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Abstract

In this article we present an optimization to the analy-
sis of DynAlloy programs based on the distinction between
mutant objects (those whose state is modified by the pro-
gram) and non mutant objects. This allows us to consider
smaller scopes and therefore to reduce the analysis time.
The theoretical observation that the technique reduces the
state space exponentially is supported by examples where a
striking analysis time reduction can be observed.

Categories and Subject Descriptors D.2.4 Software Engi-
neeringSoftware/Program Verification [Validation] D.2.10
Software Engineering Design [Representation] F.3.1 Log-
ics and Meanings of Programs Specifying and Verifying and
Reasoning about Programs
Terms Languages, Design, Verification.
Keywords Alloy, DynAlloy, static analysis, software veri-
fication.

1 Introduction

DynAlloy [2] is an extension of the Alloy modeling lan-
guage [5] that incorporates actions. Alloy specification con-
structs are static (i.e., they constrain a single state). Actions,
on the other hand, describe evolutions of the state. They
can be thought of as imperative programs whose behavior
is specified by means of preconditions and postconditions
written in Alloy.

While we have already developed a tool (DynJML [4])
that allows one to translates JML-annotated Java code to
DynAlloy (see [10] as a reference about JML), in order to
keep the article more focused we will use DynAlloy as a
programming language, and Alloy instead of JML. The Dy-
nAlloy Analyzer allows one to automatically analyze Dy-

nAlloy specifications, with the aid of the Alloy Analyzer
[9]. Given a DynAlloy specification to be analyzed, and an
assertion presumably valid in the specification, the DynAl-
loy Analyzer looks for a model (in the sense of mathemat-
ical logic) of the specification, that falsifies the assertion.
The existence of such model, called a counterexample, may
expose a flaw in the specification. In effect, we can test the
correctness of the specification by looking for counterexam-
ples of assertions that should hold in it. If a counterexample
is found for a given assertion (and the assertion correctly
models a property that should hold in the specification), the
specification must be incorrect. This analysis technique is
inherited by the use we make of the Alloy Analyzer [9].
The DynAlloy Analyzer translates DynAlloy specifications
to Alloy, and then the Alloy Analyzer appeals to different
SAT-solvers in order to look for counterexamples.

Notice that this analysis procedure is particularly well
suited for the analysis of contracts or invariants. In effect, if
we want to verify if a contract is not fulfilled, then it suffices
to find instances that satisfy the precondition of a method,
yet falsify the postcondition. This can be easily put in the
form of a DynAlloy assertion. Similarly, a formula fails to
be invariant if it is not preserved by some method, i.e., if
there are object instances that satisfy the formula prior to
the execution of the method, but whose state is modified by
the method in a way that falsifies the formula. Again, this
problem can be easily modeled using DynAlloy assertions.

The analyzability of Alloy and DynAlloy models heavily
depends on two factors:

1. The size of the formula that holds the assertion to be
analyzed (large formulas many times cannot be com-
piled by the Alloy Analyzer),

2. The size of the scopes, since usually increasing a scope
results in an exponential increase in the analysis time.



In this article we face these two problems, and provide
techniques that allow us to obtain important improvements
both in compilability and analyzability.

The paper is organized as follows. In Section 2 we intro-
duce DynAlloy and the DynAlloy Analyzer as extensions
of Alloy and the Alloy Analyzer, respectively. In Section
3 we present the optimizations to the analysis of DynAlloy
models. In Section 4 we present several examples. Finally,
in Section 5 we draw some conclusions.

2 The DynAlloy Modeling Language

DynAlloy is an extension of the Alloy modeling lan-
guage. It allows us to define atomic actions that modify
the state (much the same as atomic statements in impera-
tive programming languages do), and build more complex
actions (programs) from the atomic ones. Atomic actions
are defined by means of preconditions and postconditions
given as Alloy formulas. For instance, atomic actions that
retrieve the first element in a list, or remove the front ele-
ment from a list (usually called Head and Tail, respectively)
are specified by

act Head(l : List, d : Data) act Tail(l : List)
pre = { l != Empty } pre = { l != Empty }
post = { d’ = l.val } post = { l’ = l.next }

The primed variables d’ and l’ in the specification of ac-
tions Head and Tail denote the value of variables d and l
in those states reached after the execution of the actions.
There is a subtle point in the definition of the semantics of
atomic programs. While actions may modify the value of
all variables, we assume that those variables whose primed
versions do not occur in the post condition retain their corre-
sponding input values. Thus, the atomic action Head modi-
fies the value of variable d, but l keeps its initial value. This
sort of frame condition allows us to use simpler formulas in
preconditions and postconditions.

