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1. Introduction

Since the invention of resolution and paramodu-
lation, theoretical research in the area of resolution-
based theorem proving has achieved a remarkable
progress in constructing inference systems based on
various refinements of these calculi. The developed
theory is believed to have a significant, but mostly un-
realized potential for such applications as formal hard-
ware and software development, computer algebra, and
assisting human mathematicians. One of the main ob-
stacles to creating a practically valuable technology on
the base of the theory is our lack of knowledge of ef-
ficient implementation techniques. Attempts of imple-
menting efficient theorem provers constitute the main
source of such knowledge. This article describes such
an attempt.

VAMPIRE is a system for proving theorems in first-
order logic with or without equality. It was origi-
nally developed in 1993–1995 (only for logic without
equality) as an experimental vehicle for testing reso-
lution and the inverse method. The work on VAMPIRE

has been discontinued in 1995 and resumed in 1998
when the first author took over the implementation.
Then VAMPIRE developed in a resolution-based theo-
rem prover, this time with equality. In the beginning
of 2001 a (very primitive) clausifier and preprocessor
have been implemented with the purpose of treating ar-
bitrary first-order formulas rather than clauses. From
2001, by VAMPIRE we understand the system consist-
ing of the resolution- and superposition-based subsys-
tem, the preprocessor with clausifier and scripts gluing
them together.

* Both authors are supported by grants from EPSRC.

The resolution-based subsystem is the main compo-
nent of VAMPIRE. We now refer to it as thekernel.
Most of this article is dedicated to the description of the
kernel, its functionality and implementation. The pre-
processor and clausifier subsystem is still in its infancy
and has no established name.

Between 1998 and 2001 the VAMPIRE development
was mainly driven by CASC. As a consequence, our
main design decisions have been in the direction of the
speed of the proof-search process. The user-oriented
features did not receive enough attention. From 2001
VAMPIRE is developing into a user-friendly tool. We
expect that in the next two years our efforts will be
equally split among efficient implementation, develop-
ment of new features, user-oriented extensions, and ap-
plications.

This article is mainly oriented towards developers
of provers, including novices. However, any interested
reader can benefit from it. Some parts of this article do
not require any special knowledge from the reader. On
the contrary, some parts are very specialized and can
only be properly understood by implementors of simi-
lar systems. We try to make all the necessary references
to help the reader.

The main material is divided into three levels. The
top level (Section 2) is a very general declaration of
functionality of the system in terms of used calculi
and proof search mechanisms. At the next level (Sec-
tion 3) we show how the functionality is mapped into
the VAMPIRE design. The most technical Sections 4
and 5 present some implementation recipes that can be
useful for implementors of other systems. Section 6 de-
scribes VAMPIRE as a blackbox for the user. Section 7
discusses ongoing work on VAMPIRE. Section 8 pro-
vides a summary of features implemented in VAMPIRE
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and classifies them from the viewpoints of usefulness
and implementation costs. Finally, in Section 9 we ex-
plain the performance of VAMPIRE in CASC-JC.

2. Functionality of Vampire

Here we give an overview of some features of
VAMPIRE related to its functionality, namely the cal-
culi used in it, including the splitting rule, simplifica-
tion orders, simplification rules, clause and literal se-
lection, and reasoning with limited time.

2.1. Calculi

VAMPIRE is a resolution- and paramodulation-based
theorem prover. It implements several versions of bi-
nary resolution and superposition with literal selection
for logics with and without equality (see, e.g., [2,19]).
In addition, VAMPIRE implements hyperresolution, but
only for logic without equality. The calculi imple-
mented in VAMPIRE are quite standard, except for or-
ders (Section 2.4), simplification rules (Section 2.5),
selection functions (Section 2.6), and splitting (Sec-
tion 2.3) described below.

2.2. Proof search by saturation

If we are interested in finding a refutation of a clause
set in a calculus based on resolution and paramodula-
tion, we can do this by saturating this set with all pos-
sible inferences in the chosen calculus. At each step
of the saturation process we select an inference in the
calculus, that can be done between some clauses in the
currentclause store. The result, if any, of this infer-
ence, is added to the clause store. Inferences that add
clauses to the store will be calledgenerating. The gen-
erating inferences are interleaved withsimplifications
which either remove clauses from the store or replace
them by ‘simpler’ clauses. Finding an empty clause at
some step indicates that the initial clause set is unsat-
isfiable. We are interested not only in testing unsatis-
fiability of the set, but also in finding a proof that can
be later checked by a simple program or used in other
ways. For this purpose with every clause we keep infor-
mation about how and from which clauses it has been
derived.

If the initial set is unsatisfiable, we are guaranteed
to find the refutation eventually, provided that the cal-
culus is refutationally complete and selection of the in-
ferences isfair, i.e., any non-redundant inference has

to be eventually selected. As in many other systems,
inference selection in VAMPIRE is implemented via
clause selection. By selecting a clause from the store
we enable the inferences possible between this clause
and other clauses that have been selected so far. The
only clause selection scheme of VAMPIRE is based on
the age-weight ratio (called pick-given ratio in some
other provers). According to this scheme, clauses are
kept in two priority queues: the age and the weight
priority queues. The age priority queue prefers older
clauses to the younger ones, the weight priority queue
prefers clauses of smaller weights. The age is identified
by the order of appearance of the clauses, the weight
is the total number of symbols in the clause. The age-
weight ratio is a non-negative integer. If the ratio isk,
then out of everyk + 1 clauses,k clauses are selected
from the weight queue and one from the age queue.
The age-weight ratio can be specified by the user.

In VAMPIRE saturation is combined with a splitting
rule briefly described in Section 2.3. The concrete im-
plementation of the clause store and the general archi-
tecture of VAMPIRE are outlined in Section 3.

2.3. Splitting

VAMPIRE implements the so-calledsplitting without
backtracking described in [23,26].1 We refer the reader
to these papers and also [4] for a thorough discussion
of various versions of this rule.

In its simplest form, the splitting rule is formulated
as follows:

S ∪ {C ∨D}
S ∪ {C ∨ p,D ∨ ¬p}

,

whereS is a set of clauses (the current clause store),
the clausesC andD have no common variables, andp
is a new (not occurring elsewhere) propositional sym-
bol. This rule simulates splitting of the clause store into
two new stores, one containingC and another contain-
ing D, which is essentially a restricted version of the
β-rule in semantic tableaux:

S ∪ {C ∨D}

S ∪ {C} S ∪ {D}

1Harald Ganzinger pointed out to us that some versions of split-
ting without backtracking were implemented in the experimental
system Saturate [9].
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The new propositional symbolp can be considered as
a label of the left branch of this search tree, while¬p
is a label of the right branch. The literalsp and¬p
are called thesplitting branch literals. There also ex-
ists another interpretation of this splitting rule vianam-
ing. We considerp as a ‘name’ of the formula¬∀(C).
In [23,26] we have shown how various versions of
this rule (based on extensions of the existing literal se-
lection function) can simulate parallel and sequential
branch exploration. Once introduced, the namep can
be reused: if generated is another clauseC ∨ D′, in
which the variables ofC andD′ are disjoint, we can
simply replaceC by p instead of introducing another
name.

In VAMPIRE v2.0 there is a rigid limit of 1024 on
the total number of predicates and functions in the sig-
nature. Thus we cannot introduce more than 1000 new
predicates needed for splitting. In the forthcoming re-
lease, the rigid limit on the signature size will be ex-
tended to 65536, but there will be an option allowing
the user to limit the number of new symbols introduced
during the proof search.

Although the use of splitting results in degradation
of performance on the average,2 there exist many prob-
lems which VAMPIRE can solve in reasonable time
only with splitting.

2.4. Simplification orders

The current version of VAMPIRE implements only
one simplification order on terms: a non-recursive ver-
sion of the Knuth-Bendix order [11]. We will first de-
fine this order, denoted by�, on ground terms. LetF
denote the set of all function symbols of our signa-
ture. The order� is parametrized by two parameters: a
weight function w from F to the set of positive3 inte-
gers, and aprecedence relation, that is a total order�
on the setF of function symbols. We define theweight
|s| of a ground terms as the sum of the weights of all
symbols in it. The precedence relation� on the func-
tion symbols induces an order, denoted by≫, on the
set of all ground terms ofF defined as follows. Let
s = f (s1, . . . , sn) and t = g(t1, . . . , tm) be ground
terms, wherem,n � 0. Then we haves ≫ t if

2As judged by extensive runs over the whole TPTP library ([31]).
An exception is a class of problems in the SYN category where split-
ting gives a drastic improvement. It is possible that for new classes
of problems splitting will improve the performance.

