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In this paper, we present a method for implementing a compiler called MC for Modeling, 
Simulation and Verification Language (MSVL) based on LLVM. MC accepts a well formed 
MSVL program as input and generates an executable binary code. Different from other 
compilers, MC can be used not only to compile programs but also to model and verify 
programs. The details of implementation including the architecture design, lexical, syntactic 
and semantic analysis, as well as preprocessing and scheduling algorithms. Besides, we 
show MC can be utilized as an infrastructure for Artificial Intelligence (AI) planning. Several 
examples are given to show applications of MC in modeling and verifying programs, as well 
as AI planning.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In order to ensure the dependability of software systems, computer scientists and software engineers have exploited 
many theories and techniques in the past half century. Testing is a widely acceptable approach in industry. However, it can 
only find the presence of errors never their absence as Dijkstra pointed out [1]. Although verification gradually becomes 
a matured technique for verifying programs, verified programs are still grant challenge as advocated by Hoare [2]. Among 
many verification approaches, model checking proposed by Clarke et. al. [3,4] has been one of the most successful automatic 
verification approaches so far.

With traditional model checkers such as Spin [5] and NuSMV [6], an abstract model has to be extracted manually from 
the system specification or source code. A property to be verified is usually specified by a widely used LTL [7] or CTL [8]
formula. Then a model checking algorithm conducts to check whether the abstract model satisfies the desired property. With 
the increase of the scales and complexity of software systems, it becomes quite difficult to extract models and guarantee 
consistency between a model and the original system.

In recent years, more and more efforts are devoted to verifying software systems statically or dynamically in code-level. 
Intuitively, static program analysis verifies properties of programs by examining the code structure [9]. SLAM [10], BLAST 
[11,12], CBMC [13,14], Ultmate LTLAutomizer [15] and T2 [16] are representative tools implementing static program analysis 
techniques. Among them, the first three are designed for only verifying safety property and the last two for more temporal 
properties. Static analysis attracts attention because of high path coverage without executing a program. However, it often 
yields false positives due to lack of execution details of programs. In addition, static program analysis considers all possible 
behaviors, which makes a small program have a very large state space. Therefore, it is impractical to apply it in analyzing 
programs in large scale. As a lightweight verification technique, dynamic program verification or runtime verification is con-
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ducted when a system is running. It verifies only a single execution path each time, and hence alleviates the state-explosion 
problem. Runtime verification technique has been implemented in several tools such as Java PathExplorer [17] and RiTHM 
[18].

In all of the dynamic program verification approaches, the properties under monitoring are often specified with temporal 
logic formulas, while the systems to be checked are described with conventional programs. Therefore, interactions between 
systems and monitors may generate a large runtime overhead. A better solution for solving this problem is to implement the 
system and monitor within same logical framework. To this end, we implement a software system in Modeling, Simulation 
and Verification Language (MSVL) [19,20] and specify the desired properties with Proposition Projection Temporal Logic 
(PPTL) [20,21] formulas. Since MSVL and PPTL are both subsets of Projection Temporal Logic (PTL) [22], verifying MSVL 
programs can be done in the same logical framework. With the unified model checking approach proposed in [23,24], the 
program to be verified is written in MSVL program M and the desired property is specified with a PPTL formula P . The 
negation of the desired property, i.e., ¬P , is translated into an MSVL program M ′ first. Then whether M violates P can be 
checked by evaluating whether there exists a feasible execution of the new MSVL program “M and M ′”. The unified model 
checking approach has been implemented in an interpreter [25]. However, it is inefficient for the interpreter to handle 
programs in large scale.

To execute MSVL programs efficiently, we have developed a compiler called MC for MSVL. This paper presents a method 
for implementing MC based on LLVM. The details of implementation including the architecture design, lexical, syntactic 
and semantic analysis, as well as preprocessing and scheduling algorithms are presented. Implementation of MC is on the 
basis of the useful compiler infrastructure LLVM [26,27]. Briefly speaking, an MSVL frontend including lexical, syntactical, 
and semantic analysis as well as preprocessing is developed upon LLVM. Lexical and syntactical analysis is conducted by 
means of flex and bison. Semantic analysis in the implementation mainly includes data type and function calling analysis. 
The former is used to analyze whether the types of variables in an expression are correct and cast the types of the variables 
when it is necessary. The latter checks whether the numbers and types of the actual arguments are consistent to the 
formal parameters. The preprocessing is necessary because there exist temporal, concurrent and nondeterministic operators 
in MSVL. It aims to preprocess these operators to the forms acceptable by the interfaces provided by LLVM. The MSVL 
frontend takes a well-formed MSVL program as input and outputs an LLVM Intermediate Representation (IR) code. Further, 
the IR code is compiled to a target executable code by the LLVM backend. Besides, to execute the concurrent statements, 
a scheduling algorithm is implemented as a runtime system for MC. As applications, MC can be used not only to compile 
programs for executing but also to model and verify programs. MC is also an infrastructure for Artificial Intelligence (AI) 
planning. To indicate the characteristics of MC, several examples are given in the paper to show various applications of MC 
in practice.

The remainder of this paper is organized as follows. In Section 2, MSVL is presented. Also, normal form and Normal 
Norm Graph (NFG) of an MSVL program is briefly introduced. Subsequently, the implementation of MSVL compiler, MC, 
is described in Section 3. Section 4 shows applications of MC. In particular, how MC is used to model and verify MSVL 
programs, as well as conduct AI planning are discussed in detail. Finally, we give the conclusion in Section 5.

2. Preliminaries

This section briefly introduces MSVL, as well as normal form and Normal Norm Graph (NFG) of an MSVL program.

2.1. Modeling, simulation and verification language

MSVL contains the basic control flow statements such as sequential, conditional and while-loop statements. It also sup-
ports non-deterministic and concurrent programming by including selection, conjunction, and parallel statements. To make 
MSVL easier to use, the commonly used data types, such as (unsigned) int, (unsigned) char, float, pointer, array, struct, 
and union, are formalized and implemented. Besides, to support structured programming, function calls are implemented 
in MSVL. Specifically, a function call in MSVL can be internal or external (identified by the key word “ext”) [28–30]. In 
addition, to model many-core parallel computing and distributed systems, Cylinder Computation Model (CCM) [31] and 
Asynchronous Communication [32] are formalized in MSVL. CCM is of a typical form of “φ1 ov (l1) ‖ · · · ‖ φm ov (lm)”, 
where each “φi” (1 ≤ i ≤ m) is an MSVL program, and each “li ” is a sequence expression [31]. This computation model indi-
cates that m processes share one processor, and each process occupies a core to cooperatively complete a task in a parallel 
way.

The arithmetic expression e and boolean expression b in MSVL are inductively defined as follows:

e ::= c | x | g(e1, ..., em) | ext f (e1, ..., en) | ©e | -©e (1)

b ::= true | f alse | ε |�| ¬b | b0 ∧ b1 | e0 = e1 | e0 < e1 (2)

where c is a constant, m and n integers, x a variable, f a function, and g a state function. A function is called a state 
function if it does not contains any temporal operators. Note that the usually used arithmetic operations such as +, −, ∗, /, 
and % can be treated as state functions of arity 2. In the boolean expressions, we have �def= ©true and ε def= ¬ �.
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