Equally important, DynAlloy allows us to assert proper-
ties about complex actions by means of partial correctness
assertions. For instance, the following is a valid assertion:

{ l != Empty }
Head(l, d);
Tail(l)
{ Cons(d’,l’,l) }

The syntax of DynAlloy’s formulas extends the one for
Alloy formulas with the addition of the following clause for
building partial correctness statements:

formula ::= . . . | {formula} program {formula}
“partial correctness”

Figure 1 shows how complex actions are built from
atomic ones. Figure 2 describes the semantics of DynAl-
loy.

act ::= p{pre(x)}{post(x)} “atomic action”
| formula? “test”
| act + act “non-det. choice”
| act ;act “seq. composition”
| act∗ “iteration”

Figure 1. Grammar for DynAlloy’s Actions

M [{α}p{β}]e = M [α]e =⇒ ∀e′ (〈e, e′〉 ∈ P [p] =⇒ M [β]e′)

P : program → P (env × env)
P [〈pre, post〉] = { 〈e, e′〉 : M [pre]e ∧M [post ]e′ }
P [α?] = { 〈e, e′〉 : M [α]e ∧ e = e′ }
P [p1 + p2] = P [p1] ∪ P [p2]
P [p1 ;p2] = P [p1];P [p2]
P [p∗] = P [p]∗

Figure 2. Semantics of DynAlloy.

One of the important features of Alloy is the automatic
analysis possibilities it provides. In effect, the Alloy Ana-
lyzer [9] allows us to automatically verify if a given asser-
tion holds in an Alloy model. Similarly, in [3] we show how
to translate DynAlloy specifications to Alloy specifications
in order to achieve analyzability. We reproduce the funda-
mental aspects of this translation below, and refer the reader
to [3] or Section 3 for optimizations.

We define below a function

wlp : program × formula → formula

that computes the weakest liberal precondition [1] of a for-
mula according to a program (composite action). We will in
general use names x1, x2 . . . for program variables, and will
use names x′1, x

′
2, . . . for the value of program variables af-

ter action execution. We will denote by α|vx the substitution
of all free occurrences of variable x by the fresh variable v
in formula α.

When an atomic action a specified as

a{pre(x)}{post(x, x′)}

is used in a composite action, formal parameters are substi-
tuted by actual parameters. Since we assume all variables
are input/output variables, actual parameters are variables,
let us say, y. In this situation, function wlp is defined as
follows:

wlp[a(y), f ] =

pre|y′x =⇒ all n
(
post|n

x′
|y′x =⇒ f |n

y′

)
. (1)



A few points need to be explained about (1). First, we
assume that free variables in f are amongst y′, x0. Vari-
ables in x0 are generated by the translation function pcat
given in (3). Second, n is an array of new variables, one
for each variable modified by the action. Last, notice that
the resulting formula has again its free variables amongst
y′, x0. This is also preserved in the remaining cases in the
definition of function wlp.

For the remaining action constructs, the definition of
function wlp is the following:

wlp[g?, f ] = g =⇒ f
wlp[p1 + p2, f ] = wlp[p1, f ] ∧ wlp[p2, f ]
wlp[p1 ;p2, f ] = wlp[p1,wlp[p2, f ]]
wlp[p∗, f ] =

∧∞
i=0 wlp[pi, f ] .

Notice that wlp yields Alloy formulas in all these cases,
except for the iteration construct, where the resulting for-
mula may be infinitary. In order to obtain an Alloy formula,
we can impose a bound on the depth of iterations. This is
equivalent to fixing a maximum length for traces. A func-
tion Bwlp (bounded weakest liberal precondition) is then
defined exactly as wlp, except for iteration, where it is de-
fined by:

Bwlp[p∗, f ] =
n∧

i=0

Bwlp[pi, f ] . (2)

In (2), n is the scope set for the depth of iterations.
We now define a function pcat that translates partial cor-

rectness assertions to Alloy formulas. For a partial correct-
ness assertion {α(y)} P (y) {β(y, y′)}

pcat ({α} P {β}) =

∀y
(
α =⇒

(
Bwlp

[
p, β|x0

y

])
|y
y′
|yx0

)
. (3)

Of course this analysis method where iteration is re-
stricted to a fixed depth is not complete, but clearly it is
not meant to be; from the very beginning we placed restric-
tions on the size of domains involved in the specification to
be able to turn first-order formulas into propositional for-
mulas. This is just another step in the same direction.