3This requirement is imposed to simplify the definition. It can be
relaxed, so that the weight of some function symbols may be zero.

1. f � g; or
2. f = g (and hencem = n) and, for somei, s1 =

t1, . . . , si−1 = ti−1 andsi−1 ≫ ti−1.

If we regard terms as strings, then it is easy to see
that≫ is the lexicographic extension of�.

Now, for any two ground termss, t we haves � t if

1. |s| > |t|; or
2. |s| = |t| ands ≫ t.

This definition is similar to that of the standard Knuth-
Bendix order on ground terms, except that we do not
recursively descend to the subterms ofs, t. Due to
this fact, we call this modification of the Knuth-Bendix
order non-recursive, although, depending on the used
representation of terms, recursion may still be needed
to implement the order≫.

Let us call an order> on terms of a signatureF
complete if for all terms s, t, s > t if and only if
sθ > tθ for every substitutionθ grounding fors, t.
Every order> on ground terms can be extended to a
complete order>′ on non-ground terms which is the
greatest among all complete orders coinciding with>
on ground terms by simply definings >′ t if and only
if sθ > tθ for every substitutionθ grounding fors, t.
In the case of non-recursive Knuth-Bendix order�
the corresponding greatest order�′ on non-ground
terms may be expensive to implement, since compar-
ing terms w.r.t.�′ requires solving ordering constraints
for � (see [12,16,17]). It is not known whether solv-
ability of ordering constraints for� is decidable, so
we define� on non-ground terms as an approximation
to �′, so thats � t implies sθ � tθ for all substitu-
tionsθ, but the reverse may, in general, not hold.

To define� on non-ground terms, we generalize
the notion of weight and the order≫ on non-ground
terms.

We generalize the notion of term weight in the fol-
lowing way. Denote byV the set of all variables used in
terms. We call aweight expression a linear polynomial
overV with integer coefficients. For every variable or
a function symbolq and a termt denote byCq(t) the
number of occurrences ofq in a termt. Theweight of
a termt is now defined as the following weight expres-
sion:

∑

f∈F
Cf (t) · w(f ) +

∑

x∈V
Cx(t) · x.

For example, ifw(f ) = w(a) = 1, then the weight
of f (f (a,x1),f (x1,x2)) is 2 · x1 + x2 + 4. Note that
if s is ground, then the weight ofs is the constant
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function |s|. We will denote the weight of an arbi-
trary terms by |s|, by the previous sentence this does
not conflict with our previous notation|s| for ground
terms.

Let us now introduce an order>w and a binary re-
lation �w on weight functions such that|s| >w |t|
(respectively,|s| �w |t|) guarantees that for all sub-
stitutions θ grounding fors, t we have|sθ| > |tθ|
(respectively,|sθ| � |tθ|). The definition is as fol-
lows. Let p1 = α0 + α1v1 + · · · + αnvn andp2 =
β0 + β1v1 + · · · + βnvn be two weight functions, i.e.,
linear polynomials overV (some of theαi’s andβj ’s
may be 0). Denote byµ the smallest weight of a con-
stant in the signatureF . Thenp1 �w p2 if

1. For alli = 1, . . . ,n we haveαi � βi;
2. α0 +µ(α1 + . . .+αn) � β0 +µ(β1 + . . .+βn).

The definition ofp1 >w p2 is obtained from the def-
inition of p1 �w p2 be replacing the second condition
above by

2′. α0 +µ(α1 + · · ·+αn) > β0 +µ(β1+ · · ·+βn).

It is not hard to argue that|s| >w |t| (respectively,
|s| �w |t|) implies that for all substitutionsθ we have
|sθ| >w |tθ| (respectively,|sθ| �w |tθ|) and that on
ground terms the relations|s| >w |t| and |s| �w |t|
coincide with|s| > |t| and|s| � |t|, respectively.

Let us now generalize the order≫ to non-ground
terms. The definition is nearly identical to the one for
ground terms. Lets, t be terms.

1. If at least one ofs, t is a variable thans ≫ t
does not hold.

2. Let s = f (s1, . . . , sn) andt = g(t1, . . . , tm) be
non-variable terms, wherem,n � 0. Then we
haves ≫ t if

(a) f � g; or
(b) f = g (and hencem = n) and, for somei,

s1 = t1, . . . , si−1 = ti−1 andsi−1 ≫ ti−1.

It is not hard to argue that on ground terms the new
definition of≫ coincides with the one introduced be-
fore.

The definition of the non-recursive Knuth-Bendix
ordering� for non-ground terms is similar to its defi-
nition for ground terms. We lets � t if and only if

1. |s| >w |t|; or
2. |s| �w |t| ands ≫ t.

One can prove that� is a reduction order (see, e.g.,
[19] for a definition) total on ground terms, and there-
fore asimplification order.

In practice, VAMPIRE uses only one weight func-
tion such thatw(f ) = 1 for all symbolsf . In conjunc-
tion with this weight function, we can use arbitrary to-
tal order� on the signatureF as the precedence re-
lation. VAMPIRE offers a choice of three precedence
relations:

1. Symbols with the larger arity are greater (in-
spired by E [29]);

2. Symbols with the lower arity are greater;
3. The order of symbols is identified by the order of

their appearance in the input.

When we compare atoms rather than terms, there are
two ways of comparing them. Consider two atoms
P (s1, . . . , sm) andQ(t1, . . . , tn). We assume that the
precedence relation� and the weight functionw are
also defined on predicate symbols. We can either

1. Treat atoms as terms and hence compare them as
terms; or

2. Let P (s1, . . . , sm) � Q(t1, . . . , tn) whenever
P � Q, and ifP = Q then compare the atoms
P (s1, . . . , sm) asQ(t1, . . . , tn) as terms, i.e., as
if P were a function symbol.

The non-recursive version of the Knuth-Bendix or-
der used in VAMPIRE allows for an efficient compari-
son of terms and is convenient for specializing checks
of ordering constraints, see Section 5.3. But it also has
severe disadvantages, for example it cannot orient the
associativity axiom (x · y) · z = x · (y · z).

We are going to implement the standard Knuth-
Bendix order [11] and the lexicographic path order (see
[8]) in the near future. Since both orders are in fact
families of orders with parameters, there should also
be a way for the user to specify these parameters, and
thus identify the desired instance of these orders.

2.5. Simplification rules

In addition to deletion of subsumed clauses and sim-
ple tautologies, VAMPIRE implements the following
simplification rules.

In addition to deletion of subsumed clauses and sim-
ple tautologies, VAMPIRE implements the following
simplification rules.

Demodulation, also known assimplification by unit
equalities or rewriting.

S ∪ { s � t, C[sσ]}
S ∪ { s � t, C[tσ]}

, if sσ � tσ.
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The clauseC[sσ] is removed from the search space
after this inference and replaced by a simpler clause
C[sσ].4 The user can choose between using onlypre-
ordered unit equalitiess � t, i.e., such thats � t,
or usingpost-ordered ones, i.e., such thats � t but
sσ � tσ.

Branch demodulation. This rule is applicable when
splitting is used.

S ∪ { s � t ∨D, C[sσ] ∨D′}
S ∪ { s � t ∨D, C[tσ] ∨D′}

wheresσ � tσ, D ⊆ D′, and bothD,D′ consist of
splitting branch literals only. For branch demodulation,
the user can also choose to use either pre-ordered or
post-ordered equalities as for ordinary demodulation.
Experiments described in [23,26] show that branch de-
modulation is very efficient on non-unit problems with
equality. Branch demodulation is similar to the rule of
contextual rewriting, see, e.g., [36].

Subsumption resolution.

S ∪ {A ∨ C, ¬Aσ ∨ Cσ ∨D}
S ∪ {A ∨C, Cσ ∨D}

or

S ∪ {¬A ∨ C, Aσ ∨ Cσ ∨D}
S ∪ {¬A ∨ C, Cσ ∨D}

.

