the limitation here is that a solver must support unsat core extraction. (2) Our concurrent verification algorithm is
able to generate a number of much smaller size of formulas. These formulas can be scheduled to be verified efficiently even
via a single thread since they are much less complex and smaller. This can significantly improve QMaxUSE's performance
and makes it possible to verify a large number of OCL invariants. We observe that the number of nested quantifiers in
a formula (V 3) can pose a significant challenge to the solver. Therefore, a verification engine that relies on the solvers
may have the same challenge especially when the number of nested formulas dramatically increases. In a different manner,
QMaxUSE is able to shift solving these large size of formulas to runs on a much smaller size of formulas. This yields a much
better result and performance.

4 More detailed evaluation including comparison is in [18].
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5. Conclusion

Though many existing tools and techniques have been proposed for verifying UML class diagrams annotated with OCL
invariants, they often do not scale well and unable to pinpoint conflicts. QMaxUSE offers an elegant solution to scalability
problem by providing query-based verification. This allows users to issue queries that can cover different parts of a class
diagram. It also can decompose a class diagram that has a large number of OCL invariants into different much smaller
queries for verification. In the future, we plan to extend QMaxUSE to support OCL operational contracts so that users can
reason about dynamic aspects of a system. The challenge here is to integrate our current technique into a specification
language that can capture dynamic behaviour of a system.
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