DynAlloy was introduced in [2] as an alternative to the
use of traces proposed in [7] for the analysis of dynamic
properties. While the proposal of [2] had methodological
and practical advantages over the proposal from [7] (see
[3] for more details), our proposal still had a shortcoming,
namely, the lack of an adequate mechanism for handling
complex objects. Consider the following DynAlloy atomic
action that modifies the “next” field in a list.

act SetNext(l1, l2 : List)
pre = { l1 != Empty }
post = { l1’.val = l1.val and l1’.next = l2 }

The following partial correctness assertion should be
valid if we adopt a Java-like semantics:

{l1 != Empty and l2 != Empty}
SetNext(l1, l2);
SetNext(l2, l1)

{l1′.next.next = l1′} (4)

Unfortunately, property “l1.next.next = l1” does not hold
in the final state. Therefore, an appropriate modeling for
objects in DynAlloy must be found. We adopt the object
model of JAlloy [8]. JAlloy translates Java programs di-
rectly to Alloy, and has been applied to finding bugs in Java
programs [8, 12], and to modular analysis of code in [11].

The JAlloy model of the List signature requires just a
basic signature for lists without fields

sig List { } ,

and fields are considered as binary relations

val : List → lone Val,
next : List → lone List .

These binary relations can be modified by the DynAlloy
actions. We will in general distinguish between simple data
that will be handled as values, and structured objects.

Action SetNext is now specified as follows:

act SetNext(l1, l2 : List, next : List → lone List)
pre = { l1 != Empty }
post = { next’ = next ++ (l1 → l2) }

If we analyze again the state evolution for action

SetNext(l1,l2,next);SetNext(l2,l1,next)

under the new specification, we get:

State Evolution Actions
l1 = L1, l2 = L2, next = N1

SetNext(l1, l2, next)
next = N1 ++ (L1 → L2) and
l1 = L1, l2 = L2

SetNext(l2, l1, next)
next = (N1 ++ (L1 → L2))

++ (L2 → L1)
and l1 = L1, l2 = L2

Notice that the partial correctness assertion (4) is now
valid. We can now reason as follows. Assume that L1 6= L2
(we will drop this assumption later).

l1.next.next = L1.next.next = L2.next = L1 = l1 .

Thus, formula (4) indeed holds. If L1 = L2, notice that
next = N1 ++ (L2 → L1) (due to the definition of ++).

l1.next.next = L1.next.next = L2.next.next = L1.next =
L2.next = L1 = l1 .



3 Optimizations to DynAlloy for the Analysis
of OO Code

While the optimizations presented in [3] can be applied
to arbitrary DynAlloy specifications, specific optimizations
can be added to DynAlloy actions modeling object-oriented
programs. These optimizations allow us to produce Alloy
models from DynAlloy models, that can be analyzed more
efficiently. In this section we present two optimizations.

In our extensive experience as demanding Alloy users,
we have experienced some of the limitations Alloy has.
Most of these limitations are inherited from the use of SAT-
solvers. The limitations can be summarized as follows:

1. Alloy models containing large formulas (as the ones
obtained from the translation of DynAlloy programs
coming from Java code) take a long time to compile.
They can easily exhaust the resources of a modern per-
sonal computer.

2. The analysis time required by the SAT-solvers grows
(usually) exponentially when the scopes are increased.

In order to cope with these limitations of Alloy, we pro-
pose optimizations for the translation of DynAlloy models
to Alloy. These optimizations allow us to:

1. avoid large monolithic formulas; thus allowing us to
compile much larger models within a few seconds, as
opposite to the hours it took before.

2. use smaller scopes, giving rise to models that can be
analyzed in a fraction of the time they previously de-
manded.

In the remaining part of this section we will present the
optimizations. In Section 4 we will analyze the impact these
optimizations have in analysis through some examples.

3.1 Handling Large Formulas

Notice that the translation of a DynAlloy program to Al-
loy is, so far, a single formula. In our experience, these
formulas tend to grow easily if they involve closures and
the number of loop unrollings grows. These long formulas
pose a challenge to the Alloy compiler.

Notice also that after a number n of loop unrollings is
set, a partial correctness assertion of the form

{pre(a)}
A∗

{post(a, a′)}

becomes the DynAlloy partial correctness assertion

{pre(a)}
A;
... (n− times)
A

{post(a, a′)}

If action A has precondition α(a) and postcondition
β(a, a′) (where a and a′ are arrays of variables), the last
action gets translated to Alloy as an assertion of the form

assert pca{all a0, . . . , an : S |
pre(a0) => (α(a0) => (β(a0, a1) => (α(a1) =>

(β(a1, a2) => · · · => (β(an−1, an)
=> post(a0, an)))))) } . (5)