This rule can be implemented via subsumption. In-
deed, the instance of this rule on the left is applicable
if and only if A ∨C subsumesAσ ∨ Cσ ∨D with the
substitutionσ, and similar for the rule on the right.

Subsumption resolution is very helpful, in particu-
lar, because it can radically change the order of clause
selection. It results in removal of one or more liter-
als in a clause. A shorter clause has a higher chance
to be selected and contribute to a derivation of the
empty clause. As an example, for the TPTP prob-
lem PUZ017-1 solved by VAMPIRE in 0.4 seconds,
the last inference consists of 31 applications of for-
ward subsumption resolution. This problem is hard for
other provers, for example, by the year 2000 besides
VAMPIRE only SPASS([35]) could solve it, but in 127
seconds.

4Unrestricted rewriting together with the use of the general re-
dundancy criteria (a clause which follows from smaller ones can be
removed) is incomplete (Robert Nieuwenhuis, private communica-
tion). Completeness of calculi which only use the standard simpli-
fication rules, such as unit rewriting and subsumption, has not been
well-investigated. The current version of VAMPIRE is not intended
for checking satisfiability of sets of clauses, so currently we do not
pay much attention to completeness.

2.6. Literal selection

The calculi used in VAMPIRE are parametrized by
literal selection that tells what literals in a multi-literal
clause can participate in resolutions and paramodu-
lations. VAMPIRE has several literal selection func-
tions outlined below. The versions before 2001 had
five selection functions implementing negative selec-
tion.5 Of them, two selection functions try to select the
maximal literals (like in ordered resolution) but may
change the selection if there is more than one maxi-
mal literal. Three other selection functions prefer neg-
ative literals. After making extensive experiments with
these functions we have found them inadequate for a
number of benchmark suites. For example, most of
these functions simply simulate positive hyperresolu-
tion, and therefore are not goal-oriented at all. The five
selection functions had an especially poor behaviour
on Horn problems on which E ([29]) behaved excel-
lently. When we studied the proofs generated by E on
some Horn problems, it became clear that our selection
functions could not generate such proofs.

Our first step towards diversifying selection func-
tions was to introduce for each selection function a
dual one. The dual function uses positive selection in-
stead of the negative one (except for equality literals).
This means that one should first change comparison
of literals so that each positive non-equality literals
P (t1, . . . , tn) is greater than the respective negative lit-
eral¬P (t1, . . . , tn), then take the definition of negative
selection and replace positive non-equality literals by
the negative ones and vice versa. As a result, one can
select either

1. A positive non-equality literal; or
2. A negative equality literal; or
3. A negative non-equality literal or a positive

equality literal, but in this case all maximal liter-
als must be selected.

Positive selection tends to simulate negative hyperreso-
lution, and is therefore more goal-oriented. After intro-
ducing positive selection, we could solve a large num-

5Our definition of literal selection is different from that of [2] and
is in the style of [5]. In [2] only negative literals can be selected. If no
negative literal is selected, an inference is performed on a maximal
positive literal. In Vampire, as well as in [5], at least one literal is se-
lected in every non-empty clause, and the generating inferences are
only applied to selected literals. Nevertheless, we speak about nega-
tive selection to emphasize that a negative literal can always be se-
lected, while in the absence of negative selected literals all maximal
positive ones must be selected.
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ber of problems in the TPTP library that we could not
solve before (and even some problems not previously
solved by any other prover).

Both negative selection and positive selection are
complete. Our next step was to introduce several in-
complete selection functions. For example, one of
these selection functions simply selects the heaviest lit-
eral in the clause. In some cases this incompleteness
results in VAMPIRE’s being unable to find proofs for
some relatively simple problems. At the same time in-
complete selection functions often make more cunning
selections resulting in shorter proofs. Currently, VAM -
PIRE has 23 selection functions, of which 13 are com-
plete. The list of all selection functions will be included
in VAMPIRE’s reference manual.

2.7. Reasoning with limited time

One of the most powerful features of VAMPIRE is
the limited resource strategy (LRS) which is intended
for efficient reasoning when a time limit for solving a
particular problem is imposed. The main idea of this
strategy is the following. The system tries to iden-
tify which clauses have no chance to be processed by
the time limit at all and discards these clauses. Such
clauses are calledunreachable. Note that the notion of
unreachable clause is fundamentally different from the
notion of a redundant one: redundant clauses are those
that can be discarded without compromising complete-
ness at all, the notion of unreachable clauses makes
sense only in the context of reasoning with limited re-
sources. Both persistent and newly generated clauses
can be identified as unreachable and discarded.

When the system starts a proof search on a prob-
lem, it is also given a time limit as an argument. The
system keeps track of statistics on the use of resources
during the proof search. The main resource measure
is the average time spent by processing each clause
selected for inferences. From time to time the system
tries to estimate how the proof search statistics would
develop towards the time limit and, based on this es-
timation, identify unreachable clauses. The limited re-
source strategy is described in detail in [27,28].

2.8. Negative equality splitting

If s is a ground term, a clauses �= t ∨ C can
be replaced by the following two clauses:p(s) and
¬p(t) ∨ C, wherep is a new predicate symbol. This
allows us to processs and the rest of the clause sepa-
rately which leads, apart from other things, to the fol-

lowing addition-instead-of-multiplication effect. Sup-
pose we are trying to resolves �= t by paramodulating
into s andt. For simplicity, we assume thatC is empty,
all paramodulations are done from unit clauses, and
none of the considered paramodulations is a demodu-
lation. Suppose that paramodulations intos producem
different versions,s1, . . . , sm, of the terms. Likewise,
suppose that paramodulations intot producen differ-
ent versions,t1, . . . , tn, of the termt. Paramodulations
into s are done independently of those intot, so, with-
out negative equality splitting we would have to keep
m·n clausessi �= tj , where 1� i � m and 1� j � n.
Negative equality splitting allows us to keep onlym+n
clauses, namelyp(si) and¬p(tj). Moreover, having
done negative equality splitting for the terms, we can
replace any other clause of the forms �= t′ ∨ C′ by
¬p(t′) ∨ C′.

3. Outline of architecture

The theoretical notion of saturation discussed in the
previous section is too abstract to be immediately im-
plemented. When designing a prover one needs a more
elaborate scheme of the saturation process that clarifies
how the search state is represented, how the available
inferences are identified and how the next performed
inference is chosen between them. In this section we
show how these questions are addressed in the archi-
tecture of VAMPIRE. We outline the structure of VAM -
PIRE’s kernel, describe functionality of its components
and show how they work together in one procedure.

3.1. Given-clause algorithm

The first successful attempt to devise a practical pro-
cedure for saturation was made in OTTER [15] and
some of its predecessors [13]. The main idea behind
the proposed scheme, called thegiven-clause algo-
rithm, is to implement selection of inferences by se-
lecting one of the participating clauses. In order to il-
lustrate this idea it is enough to speak only about gen-
erating inferences, so the algorithm presented in Fig. 1
performs no simplification steps.

The set of all clauses constituting the saturation state
is divided into two sets. Clauses from the first set are
called active and available for generating inferences.
Clauses in the second set are calledpassive and only
available for simplifications. These clauses are waiting
their turn to become active. At every iteration of the
algorithm one of the passive clauses is selected by the
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Fig. 1. Given-clause algorithm.

selection functionselect. After being added toactive,
the selected clausecurrent is submitted to the infer-
ence engine represented by the functioninfer in the al-
gorithm. This function constructs all clauses that can
be inferred fromcurrent and any other active clauses.
Generating an empty clause indicates refutability of
the input clause set. Otherwise, we add the generated
clauses topassive and proceed with selecting the next
clause.

3.2. Saturation with simplification: the OTTER
algorithm

Our goal now is to show how simplifications are
integrated into the given-clause algorithm. Figure 2
shows schematically how saturation with simplifica-
tion is done in VAMPIRE’s kernel. In this picture, the
boxes denote operations performed on clauses. The
rounded boxes denote sets of clauses. The thin ones
correspond to the sets that typically contain very few
clauses, while the thick ones correspond to the sets that
can grow to a substantial size. The arrows reflect the in-
formation flow for different operations. The thin solid
arrows show the movements of clauses between sets
and from operations to the sets. A dashed arrow from a
set to an operation says that the operation depends on
the clauses from the set. A broad arrow from an opera-
tion to a set indicates that the operation modifies the set
by removing or replacing some clauses. Since the used
scheme is a slightly modified version of the main loop
used in the OTTER prover [15], we call it the OTTER
algorithm.

