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Abstract. Satisﬁability Modulo Theories (SMT) problem is a decision
problem for logical ﬁrst order formulas with respect to combinations of
background theories such as: arithmetic, bit-vectors, arrays, and uninterpreted functions. Z3 is a new and eﬃcient SMT Solver freely available
from Microsoft Research. It is used in various software veriﬁcation and
analysis applications.

1

Introduction

Satisﬁability modulo theories (SMT) generalizes boolean satisﬁability (SAT) by
adding equality reasoning, arithmetic, ﬁxed-size bit-vectors, arrays, quantiﬁers,
and other useful ﬁrst-order theories. An SMT solver is a tool for deciding the satisﬁability (or dually the validity) of formulas in these theories. SMT solvers enable
applications such as extended static checking, predicate abstraction, test case generation, and bounded model checking over inﬁnite domains, to mention a few.
Z3 is a new SMT solver from Microsoft Research. It is targeted at solving
problems that arise in software veriﬁcation and software analysis. Consequently,
it integrates support for a variety of theories. A prototype of Z3 participated
in SMT-COMP’07, where it won 4 ﬁrst places, and 7 second places. Z3 uses
novel algorithms for quantiﬁer instantiation [4] and theory combination [5]. The
ﬁrst external release of Z3 was in September 2007. More information, including
instructions for downloading and installing the tool, is available at the Z3 web
page: http://research.microsoft.com/projects/z3.
Currently, Z3 is used in Spec#/Boogie [2,7], Pex [13], HAVOC [11], Vigilante [3], a verifying C compiler (VCC), and Yogi [10]. It is being integrated
with other projects, including SLAM/SDV [1].

2

Clients

Before describing the inner workings of Z3, two selected uses are brieﬂy described. Front-ends interact with Z3 by using either a textual format or a binary
API. Three textual input-formats are supported: The SMT-LIB [12] format, the
Simplify [8] format, and a low-level native format in the spirit of the DIMACS
format for propositional SAT formulas. One can also call Z3 procedurally by
using either an ANSI C API, an API for the .NET managed common language
runtime, or an OCaml API.
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Spec#/Boogie3. generates logical veriﬁcation conditions from a Spec# program (an extension of C#). Internally, it uses Z3 to analyze the veriﬁcation
conditions, to prove the correctness of programs, or to ﬁnd errors on them. The
formulas produced by Spec#/Boogie contain universal quantiﬁers, and also use
linear integer arithmetic. Spec# replaced the Simplify theorem prover by Z3 as
the default reasoning engine in May 2007, resulting in substantial performance
improvements during theorem proving.
Pex. (Program EXploration) is an intelligent assistant to the programmer. By
automatically generating unit tests, it allows to ﬁnd bugs early. In addition, it suggests to the programmer how to ﬁx the bugs. Pex learns the program behavior from
the execution traces, and Z3 is used to produce new test cases with diﬀerent behavior. The result is a minimal test suite with maximal code coverage. The formulas
produced by Pex contains ﬁxed-sized bit-vectors, tuples, arrays, and quantiﬁers.

3

System Architecture

Z3 integrates a modern DPLL-based SAT solver, a core theory solver that handles
equalities and uninterpreted functions, satellite solvers (for arithmetic, arrays,
etc.), and an E-matching abstract machine (for quantiﬁers). Z3 is implemented
in C++. A schematic overview of Z3 is shown in the following ﬁgure.
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Simpliﬁer. Input formulas are ﬁrst processed using an incomplete, but eﬃcient
simpliﬁcation. The simpliﬁer applies standard algebraic reduction rules, such as
p ∧ true → p, but also performs limited contextual simpliﬁcation, as it identiﬁes
equational deﬁnitions within a context and reduces the remaining formula using
the deﬁnition, so for instance x = 4 ∧ q(x) → x = 4 ∧ q(4). The trivially
satisﬁable conjunct x = 4 is not compiled into the core, but kept aside in the
case the client requires a model to evaluate x.
Compiler. The simpliﬁed abstract syntax tree representation of the formula
is converted into a diﬀerent data-structure comprising of a set of clauses and
congruence-closure nodes.
Congruence Closure Core. The congruence closure core receives truth assignments to atoms from the SAT solver. Atoms range over equalities and theory
speciﬁc atomic formulas, such as arithmetical inequalities. Equalities asserted
by the SAT solver are propagated by the congruence closure core using a data
structure that we will call an E-graph following [8]. Nodes in the E-graph may
point to one or more theory solvers. When two nodes are merged, the set of
theory solver references are merged, and the merge is propagated as an equality
to the theory solvers in the intersection of the two sets of solver references. The
core also propagates the eﬀects of the theory solvers, such as inferred equalities
that are produced and atoms assigned to true or false. The theory solvers may
also produce fresh atoms in the case of non-convex theories. These atoms are
subsequently owned and assigned by the SAT solver.
Theory Combination. Traditional methods for combining theory solvers rely
on capabilities of the solvers to produce all implied equalities or a pre-processing
step that introduces additional literals into the search space. Z3 uses a new
theory combination method that incrementally reconciles models maintained by
each theory [5].
SAT Solver. Boolean case splits are controlled using a state-of-the art SAT
solver. The SAT solver integrates standard search pruning methods, such as
two-watch literals for eﬃcient Boolean constraint propagation, lemma learning
using conﬂict clauses, phase caching for guiding case splits, and performs nonchronological backtracking.
Deleting clauses. Quantiﬁer instantiation has a side-eﬀect of producing new
clauses containing new atoms into the search space. Z3 garbage collects clauses,
together with their atoms and terms, that were useless in closing branches. Conﬂict clauses, and literals used in them, are on the other hand not deleted, so
quantiﬁer instantiations that were useful in producing conﬂicts are retained as
a side-eﬀect.
Relevancy propagation. DPLL(T) based solvers assign a Boolean value to
potentially all atoms appearing in a goal. In practice, several of these atoms are
don’t cares. Z3 ignores these atoms for expensive theories, such as bit-vectors,
and inference rules, such as quantiﬁer instantiation. The algorithm used for
discriminating relevant atoms from don’t cares is described in [6].
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Quantiﬁer instantiation using E-matching. Z3 uses a well known approach
for quantiﬁer reasoning that works over an E-graph to instantiate quantiﬁed variables. Z3 uses new algorithms that identify matches on E-graphs incrementally
and eﬃciently. Experimental results show substantial performance improvements
over existing state-of-the-art SMT solvers [4].
Theory Solvers. Z3 uses a linear arithmetic solver based on the algorithm used in
Yices [9]. The array theory uses lazy instantiation of array axioms. The ﬁxed-sized
bit-vectors theory applies bit-blasting to all bit-vector operations, but equality.
Model generation. Z3 has the ability to produce models as part of the output.
Models assign values to the constants in the input and generate partial function
graphs for predicates and function symbols.

4

Conclusion

Z3 is being used in several projects at Microsoft since February 2007. Its main
applications are extended static checking, test case generation, and predicate
abstraction.
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