In order to reduce the size of the previous assertion, we
automatically create a new signature T

one sig T{
a0, . . . , an : S

}

and replace the previous assertion by the following equiva-
lent facts and assertion:

fact {pre(T.a0)}
fact {α(T.a0)}
fact {β(T.a0, T.a1)}
fact {α(T.a1)}
fact {β(T.a1, T.a2)}
...
fact {β(T.an−1, T.an)}
assert pca{post(T.a0, T.an)}

Of course, it is seldom the case that the DynAlloy action
under analysis has the exact format A∗. It should be clear
nevertheless that the previous technique can be applied to
actions consisting of a sequential composition of (not neces-
sarily atomic) DynAlloy actions A1, . . . , An. Again, most
composite actions do not consist of a single sequential com-
position of actions. Programs usually have branches in or-
der to handle different data (base cases versus composite
data in recursive programs, for instance). Our strategy in
this case is to automatically split the original DynAlloy as-
sertion into several assertions. The splitting process takes
as input a modified version of the control flow graph of the
(unrolled) DynAlloy action. The modification consists on
treating each loop iteration as an atomic action. For in-
stance, if we are given the DynAlloy action

[test]? + [!test]?; (A + B)∗,

after unrolling the loop we obtain action

[test]? + [!test]?; (A + B); · · · ;(A + B).
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Figure 3. A control flow graph and its modified
version.

The control flow graph and its modified version for this
action are given in Fig. 3.

We then look for a path from the root that covers the loop
unrollings (in the example this path corresponds to the ac-
tion [!test ]?;(A + B); · · · ;(A + B)) and build an assertion
from it. After removing this path from the graph, the proce-
dure continues until no more paths exist containing loop un-
rollings. The action corresponding to the graph that remains
in the end is translated to a new assertion (in the example,
the remaining action is [test ]?). Notice that the paths con-
taining the loop unrollings have the appropriate shape to be
translated to Alloy using “facts”.

Our experience is that using this technique much larger
models can be compiled. In Section 4 we present several
examples; for these examples we could not compile models
with more than 4 loop unrollings. Using “facts” it is pos-
sible to easily compile the same models but with 20 loop
unrollings. In most examples, splitting the assertions even
improved the overall analysis time. Reducing nondetermin-
ism helps the SAT-solvers perform more efficiently. Also,
notice that the resulting assertions can be analyzed in paral-
lel. Since the number of paths in the modified control flow
graphs is usually small, parallel analysis demands few re-
sources.

3.2 Deriving Appropriate Scopes

Another source of complexity in the analysis process is
the scope of domains. Usually, for some domains it is nec-
essary to have at least as many objects as loop unrollings
are performed in the DynAlloy code. If we aim at per-
forming several loop unrollings as a mean to gain confi-
dence about the correctness of the source code, scopes end
up making the analysis unfeasible. Therefore, reducing the

search space is necessary in order to gain analyzability. In
this section we present a technique to this end.

Recall that object fields are (as in JAlloy [8]) modeled as
binary relations. Actions that modify fields make these re-
lations evolve. Thus, the Alloy assertion resulting from the
translation of a DynAlloy program that makes a field f to
evolve k times, will contain universally quantified relation
variables f0, f1, . . . , fk. Notice that if at most k evolutions
of fields introduced in signature S occur, at most k objects
from S will be modified. This means that if the scope for
signature S is n (larger than k), there will be n− k objects
whose fields will not be modified. We call these objects non
mutant, and those that are modified, mutant. We replace sig-
nature S by two new signatures:

sig mutS{ }, and sig nonmutS{ } .

Also, the DynAlloy model is automatically processed in
order to re-type relational variables. For instance, an action
that modified a field f : S -> T , now receives a parameter
df : mutS -> T . Notice that this simple process gives rise
(upon translation to Alloy) to an Alloy assertion that rather
than quantifying over relations f0, f1, . . . , fk, now quanti-
fies over relations

df0, . . . , dfk : mutS -> T, sf 0 : nonmutS -> T .

The gain in using this technique comes from realizing that
while the original signature S had scope n, the new signa-
tures will have scopes:

mutS : k, and nonmutS : n− k.

If we analyze the size of the potential search space in
each case, if signature T has scope m, we obtain:

1. f0, . . . , fk 7→ 2(k+1)×n×m.

2. df0, . . . , dfk, sf 0 7→ 2(k+1)×k×m × 2(n−k)×m.

We compare in Table 3.2 both values for n = m = 10
and varying values of k.

k 0 1 2 3 4
S 2100 2200 2300 2400 2500

mutS and 2100 2110 2140 2190 2260

nonmutS
k 5 6 7 8 9 10
S 2600 2700 2800 2900 21000 21100

mutS and 2350 2460 2590 2740 2910 21100

nonmutS

Table 1. Comparison of state space sizes.