When the component that implements generating in-
ferences receives the selected clause, it starts deriving
consequences of this clause and clauses fromactive.

The newly generated clauses are placed into the vari-
ablenew. Every new nonempty clause is now subject to
redundancy tests and simplifications. For some of them
only the clause itself is needed, others involve clauses
from the current database, i.e.,active ∪ passive. All the
steps are performed until the clause either cannot be
simplified any more with the available simplification
rules or has been identified as redundant. This phase
of the saturation procedure is calledforward simplifi-
cation and corresponds to the arrows labeled by 5 in
Fig. 2.

The new clause which is completely simplified by
the clauses fromactive ∪ passive and is nonredundant
w.r.t. these clauses, is identified as retained and added
to the setretained. Now it can itself be used to simplify
the clauses in the current databaseactive ∪ passive.
This phase of the procedure is calledbackward simpli-
fication. In the current version of VAMPIRE it consists
of backward subsumption and backward demodula-
tion. During backward subsumption we try to identify
and delete all clauses inactive ∪ passive that are sub-
sumed byretained. If retained contains a unit equal-
ity, the backward demodulation procedure uses it as a
rewrite rule to simplify clauses fromactive ∪ passive.
The simplified versions of these clauses are passed
to the variablenew and processed in the same way
as those produced by generating inferences. Differ-
ent procedures can be used to realize the presented
scheme. Our graphical description, unlike the more tra-
ditional one used Fig. 1, allows us to show the essence
of the algorithm without losing generality.

3.3. DISCOUNT saturation algorithm

One of the main design goals behind the OTTER al-
gorithm is to keep the current database of clauses al-
ways completely reduced w.r.t. the available simplifi-
cation techniques. This comes at a certain cost. Typ-
ically the set of passive clauses grows quite quickly
and at some point the time spent on search for ap-
plicable simplifications involving passive clauses be-
gins to dominate the time spent on other operations.
Thus, giving higher priority to generating inferences
may be beneficial for solving some problems.

In order to realize this idea in VAMPIRE we im-
plemented another modification of the given-clause al-
gorithm depicted in Fig. 3. We call this procedure
the DISCOUNT algorithm since it originates from the
DISCOUNT prover [1,7]. Unlike in the OTTER algo-
rithm, the passive clauses are no longer used for sim-
plifications. Once a new clause has been generated it
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Fig. 2. OTTER algorithm.

Fig. 3. DISCOUNT algorithm.

can be forward simplified but the simplifications are
now allowed to use only the active clauses. We still
want to keepactive completely reduced. For this pur-
pose, when the current clause has been selected from
passive, it is again subject to forward simplification,
i.e., it can be subsumed or rewritten by some active
clauses. If we eventually decide to make the clause ac-
tive, it is used for simplifyingactive before being used
in generating inferences. Again, the backward simpli-
fication step does not involve any clauses frompassive.

3.4. Kernel components and their functionality

The description of the used saturation procedures
given so far is still too abstract to be immediately
realized in a prover. The purpose of this subsection
is to show how the abstract procedures are mapped
into a practical implementation. We start from describ-
ing functionality of the main structural components of
VAMPIRE’s kernel.

3.4.1. Inference dispatcher
The inference dispatcher is the component respon-

sible for performing generating inferences. Passing the
selected clause to the inference dispatcher initiates a
new iteration of the main loop. The inference dis-
patcher analyses the clause to detect what types of
inferences should be applied according to what liter-

als in the clause are selected. For example, ifcurrent
contains the clausep(a, b) ∨ q(c) (underlining a literal
means that it is selected), the inference dispatcher de-
cides that paramodulation can be done intop(a, b) as
well as resolution with this literal.

The number of possible inferences between the cur-
rent clause andactive can be quite large. Generating all
the consequences at once is not very practical since this
would require storing huge sets of temporary clauses.
Instead, communicating the newly generated clauses to
the main loop is done in alazy manner. The inference
dispatcher starts searching for the next possible infer-
ence only when it is asked to do so by the main loop.
If it fails, it indicates that all possible inferences have
been tried with the current clause.

3.4.2. New-clause buffer
The new-clause buffer is a structure for temporary

storage and processing of the newly generated clauses.
When the inference dispatcher or backward simplifica-
tion infers a new clause, it is assembled in a symbol-
by-symbol manner in the buffer. The literals of the
new clause are communicated one by one to the buffer.
Communicating a literal is done by communicating
one by one all its symbols. Along with the collection
process we perform certain operations with the clause.
First of all, the size and depth of the clause is checked.
When the next symbol of the clause is communicated
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to the temporary structure, we check that the size and
depth of the clause do not exceed some limits. If they
do, the new clause is rejected and its collection is im-
mediately aborted. These checks are not postponed un-
til the whole new clause has been assembled, in order
to avoid collection of the rest of the clause. This makes
sense because the heaviest part of the job of building a
new resolvent is actually done inside the inference dis-
patcher when the literals of the premise clauses are tra-
versed in presence of a substitution. Surprisingly, the
time spent on this is not ignorable compared to other
operations, which is partially explained by the high ef-
ficiency of the implementation for the other operations.
For the same reason, after assembling a literalL, the
tautology check is immediately performed. If¬L is
one of the previously collected literals orL is of the
form t � t, the whole new clause is identified as re-
dundant and its collection is immediately aborted.

The main purpose of the buffer is to represent the
newly generated clause in a way most suitable for for-
ward simplification. The following procedures use the
new-clause buffer as their input: factoring identical lit-
erals, tautology detection, forward subsumption, for-
ward subsumption resolution, and forward demodula-
tion.

3.4.3. Term sharing
After being forward simplified, the retained new

clause is transformed into a representation suitable for
its long-term storage as a passive or active clause. The
top level of this representation is simple: a clause is
represented as a list of its literals and some additional
information, e.g., the clause number and its parents.
Literals and terms are represented asperfectly shared
tree-like terms. This reduces memory consumption and
allows one to check syntactic equality between terms
quickly, as syntactically identical terms are always rep-
resented by the same pointer. The concrete representa-
tion is discussed in more detail in Section 5.1.2.

3.4.4. Indexes
The major operations used by our proof-search pro-

cedures involve search in large sets for terms or clauses
satisfying certain conditions. For example, in order
to produce resolvents of the clauseL ∨ C the infer-
ence dispatcher must retrieve all selected literals in the
active clauses that are unifiable with¬L. Likewise,
backward subsumption requires scanning bothpassive
andactive for clauses subsumed by the retained new
clause. Special datastructures, calledindexes, are em-
ployed to implement such operations efficiently. Gen-
erally, a module implementing an indexed operation

comes with methods for the datastructure maintenance,
such as insertion of a new indexed clause or term and
removal of an obsolete one. The interface for retrieval
varies depending on the nature of the indexed opera-
tion. Sometimes, given aquery term or clause, we need
to find all the objects in the indexed set that are in a
specifiedretrieval relation with the query. This is nor-
mally done in alazy way: we feed the query into the
retrieval mechanism and then ask it to return the re-
trieved objects one by one until they are all enumer-
ated. For other operations, such as forward subsump-
tion, finding one relevant object is enough. In VAM -
PIRE we use specialised indexing datastructures for all
retrieval relations, so, speaking about different indexes
we mean different datastructures as well as different
retrieval relations. Here is the list of the main indexes
used in VAMPIRE.

Theunification index provides fast access to all se-
lected literals and subterms of the active clauses that
are unifiable with the query literal or term. It is used to
speed up the search for resolution and paramodulation
inferences.

Theforward subsumption index is built on top of the
databaseactive ∪ passive. This is a very heavily used
index. As soon as a clause is assembled in the new-
clause buffer, the retrieval from this index is performed
in an attempt to find a clause that subsumes it. The
forward demodulation steps are also interleaved with
forward subsumption calls: if the clause in the buffer
has been rewritten, it is immediately checked for re-
dundancy. Additionally, we use the index to implement
forward subsumption resolution. For every literal in the
new clause, we try to cut it off by temporarily flipping
its polarity and subsuming the modified clause by a
clause fromactive ∪ passive.