Both when k = 1 (no evolution of field f ) or when k = n
(all elements can be modified), no improvement is reported
(and even an overhead might be generated). In all other
cases there is a clear advantage in using this technique.



The process of re-typing a DynAlloy program according
to the previous technique is straightforward. Those actions
that modify a field will now be declared as:

act Setf (o : S, v : T , f : S → T )
pre = { true }
post = { f ′ = f++(o → v) }

7→

act Setf (o : mutS, v : T , f : mutS → T )
pre = { true }
post = { f ′ = f++(o → v) }

Notice that we can deduce now that variable o can be
typed as mutS. The problem still remains about how to
type variables occurring in pre and post-conditions. This
is not complex; if we are given a variable of signature
S, it gets type nonmutS + mutS. Similarly, if we are
given a field variable f : S → T , it now gets typed as
f : nonmutS +mutS → T . Therefore, if we are analyzing
a partial correctness assertion

{ pre(f) }
act A (f : S → T )

{ post(f) }

and action A makes field f to evolve, we analyze instead
the partial correctness assertion

{ pre(df + sf ) }
act A (sf : nonmutS → T, df : mutS → T )

{ post(df ′ + sf ) }

Notice that both in the precondition and the postcondi-
tion we use relation sf . This is because it only contains
objects that do not evolve.

In general, if we are given an Alloy “check” of the form

check assertion for m but n S,

and there are k objects that evolve for signature S, the check
is replaced by the following:

check assertion for m but k mutS, n− k nonmutS.

Determining the amount of evolving objects is not al-
ways obvious. In some cases it is possible to determine
the exact amount automatically. This is the case, for in-
stance, for the methods analyzed in Section 4.1. In some
other cases, it is not always clear wether different variables
refer to different objects, and therefore counting the num-
ber of evolutions of different variables may produce an up-
per bound. In case there is enough knowledge about the
given problem, the computed upper bound can be manually
refined.

4 Examples

In Section 4.1 we present an implementation of sets
based on single linked lists, and analyze the correctness of
the implementations. We present running time displayed in
the format “mm:ss”. Experiments were performed in a per-
sonal computer with an AMD 3200, 64 bits processor; 2GB,
dual channel memory, and Linux Mandriva 10.2, 64 bits.
We employed Alloy Analyzer (version 3.0 Beta, February
9th., 2006), and used the BerkMin SAT-solver.

Usually, when presenting case-studies of analysis of
code using Alloy, examples do not consider more than 3
loop unrollings, and small scopes for data domains (seldom
more that 4) are considered. In this paper, and using the op-
timizations presented in Section 3, we go one step further
by considering larger numbers of loop unrollings and data
domain scopes.

4.1 Analysis of Sets Implemented as Single Linked
Lists

In Fig. 4 we present a fragment of a DynAlloy specifi-
cation showing: In lines 4–7, the signature hierarchy. In
lines 8–18, two auxiliary atomic actions for assigning val-
ues to variables. In lines 19–25, an auxiliary predicate to be
used in the setter for field “isEmpty”. In lines 26–33, the
setter for field “isEmpty”. In lines 34–53, the invariants for
this class. In lines 54–67, a predicate characterizing the ab-
straction function. In lines 68–85, an auxiliary program that
models the body of the loop inside method “isMember”. In
lines 86–105, the DynAlloy translation of method “isMem-
ber”. In lines 106–126, two auxiliary predicates to be used
in the precondition and postcondition of the partial correct-
ness assertion for method “isMember”. In lines 127–142,
the partial correctness assertion to be analyzed.

In Section 3.1 we mentioned that the Alloy compiler’s
performance was undermined when compiling large formu-
las. In Table 2 we compare compilation times for method
“insert” with and without “facts”. A similar progression
for compilation times has been observed for the remaining
methods.

unrollings 0-1 0-2 0-3 0-4 0-5 0-6
no facts 00:54 13:22 3:50:32 >10h >10h >10h
facts 00:04 00:04 00:04 00:05 00:06 00:06

Table 2. Compilation times with and without
“facts” for action insert.

In Fig. 5 we present the DynAlloy model for method “in-
sert”. We removed what is common with Fig. 4.

According to the optimization technique presented in



Section 3.1, we split the DynAlloy action “insert” into three
different DynAlloy programs, namely,

1. “insertToEmpty”, the action branch that inserts the in-
teger in a (previously) empty list,

2. “noInsert”, the action branch that finds the object to
be inserted already in the list (and therefore does not
insert the integer),

3. “insertToNonEmpty”, the action branch that inserts the
integer at the end of the given list.

In Fig. ?? we present a fragment of the DynAlloy model
for action “insertToNonEmpty” distinguishing between mu-
tant and non mutant objects.

In the case of “insertToEmpty” and“insertToNonEmpty”
there are two object evolutions. There are no evolutions for
action “noInsert”, and therefore we do not distinguish be-
tween non mutant and mutant elements. Therefore, a check
of the form

check assertion for m but n IntListSet,

is transformed to a check

check assertion for m but n− 2 nonmutIntListSet, 2
mutIntListSet

in case we distinguish between non mutant and mutant ob-
jects.

In Table 3 we report analysis times for action “insert-
ToEmpty”, not distinguishing between non mutant and mu-
tant objects. In Table 4 we report analysis times for action
“insertToEmpty”, but this time distinguishing between non
mutant and mutant objects. We use boldface in order to
mark the better entries between the tables.

scope 3 4 5 6 7 8
time 00:01 00:01 00:01 00:01 00:01 00:02

Table 3. Analysis times for action “insert-
ToEmpty" (no distinction of non mutant and
mutant objects).

scope 3 4 5 6 7 8
time 00:08 00:08 00:08 00:11 00:14 00:17

Table 4. Analysis times for action “insert-
ToEmpty" (distinguishing non mutant and
mutant objects).

In Table 5 we report analysis times for action “insert-
ToNonEmpty”, not distinguishing between non mutant and

mutant objects. In Table 6 we report analysis times for ac-
tion “insertToNonEmpty”, but this time distinguishing be-
tween non mutant and mutant objects. We use boldface in
order to mark the better entries between the tables. Notice
that the code for action “insertToNonEmpty” does not in-
clude any loops. Therefore we only vary the scope.

unrollings→
scope ↓ 0-1 0-2 0-3 0-4 0-5 0-6 0-7

3 00:02 00:02 00:02 00:02 00:02 00:02 00:03
4 00:01 00:02 00:02 00:02 00:03 00:03 00:03
5 00:02 00:03 00:06 00:12 00:18 00:23 00:28
6 00:02 00:08 00:27 01:43 03:02 04:50 06:50
7 00:04 00:14 01:22 11:41 36:38 >60’ >60’
8 00:06 00:28 05:07 >60’ >60’ >60’ >60’

Table 5. Analysis times for action “insert-
ToNonEmpty" (no distinction of non mutant
and mutant objects).

unrollings→
scope ↓ 0-1 0-2 0-3 0-4 0-5 0-6 0-7

3 00:09 00:09 00:09 00:09 00:09 00:10 00:10
4 00:09 00:09 00:10 00:09 00:09 00:10 00:10
5 00:09 00:10 00:09 00:10 00:11 00:12 00:12
6 00:11 00:11 00:12 00:12 00:14 00:15 00:18
7 00:12 00:13 00:15 00:15 00:17 00:24 00:27
8 00:16 00:17 00:18 00:20 00:23 00:27 00:41

Table 6. Analysis times for action “insert-
ToNonEmpty" (distinguishing non mutant
and mutant objects).

In Table 7 we present analysis times for action “noIn-
sert”. Notice that since no field evolutions occur in this ac-
tion, we do not separate between non mutant and mutant
objects.

unrollings→
scope ↓ 0-1 0-2 0-3 0-4 0-5 0-6 0-7

3 00:01 00:01 00:01 00:01 00:02 00:02 00:02
4 00:01 00:01 00:01 00:01 00:01 00:02 00:02
5 00:01 00:02 00:03 00:03 00:05 00:05 00:06
6 00:02 00:04 00:07 00:16 00:25 01:10 01:27
7 00:04 00:09 00:20 00:50 01:15 03:43 10:38
8 00:10 00:23 00:58 02:31 05:33 08:44 19:46

Table 7. Analysis times for action “noInsert".

Finally, in Table 8 we compare the accumulated analy-
sis times for both approaches, denoted as “I” (for “insert”)
and “IM” (referring to action “insert” under the separation
between non mutant and mutant objects).



unrollings→
scope ↓ 0-5 0-6 0-7

I IM I IM I IM
3 00:05 00:19 00:05 00:20 00:06 00:20
4 00:05 00:18 00:06 00:20 00:06 00:20
5 00:24 00:24 00:29 00:25 00:35 00:26
6 03:28 00:50 06:01 01:36 08:18 01:56
7 37:54 01:46 >60’ 04:21 >60’ 11:19
8 >60’ 06:13 >60’ 09:28 >60’ 20:44

Table 8. Accumulated analysis times for ac-
tion “insert".