The index for retrieval of generalisations, or for-
ward matching, is the core of the forward demodula-
tion mechanism. The indexed set contains all termst,
such that there is some positive unit equalityt � s in
passive ∪ active such thats �� t. Given a subtermq of
the clause in the new-clause buffer which we are going
to rewrite, we are interested in finding its generalisa-
tions, i.e., such termst that tθ = q for some substitu-
tion θ. In the simplest case, when all the indexed posi-
tive equalities are ordered, it is enough to find only one
of the generalisations. Non-ordered equalitiess � t
can become ordered either way after the application
of θ, so boths and t are stored in the index. Since
finding a term in the index does not mean that the
corresponding equation becomes ordered, the retrieval
should be able to enumerateall generalisations of the
query.
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The index for backward subsumption is intended to
facilitate fast retrieval of all clauses inactive∪ passive
that are subsumed by the retained new clause.

Theindex for instance retrieval, or backward match-
ing, is needed when we want to rewrite the database
clauses by the retained new clause. The index repre-
sents the set of all non-variable subterms of the passive
and active clauses. Ift � s is the rewrite rule to be
used, the retrieval consists in finding all instances oft
in the index, i.e., all terms of the formtθ whereθ is a
substitution.

Theindex for sharing supports retrieval of terms that
are syntactically equal to the query. In Section 5.1.2
we discuss in sufficient detail how this index works for
maintaining perfect sharing.

The variant index for splitting is used to check
whether a component of a new clause which can be
split, is a variant of a previously named component.
This index is similar to the code trees index used for
forward subsumption.

3.4.5. Buffers for backward simplification
It is very difficult to devise efficient indexing tech-

niques that allow one to control how insertion and re-
moval interfere with lazy retrieval. For this reason,
nearly all the indexing techniques with lazy retrieval
used in VAMPIRE are designed with the following as-
sumption in mind: retrieval in progress cannot be in-
terrupted by maintenance operations. This introduces
some complications in the implementation of satura-
tion.

Suppose that a clause generated by the inference dis-
patcher has been identified as retained. We then start
using it for backward subsumption. Every subsumed
clause is redundant, it is no longer available for any op-
erations and should be removed from all the indexes.
Unfortunately, we cannot do this straight away because
some of the indexes are locked by retrieval. For exam-
ple, if the subsumed clause is active, we cannot remove
it from the unification index since the index is being
used by the inference dispatcher. We also cannot re-
move the clause from the index for backward subsump-
tion since it is being used for retrieval too. In order to
solve the problem, we introduce a new set of clauses
to the saturation procedure which serves as a buffer
for storing the backward subsumed clauses. When an-
other clause is backward subsumed it is simply placed
in the buffer. When the inference dispatcher finishes
processing the current clause and the last of the re-
tained clauses has been used for backward subsump-
tion, we can remove all the clauses in the buffer from

the indexes since the indexes are no longer locked by
retrieval.

When it comes to backward demodulation, the situa-
tion is even more complex. As with the backward sub-
sumption, we need a buffer to store redundant clauses
that have been rewritten. But this is not all. When a re-
tained clause goes topassive, it is to be integrated into
the indexes for passive clauses. This does not apply to
the index for backward demodulation since at the mo-
ment it is being used for retrieval. To avoid this prob-
lem we need another buffer for storing clauses waiting
their turn to be integrated into the index for backward
demodulation.

3.5. Splitting without backtracking

If the splitting is turned on and it is decided that a
simplified clause in the new-clause buffer is to be re-
tained, we try to apply splitting to this clause. First of
all, we check whether the clause is splittable at all and,
if so, identify its minimal components. A practical al-
gorithm for solving this problem is described in [26].
If the used version of splitting employsnaming, at the
next step we check which components have already
been given names and replace these components by the
corresponding propositional literals. If after this step
the clause can still be split, some components of the
clause are given new names as described in Section 2.3.
Negative equality splitting is implemented in a similar
manner.

4. Implementation of term indexing in VAMPIRE

The speed of processing clauses in a saturation-
based prover largely depends on how fast are the op-
erations employing search in large spaces of terms and
clauses. The major bottlenecks are the simplification
operations, such as forward and backward subsump-
tion and demodulation. Since the very beginning, im-
plementing such operations with very efficient spe-
cialised indexing techniques has been one of the cor-
nerstones of the VAMPIRE design. In Section 3.4.4 we
discussed functionality of the main indexes. Now we
are going to expose some internals of the used indexing
techniques.
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4.1. Indexing with compilation

The most important indexing schemes in VAM -
PIRE use, in one way or another, the idea ofcompila-
tion [32]. In very general terms this idea can be de-
scribed as follows.

Suppose that some piece of complex data, such as a
term or a clause, is frequently used as a part of the input
of some complex procedure. For example, it can be one
of the terms for which we want to establish unifiabil-
ity, or one of the clause arguments of the subsumption
check. The procedures we are interested in normally
involve traversing the corresponding datastructure and
checking various conditions on its components. Instead
of using a general algorithm, we canspecialise it for
this particular term or clause. The specialization can
exploit specific properties of the object in order to op-
timize its behaviour. Typically, it can avoid many tests
that the general procedure would perform, since the re-
sults of this tests are known in advance. Also, it can
rearrange the order in which some operations are per-
formed, sometimes this allows us to reduce the num-
ber of costly operations at the cost of performing more
of the inexpensive ones. The specialised version of the
procedure is represented as a code of someabstract
machine which is then interpreted every time we need
to call the procedure.

In the context of term indexing, the idea of compi-
lation can be applied in two ways. The first one is to
compile the query, i.e., to specialize the retrieval pro-
cedure every time a new query is submitted. A less ob-
vious approach is to compile the index instead. The lat-
ter use of compilation is discussed in more detail in the
next subsection.

4.2. Code trees for retrieval of generalisations and
forward subsumption

Code trees were introduced in [32]. The main idea
is as follows. Suppose we have a procedurematch(s, t)
that checks whether the termt is a generalisation ofs,
i.e., tθ = s for some substitutionθ. Whent is fixed,
we compile it to get a specialised versionmatcht(s) of
the matching test written as a sequence of instructions
for some abstract machine. Now, imagine that we do
this for all terms contained in our index for instance
retrieval. The retrieval can be implemented by sequen-
tially interpreting all these codes on a given query. Nor-
mally many of such code sequences have long coin-
ciding prefixes. This suggests that interpreting them
should be shared. In order to do this, we combine the

code sequences in a tree-like datastructure which is es-
sentially a program for some abstract machine. In ad-
dition to the retrieval of generalisations, a composition
of such compiled indexes is used in VAMPIRE to im-
plement a more complex and costly operation: forward
subsumption with multiliteral clauses.

Concrete procedures for matching, and hence their
compilation, depend on how traversal of the argument
terms is performed. Therefore, it is important how the
terms are represented. The original version of the code
trees in [32] works with the tree-like queries. Later we
realized thatflatterm representation [3] of queries is
better suited for the purposes of forward simplification.
The modified version of code trees is described in [25]
together with another important optimization based on
rearranging the order of some instructions in the codes.

4.3. Path-indexing with database joins

Implementing backward demodulation requires fast
retrieval of instances. VAMPIRE uses for this a tech-
nique based onpath-indexing [21,30] (see also
[10,14]). A path in a term is a sequence of function
symbols interleaved with integer numbers correspond-
ing to arguments of the functions. For example, the
term f (g(X),h(a)) contains the following paths:f.1,
f.2,f.1.g, f.1.g.1,f.2.h, f.2.h.1 andf.2.h.1.a. Every
position in a term can be identified by a path leading to
the subterm in this position. For example, in the term
f (g(X),h(a)) the subtermsX anda are identified by
the pathsf.1.g.1 andf.2.h.1.

Path-indexing for retrieval of instances is based on
the following fact: every instancetθ of a termt always
contains all paths that are present int. The standard
path-indexing associates with every term path the list
of indexed terms containing this path. Given a query
term q, the retrieval operation returns the intersection
of the term lists associated with the longest paths inq.
This set contains all the indexed instances ofq, but it
can also contain some extra terms. For example, ifq =
f (X ,X), the termf (a, b) can be retrieved, although it
is not an instance ofq.