5 Conclusions

In this article we have presented optimizations to the
analysis of DynAlloy specifications. These optimizations
produce dramatic improvements in the analysis time for
those programs whose analysis time is SAT-bound. This is
particularly evident when comparing Tables 5 and 6. In this
case, the time for up to 7 loop unrollings and 8 lists reduces
from many hours (according to the time progression we see
in the table), to just 41 seconds. Observing the accumulated
analysis times for the list’s method “insert” (c.f. Table 8) the
time reduction appears to be exponential, which is coher-
ent with Table 1. Notice also that the overall analysis time
when distinguishing non mutant and mutant elements gets
most of its weight from actions for which it is not possible
to separate into non mutant and mutant objects. In the case
of method “insert” with up to 7 loop unrollings and 8 lists,
19:46 out of the total 20:44 come from action “noInsert”,
for which our technique cannot profit from the distinction
between non mutant and mutant objects.

It is then clear that new optimizations as the ones pre-
sented in this paper are necessary for the situations in which
the current optimizations do not apply, and this is indeed
further work we plan to carry on in the near future.

There are cases in which distinguishing non mutant and
mutant objects yields worse analysis times. Examples can
be seen in Tables 3 and 4. In all these cases it is clear
that the analysis time is mainly spent in pre-processing the
model and not in SAT-solving. The difference against our
technique comes from the overhead introduced to the pre-
processing due to the splitting of types. In all cases the
difference is small and is measured in seconds.
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1. module IntListSet

2. open util/boolean
3. open util/integer

4. one sig null {}
5. sig Object {}
6. abstract sig IntSet extends Object {}
7. sig IntListSet extends IntSet {}

8. action changeBoolValue(r: Bool, l: Bool) {
9 pre {}
10 post {r’=l}
11 }

12 action changeListSetValue(
13 r: IntListSet+null,
14 l: IntListSet+null)
15 {
16 pre {}
17 post {r’=l}
18 }

19 pred setIsEmptyPost(
20 l: IntListSet,
21 b: Bool, isEmpty0,
22 isEmpty1: IntListSet -> one Bool)
23 {
24 isEmpty1=isEmpty0++l->b
25 }

26 action setIsEmpty(
27 l: IntListSet,
28 b: Bool,
29 isEmpty: IntListSet -> one Bool)
30 {
31 pre {}
32 post { setIsEmptyPost(l,b,isEmpty,isEmpty’) }
33 }

34 pred invarIntListSet(
35 l: IntListSet+null,
36 isEmpty: IntListSet -> one Bool,
37 value: IntListSet -> one Int,
38 next: IntListSet -> one (IntListSet+null)
39 ) {
40 (l!=null) &&
41 (l.next=null ||
42 (all l1: IntListSet |
43 l1 in l.(*next) implies l1.isEmpty=False)
44 ) &&
45 (all l1: IntListSet |
46 l1 in l.(*next) implies
47 (l1 !in l1.next.(*next))) &&
48 (all l1, l2: IntListSet |
49 (l1 in l.*next && l2 in l.*next &&
50 l1.isEmpty = False && l2.isEmpty = False &&
51 l1.value = l2.value) implies
52 l1 = l2)
53 }

54 pred fAbs(
55 estr: IntListSet,
56 absData: set Int,
57 isEmpty: IntListSet -> one Bool,
58 value: IntListSet -> one Int,
59 next: IntListSet -> one (IntListSet+null)
60 ){
61 all i: Int |
62 i in absData iff
63 (some l: IntListSet |
64 l in estr.(*next) &&
65 l.isEmpty=False &&
66 l.value=i)
67 }

68 program whileIsMember(
69 current: IntListSet+null,
70 i: Int,
71 result: Bool,
72 value: IntListSet -> one Int,
73 next: IntListSet -> one (IntListSet+null))
74 {

75 [(current!=null && result=False)]?;
76 (
77 [current.value=i]?;changeBoolValue(result, True)
78 +
79 [current.value!=i]?;skip
80 );
81 changeListSetValue(current, current.next)
82 +
83 [(current=null || result=True)]?;
84 skip
85 }

86 program isMember(
87 thisObject: IntListSet,
88 i: Int,
89 result: Bool,
90 current: IntListSet+null,
91 isEmpty: IntListSet -> one Bool,
92 value: IntListSet -> one Int,
93 next: IntListSet -> one (IntListSet+null))
94 {

95 [result=False]?;
96 (
97 [thisObject.isEmpty=False]?;
98 [current=thisObject]?;
99 (whileIsMember(current, i, result, value, next))*;
100 [(current=null || result=True)]?
101 +
102 [thisObject.isEmpty=True]?;
103 skip
104 )
105 }