In general, if the retrieval operation finds those and
only those terms that are identified by the retrieval rela-
tion, we say that the indexing techniqueprovides per-
fect filtering. The standard path index obviously does
not. The indexing technique used in VAMPIRE [27]
achieves perfect filtering by the following changes to
the standard path-indexing. The example above hints
that perfectness can be achieved by adding some equal-
ity checks on subterms of the indexed terms. Although
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f (a, b) contains all the paths ofq = f (X ,X), the
termsa andb are in the positions corresponding to oc-
currences of the same variableX in q. In an instance
of q such terms must be equal. To realize this idea,
together with the indexed terms associated with the
paths, we store their subterms that can be checked for
equality upon retrieval. Now, the objects stored with
the paths are relations in the same sense as in relational
databases and the retrieval process can be described
as computing a relational database query. The query
is built of joins that correspond to the equality checks
on indexed terms, needed to find the intersection, and
equality checks of the subterms corresponding to oc-
currences of the same variable in the query term. In or-
der to speed up the computation of the joins, the re-
lations associated with paths are represented by skip-
lists [20].

Although fast retrieval of instances is interesting
enough by itself, the idea of using joins allows us to go
much further. In VAMPIRE this technique is also used
for implementing retrieval with perfect filtering for a
much more complex task: backward subsumption with
multiliteral clauses. This is done by adding to the path
relations another attribute for storing the number of a
literal and introducing joins on this attribute.

4.4. Other indexes in VAMPIRE

Various versions ofdiscrimination trees [10,14] are
used for other indexed operations in VAMPIRE. For this
purpose we use a very simple version ofperfect dis-
crimination trees (see [10] for a definition). They com-
bine fast retrieval of terms syntactically equal to the
query, with fast maintenance operations and moderate
memory consumption. The inference dispatcher uses a
version of discrimination trees specialised for unifica-
tion. The main used optimization consists of compiling
the query term in order to minimise the cost of cycle
detection in the substitutions.

5. Nuts and bolts

As any serious scientific engineering problem, im-
plementing an efficient prover requires solving many
smaller technical subproblems. It does not take to be
a rocket scientist to get these bolts and nuts right, but
learning a few such things from other people’s experi-
ence can speed up the development and help to avoid
reinventing the wheel. For the benefit of a reader who
is as obsessed with implementation as ourselves, in this
section we share a few such recipes.

5.1. Representation of terms and clauses

When a theorem prover is designed, one of the basic
decisions to be made is how the central objects, terms
and clauses, are going to be represented. Different op-
erations employed in saturation may require different
representation of the data.

5.1.1. Clauses for long-term storage
A clause stored as passive or active is represented

by a structure that, apart from a list of literals, contains
clause number, weight, background and a number of
flags. The background field refers to the parent clauses
and the inference rules used to produce the clause. This
information allows for a fast extraction of the proof
when a problem has been solved. The main purpose of
the flags is to keep record of what clause sets contain
the clause and what indexes it is integrated into. One
flag indicates existence of children of the clause. This
information is mostly needed when we want to destroy
the clause since then it has to be removed from all sets
and indexes. If a clause with children is destroyed, we
cannot destroy the structure itself since the clause is re-
ferred to by the children’s background fields and may
be eventually used in the found proof.

5.1.2. Perfectly shared tree-like terms
The literals and their subterms in the stored passive

and active clauses are represented in the following way.
A term is identified by a pointer to a structure. If the
term is compound, one of the elements of the structure
contains the top function symbol of the term and the
other elements are cells containing pointers to the top-
level subterms. Structures representing constants and
variables do not contain the subterm cells. To illustrate
this we depict in Fig. 4 the representation of the term
f (g(a),h(X)) andf (h(X), b).

Syntactically identical terms, like the first argu-
ment h(X) in f (h(X), b) and the second one in
f (g(a),h(X)) in Fig. 4, are represented by isomorphic
structures. By combining isomorphic structures into a
single structure we obtain DAG-like structures shown

Fig. 4. Tree-like representation off (g(a), h(X)) andf (h(X), b).
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Fig. 5. Shared representation off (g(a), h(X)) andf (h(X), b).

in Fig. 5. Sharing used in VAMPIRE is perfect, i.e., all
structures that can be shared, are shared. Such struc-
tures can be referred to asperfectly shared tree-like
terms.

In order to transform a literal from the new-clause
buffer into its perfectly shared representation, every
subtermt of the literal is examined. If the index for
sharing contains a term which is syntactically identi-
cal to t, the pointer to the structure representingt is
obtained. If this is not the case, we have to create the
corresponding structure and integratet together with
the corresponding pointer into the index. Every term in
the sharing index is accompanied by a counter of refer-
ences to it, i.e., the number of cells in other terms and
clauses containing the pointer to the structure. When,
for some reason, we decide that a database clause is no
longer needed, the counters corresponding to its sub-
terms are decremented. If the counter for a termt be-
comes zero, it indicates that the term can be removed
from the index and the corresponding structure can be
destroyed to release memory.

5.1.3. New-clause buffer and flatterms
The shared representation of stored clauses is mostly

aimed at minimizing memory consumption. Represen-
tation of the clauses assembled and processed in the
new-clause buffer is intended to solve different tasks.
The representation should enable very fast assembling
of the new clause in the buffer. It is also critical for
the representation to support fast traversal of subterms
of the new clause, since traversal operations are heav-
ily used in forward simplification. The main part of
the new-clause buffer is a list of literals represented
asflatterms. In thearray-based flatterm representation
adopted in VAMPIRE, a termt is represented as an ar-
ray. Every cell of the array contains a symbol from the
term and a pointer to the end of the subterm starting
with this symbol. For example, the termf (x, g(a)) is
represented by the structure depicted in Fig. 6. Left-to-
right traversal of such terms, used in many operations,
is performed by following the pointers in the cells or

incrementing a pointer to a cell. Unlike traversal of
tree-like terms, it does not involve recursion or explicit
use of a stack.

5.1.4. Passive clauses in the DISCOUNT algorithm
When the DISCOUNT algorithm is used as the sat-

uration procedure, slightly different requirements are
imposed on the representation of passive clauses. The
set of passive clauses changes much quicker than in
the OTTER algorithm. The main design goal now is
to provide fast ways of adding a new clause topassive
and removing several heaviest clauses from it. The rep-
resentation used in VAMPIRE addresses this problem
by usingpacked representation of clauses. The whole
clause with all its elements is allocated in one chunk of
memory of sufficient size. The literals are represented
simply as arrays of their symbols. This allows for a
very fast collection of a new passive clause. Destroy-
ing a clause is also very quick, we simply release the
occupied chunk of memory. In the next subsection we
discuss in more detail a memory management scheme
suitable for such a clause representation.

5.2. Memory management

Intensive use of dynamic datastructures, such as
stored clauses and various indexes, requires efficient
memory management. Allocation of new pieces of data
and recycling of obsolete ones are the main operations
that should be supported. For these purposes VAMPIRE

uses the standardfree-list allocation discipline. A big
chunk of memory is requested from the operating sys-
tem and the allocation requests from different datas-
tructures are satisfied by slicing the chunk into pieces
of requested sizes. When a part of a datastructure is de-
stroyed, these pieces are returned to the memory man-
ager for future reuse. The pieces are placed into special
lists, calledfree-lists. Every such list contains pieces of
one particular size. When later the memory manager is
asked to allocate a piece of memory of a certain size,
it first checks if the free-list corresponding to this size
contains a piece that can be used for allocation.

5.2.1. Buffered allocation
The free-list allocation discipline serves well the

basic needs of memory management. However, solv-
ing hard problems requires exploration of large search
spaces which is reflected by a very fast growth of
memory consumption by clause storage and indexes.
The nature of the main operations performed with the
datastructures requires them to be stored in the main
memory of the computer. The available amount of
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Fig. 6. Flatterm structure forf (x,g(a)).

main memory is always restricted by a certain limit.
To be practical, a saturation procedure must employ
special mechanisms to be able to work within such a
limit.

Suppose we are running the OTTER algorithm and
at some point the memory manager is unable to ful-
fill an allocation request since all appropriate free-lists
are empty and the limit on the memory that can be re-
quested from the system is exhausted. In this situation
VAMPIRE tries to obtain free memory by recycling the
heaviest of the passive clauses. There is a serious ob-
stacle for doing so. Passive clauses are integrated in
various indexes and must be removed from them upon
destruction. This cannot be done immediately since at
the moment of performing the operation that requested
allocation some of the indexes can be used by retrieval
or maintenance operations. Theoretically it is possible
to roll back these operations, do recycling and resume
the interrupted operations again. Another option is to
design all the indexes with a possibility of interrupt-
ing some operations by deletion. In practice, it is very
difficult to devise efficient indexing techniques with
such properties, so VAMPIRE adopts a different scheme
calledbuffered allocation.

Suppose the memory limit is 100 Mb. A fraction
of the available memory, for example 10 Mb, is des-
ignated as a buffer. The system can only use some
amount of memory above the 90 Mb of the working
space temporarily, it must be reimbursed as soon as
we can remove the heaviest passive clauses from the
indexes without interfering with other operations. For
better precision, we would like to reimburse the buffer
deficit by deallocating pieces of memory of the same
sizes and in the same numbers as those pieces tem-
porarily borrowed from the buffer. In the extreme case,
we destroy as many passive clauses as needed to do so.
This often leads to the following undesirable effect. If
the size of a piece of memory taken from the buffer is
rare, it will take many or even all passive clauses to be
destroyed before we reimburse this piece. So, in prac-
tice we impose a certain limit on how much memory
can be returned to the memory manager when reim-
bursing the buffer deficit.

5.2.2. Page-queue allocation for passive clauses in
the DISCOUNT algorithm

The free-list allocation discipline works well when
the sizes of the allocated memory pieces do not vary
too much. If they do, a piece of memory placed in a
free-list has a good chance not to be reused. If, ad-
ditionally, the allocated objects are large, the memory
loss can be too big to be ignored. We encountered this
problem when implementing storage of passive clauses
for the DISCOUNT algorithm. In this procedure a pas-
sive clause is placed in a single chunk of memory.
These pieces are quite big and vary in size.

To cope with this problem we adopted the follow-
ing scheme for storing passive clauses. Instead of al-
locating every clause in a separate piece of memory,
we use a discipline based on a notion ofpage. Pages
are pieces of memory of the same fixed size, therefore,
their allocation and reuse cause no problem. The page
size is big enough to allocate several passive clauses.
The structure representing the set of passive clauses,
consists of severalpage-queues that are double-linked
lists of pages. For every value of clause weight, there
is a page-queue for allocating clauses of this weight.
Notice that the weight of a clause need not be related
in any way to the clause size. Clause selection decides
which page-queue should be used and reads the first
clause from the top page of the queue. The correspond-
ing piece of memory is marked as freed in the page.
When all clauses in the page have been read, the page
is removed from the queue and returned to the memory
manager. Getting rid of the heaviest clauses, needed to
free space for other data, is even simpler: we recycle a
whole bunch of clauses by removing the last page from
the queue corresponding to the biggest weight.

5.3. Checking ordering constraints

The superposition calculus used in VAMPIRE re-
stricts application of paramodulation by imposing or-
dering conditions on the participating terms. When
paramodulating from the equality literals � t with a
substitutionθ, we have to check thattθ �� sθ. Simi-
lar restrictions are imposed on paramodulation into an
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equality literal. Demodulation requires even stronger
restrictions on the used substitution. Whens � t is
used to rewrite some termsθ into tθ, we must check
thatsθ � tθ holds. If the equality is pre-ordered, then
this condition is guaranteed. But very often the con-
dition can only be checked when the substitutionθ is
known, for example produced by a retrieval from an in-
dex. In this subsection we briefly show how checking
such constraints on substitutions is done in VAMPIRE.

5.3.1. Specialization of comparison
Suppose that we want to check the following con-

dition: given two termss andt, and a substitutionθ,
doessθ � tθ hold? When this check is done repeat-
edly for the same termss andt (but maybe different
substitutions) we can specialize the check by produc-
ing a condition onθ which is simpler than verifying
sθ � tθ straightforwardly. To give the reader a flavor
of how the specialization is done, we consider an ex-
ample. A thourough description of this technique will
be given in [22].

Let

s = f (x1,f (x1,f (x2,f (x3,x4)))) and

t = g(x4).

We assume thatw(f ) = 1, w(g) = 10, the minimal
weight of a constant in the signature is 1, andf � g.
First, note thatsθ ≫ tθ always holds. Therefore,sθ �
tθ if and only if

1. |sθ| >w |tθ|; or
2. |sθ| �w |tθ|.

Since the second condition implies the first,sθ � tθ is
equivalent to|sθ| �w |tθ|, that is

|f (x1,f (x1,f (x2,f (x3,x4))))θ|
�w|g(x4)θ|.

(1)

By using the definition of a weight, we can rewrite (1)
into

4 · w(f ) + 2 · |x1θ| + |x2θ| + |x3θ| + |x4θ|
�ww(g) + |x4θ|.

(2)

By evaluating the weight functionw on f andg and
using elementary properties of| . . . | and � we can
rewrite (2) into

2 · |x1θ| + |x2θ| + |x3θ| �w 6. (3)

Checking this condition is easier than checking the
original|sθ|�w |tθ|, mainly because it does not require
traversing the termssθ and tθ. Moreover, we do not
have to consider the substitution for the variablex4.
Additionally, the condition (3) can be checked incre-
mentally. First, we compute 2· |x1θ|. If it happens that
2 · |x1θ|�w 3, we can safely conclude that|sθ|�w |tθ|
without computing|x2θ| and |x3θ|. Otherwise, at the
next step we compute|x2θ| and add it to 2· |x1θ|.
Again, if 2 · |x1θ| + |x2θ| �w 4, we can stop the pro-
cedure and conclude that|sθ| �w |tθ|.

5.3.2. Specialization of lexical comparison
If the condition|sθ|�w |tθ| has been established, we

have to compare the termssθ andtθ lexicographically.
The only optimization used in VAMPIRE at the moment
for this check is as follows. When the termss and t
are preordered lexicographically, the result of compar-
ing sθ with tθ is known a priori. For example, the con-
dition s ≫ t guarantees thatsθ ≫ tθ for all θ. In
all other cases, we simply checksθ ≫ tθ. However,
in the future we may consider stronger specializations
intended to minimize the cost of traversing thes- and
t-parts of the termssθ andtθ.

5.3.3. Implementation
In VAMPIRE all operations involving checks of or-

dering constraints fall into the following scheme. There
is a query term and an indexed database of terms. We
perform retrieval of terms related to the query from
the database, together with the corresponding substitu-
tions. In these operations, checking the constraints is
done in two modes.

In one mode, constraints are associated with the
database terms. After each successful retrieval, we
have to check the constraint associated with the re-
trieved term on the corresponding substitution. For ex-
ample, suppose that an unoriented equations � t is to
be used as a rewrite rule in forward demodulation. The
termss andt are stored in the forward matching index
together with the corresponding simplified constraints
sθ � tθ andtθ � sθ. A simplified constraint is repre-
sented as a pair of linear polinomials and some value
indicating the result of lexical comparison. For exam-
ple, the simplified form 2· |x1θ| + |x2θ| + |x3θ| �w

6 of the constraintf (x1,f (x1,f (x2,f (x3,x4))))θ �
g(x4)θ can be represented by the pair (2· x1 + x2 +
x3, 6) together with some value, representing the fact
f (x1,f (x1,f (x2,f (x3,x4)))) ≫ g(x4).

The linear polynomials are represented as linked
lists where each node contains one monomial. Check-
ing the constraint against the corresponding substitu-
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Fig. 7. Intructions for performing constraint-checking.

tion amounts to a straightforward application of the in-
cremental procedure described above. Our main opti-
mization target here is to reduce memory consumption.
For this purpose, we employ structure sharing for parts
of the lists representing linear polynomials.

In another mode, a constraint may be associated with
the query. In this case, the constraint itself remains un-
changed during retrieval for one fixed query, i.e., po-
tentially for many substitutions corresponding to dif-
ferent terms retrieved from the database. For example,
if the equations � t is to be used as the rewrite rule in
backward demodulation, the retrieval will enumerate
all substitutionsθ, such thatsθ is in the database, and
the constraintsθ � tθ will be tested for every suchθ.
In this situation we can afford deeper processing of the
constraint, since the associated overhead is amortized
and the effect of better specialization multiplies with
the number of examined substitutions. Moreover, we
are much less constrained in space consumption due
to the fact that the specialized constraint need not be
stored permanently. This again leads us to the idea of
using compilation (cf. Section 4.1).