106 pred isMemberObeysSpecPre(
107 l: IntListSet,
108 absPre: set Int,
109 isEmpty: IntListSet -> one Bool,
110 value: IntListSet -> one Int,
111 next: IntListSet -> one (IntListSet+null)
112 ) {
113 invarIntListSet(l,isEmpty,value,next) &&
114 fAbs(l,absPre,isEmpty,value,next)
115 }

116 pred isMemberObeysSpecPost(
117 l: IntListSet,
118 i: Int,
119 result: Bool,
120 absPre: set Int,
121 isEmpty: IntListSet -> one Bool,
122 value: IntListSet -> one Int,
123 next: IntListSet -> one (IntListSet+null)
124 ) {
125 invarIntListSet(l,isEmpty,value,next)

&& (result=True iff (i in absPre))
126 }

127 assert isMemberObeysSpec {
128 assertCorrectness(
129 l: IntListSet,
130 i: Int,
131 result: Bool,
132 current: IntListSet+null,
133 absPre: set Int,
134 isEmpty: IntListSet -> one Bool,
135 value: IntListSet -> one Int,
136 next: IntListSet -> one (IntListSet+null)
137 ){
138 pre = { isMemberObeysSpecPre(l,absPre, isEmpty,value,next)}
139 program = { isMember(l,i,result,current,isEmpty,value,next) }
140 post = { isMemberObeysSpecPost(l,i,result’,absPre,

isEmpty’,value’,next’) }
141 }
142 }

Figure 4. Fragment of DynAlloy model. Implementation of sets by single linked lists.



/*----------------------------------------------*/
/* Actions on fields and object constructor */
/*----------------------------------------------*/
pred setNextPost(l: IntListSet, n: IntListSet+null,

next0, next1: IntListSet -> one (IntListSet+null)) {
next1=next0++l->n }

action setNext(l: IntListSet, n: IntListSet+null,
next: IntListSet -> one (IntListSet+null)) {
pre {}
post { setNextPost(l,n,next,next’) } }

program newIntListSet(result: IntListSet+null,
alive: set IntListSet, isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null)) {

[result !in alive]?;
setIsEmpty(result,True,isEmpty);
setNext(result,null,next);
setValue(result,Int(0),value) }

/*----------------------------------------------*/
/* action insert */
/*----------------------------------------------*/
program whileInsert(i: Int, found: Bool,

prev: IntListSet+null, current: IntListSet+null,
isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null)) {
[(current!=null && found=False)]?;

( [current.value=i]?;changeBoolValue(found,True)
+
[current.value!=i]?;skip

);
changeListSetValue(prev, current);
changeListSetValue(current, current.next)

+
[(current=null || found=True)]?;skip }

program insert(thisObject: IntListSet,
i: Int, found: Bool, prev: IntListSet+null,
current: IntListSet+null, newNode: IntListSet+null,
isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null) ) {
[found=False]?;
( [thisObject.isEmpty=True]?;

setValue(thisObject,i,value);
setIsEmpty(thisObject,False,isEmpty)

+
[thisObject.isEmpty=False]?;

[current=thisObject]?;
[prev=null]?;
(whileInsert(i, found, prev, current,

isEmpty, value,next))*;
[(current=null || found=True)]?;
( [found=False]?;

newIntListSet(newNode,thisObject+univ.next,
isEmpty,value,next);

setIsEmpty(newNode,False,isEmpty);
setValue(newNode,i,value);
setNext(prev,newNode,next)

+
[found=True]?;

skip
)

) }

/*----------------------------------------------*/
/* Assertions */
/*----------------------------------------------*/
pred insertObeysSpecPre(

l: IntListSet,
absPre: set Int,
isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null) ) {

invarIntListSet(l,isEmpty,value,next) &&
fAbs(l,absPre,isEmpty,value,next) }

pred insertObeysSpecPost(
l: IntListSet,
i: Int,
absPre: set Int,
absPost: set Int,
isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null) ) {

fAbs(l,absPost,isEmpty,value,next) implies
(invarIntListSet(l,isEmpty,value,next) and

(absPost=absPre++i) ) }

assert insertObeysSpec {
assertCorrectness(

l: IntListSet,
i: Int,

found: Bool,
prev: IntListSet+null,
current: IntListSet+null,
newNode: IntListSet+null,
absPre: set Int,
absPost: set Int,
isEmpty: IntListSet -> one Bool,
value: IntListSet -> one Int,
next: IntListSet -> one (IntListSet+null) ) {

pre = { insertObeysSpecPre(l,absPre,isEmpty,value,next)}
program = { insert(l,i,found,prev,current,newNode,

isEmpty,value,next) }
post = { insertObeysSpecPost(l,i,absPre,absPost,

isEmpty’,value’,next’) } }
}

Figure 5. DynAlloy model for method “insert".