The compilation process consists of two phases.
First, we simplify the given constraint in the same
way as it is done above. At the second phase, we take
the generic incremental procedure for checking differ-
ent simplified constraints on different subsitutions, and
specialize it for dealing with this particular simplified
constraint. The specialized version of the procedure is
written as a code for an abstract machine, and then in-
terpreted on different input substitutions. To give the
reader a flavor of what the code may look like, in Fig. 7
we show the result of compilation for the constraint
f (x1,f (x1,f (x2,f (x3,x4))))θ � g(x4)θ from the ex-
ample above.

6. Vampire for the user

The distribution package for VAMPIRE v2.0 consists
of two Unix programs: kernel and preprocessor.

The kernel reads a set of input clauses in the TPTP
format from one or several files and tries to refute
it. Proof search process is configured by setting some
command line options. There are options for adjust-
ing the basic calculus, simplification methods, satura-
tion procedure, input and output, etc. The list of all
available options with necessary explanations can be
found in the simple reference manual that comes with
the system. For an unexperienced user the list of about
fifty different options may look terrifying, so the ref-
erence manual contains a sample file with option set-
tings that are good enough for a fast kick-off. The in-
teractive facilities are minimal: all one can do is to in-
terrupt the kernel run to obtain some statistics on the
current search state, such as sizes of the main clause
sets, memory usage etc. Another possibility to monitor
the proof search process is to make the system print out
the newly generated, passive or selected clauses.

If a proof is found, the kernel prints it in a human-
readable format. Extracting the proof is very easy since
with all persistent clauses we store information about
their ancestors and rules used for their inference. Ad-
ditionally, the proof can be printed in a computer-
checkable format. Every step of the proof is written
to a special log file as a Prolog fact. This file can be
later processed by simple Prolog scripts, in particular
for proof checking or transformation. Apart from the
proofs, the log files contain a lot of different informa-
tion about proof attempts, including the proof search
configuration and statistics, which is invaluable for an-
alyzing results of many runs of the prover on big test
suites.

Starting from version 2.0 VAMPIRE comes with a
component that transforms first-order formulas into
clausal normal form, performs certain preprocessing of
the obtained clause set and, optionally, analyses the re-
sult to generate a Unix command line for running the
kernel with heuristically chosen options. The clausal
normal form algorithm of VAMPIRE was implemented
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only recently, and essentially uses the naive transla-
tion. We expect it to be improved considerably by the
next year. However, a few important optimizations are
used. Firstly, the clausifier expands equivalences de-
pending on their polarity. Secondly, the clausifier tries
to identify definitions of predicates and expand or re-
move some of them. This optimization sometimes en-
ables us to generate clausal forms which are consider-
ably smaller than those produced by FLOTTER [35].
After clausification, preprocessing continues on gener-
ated clauses, which can result in further optimizations,
for example, removal or expansion of function defini-
tions, tautology deletion and some others.

The preprocessor of VAMPIRE takes a problem for-
mulation in the TPTP format, which may contain-
ing both formulas and clauses, and produces a set
of clauses, again in the TPTP format. As an option,
the preprocessor can also return a sequence of strings
which can be used as command lines for running
the VAMPIRE kernel. This strings contain heuristically
chosen parameters for the kernel. This feature enables
us to combine the preprocessor with the kernel using
scripts, for example written in Perl.

7. Ongoing development and future

The current work on VAMPIRE is going in two di-
rections: (i) making it easier to use and more flexible,
and (ii) making it faster.

Flexibility. To make VAMPIRE easier to use and more
flexible, a few radical changes are required. The user
interface has to be changed completely, and obsolete
restrictions removed (for example, the restriction on
clauses to have at most 31 literals). Since the user will
operate with the preprocessor, the preprocessor will
have to implement processing of user-supplied para-
meters, and changing them into parameters for the ker-
nel. A proof-checker will be implemented as a third
component.

To make VAMPIRE more flexible, we are going to
diversify literal and clause selection possibilities and
implement new simplification orders (first the standard
Knuth-Bendix order and then the lexicographic path
order).

Speed. We are improving our indexing techniques.
This work goes in two directions: (i) improvement
of the existing indexing techniques, (ii) research on
and implementation of new specialised indexing tech-
niques. For the existing indexing techniques, we ex-

pect considerable improvements for clause indexing
(especially for NP-complete retrieval conditions, such
as subsumption). We are also making experiments on
polishing the existing term indexing techniques, where
some improvements are still possible. The compari-
son of performance of different techniques has now be-
come possible due to the recent development of the
COMPIT methodology [18].

As for completely new indexing techniques, we are
interested in providing specialised methods of term
indexing in presence of symbols with special alge-
braic properties, such as commutativity of functions
and symmetry of predicates. Of a special interest for us
is indexing modulo AC, considered within the frame-
work of building in AC.

Future. Some of our future plans are outlined in [34].
They include features which could enable the use of
VAMPIRE for applications which are beyond the ca-
pabilities of the state-of-the-art provers. These are
built-in theories (such as AC or arithmetic), intelligent
work with definitions, stratified resolution [5,6], work
with inductive definitions, finite domain reasoning, and
some others.

8. Summary of features

For the reader’s convenience, we compiled a list of
some design and implementation features into Table 1.
We evaluate approximate usefulness and implementa-
tion costs of these features.

9. Vampire in CASC-JC

At CASC-JC, VAMPIRE was represented by several
versions. Since most of the provers at CASC are ex-
tremely finely-tuned to the CASC rules and the set of
eligible problems [33], it seems very difficult (if pos-
sible at all) to be a winner using a prover which is
not tuned at all. So we decided to present a finely-
tuned system in the most prestigious MIX division.
But we were also interested in seeing how strong a
non-tuned version of VAMPIRE is. So in all other cate-
gories VAMPIRE was presented by a its non-tuned ver-
sion. The non-tuned version was also presented in the
MIX division. We will refer to the tuned version as
VAMPIRE-JC.

In the MIX division VAMPIRE-JC solved the same
number of problems as E-SETHEO, but it was also dis-
covered that the competition script did not discover a
proof of SYN036-1 found by VAMPIRE. It seems that
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Table 1

Summary of features with estimates of usefulness and implementa-
tion cost

Feature Usefulness Implementation cost
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cr
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ia
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ea
sy

fe
as

ib
le

ha
rd

Splitting without backtracking (2.3) • •
Naming for splitting (2.3) • •a

Parallel exploration of branches in splitting (2.3) • •
Branch demodulation (2.5) • •
Negative equality splitting (2.8) • •
Forward subsumption resolution (2.5) • •b

Limited Resource Strategy (2.7) • •
Perfect sharing of terms (5.1.2) • •
Code trees for forward matching and subsumption (4.2) • •
Path indexing with database joins (4.3) • •
Buffered allocation (5.2.1) • •
Page-queue allocation for passive clauses in the DISCOUNT algorithm (5.2.2) • •
Non-recursive Knuth-Bendix order (2.4) • •
Compiling ordering constraints (5.3) • •c

aProvided that there is a good technique for variant indexing.
bWhen implemented on the basis of code trees for forward subsumption.
cSeveral versions are needed for different purposes, although each of them alone is relatively easy to implement.

VAMPIRE was interrupted while generating and print-
ing the proof, so when the script terminated VAMPIRE,
the proof was already in the buffer. To avoid compli-
cations, we proposed to divide the first place between
VAMPIRE-JC and E-SETHEO. When we analyzed the
results later, we discovered that VAMPIRE also rejected
input clauses in four problems from the natural lan-
guage processing domain (NLP), since they contained
clauses with more than 31 literals, due to an obsolete
feature of VAMPIRE which will be removed in the next
version.

VAMPIRE-JC recognised some particular problem
sets characterized by quantitative parameters, like the
size of the signature. VAMPIRE only divided the prob-
lems in five categories depending on the presence of
equality, function symbols, and non-Horn clauses. For
example, VAMPIRE tried to solve all Horn problems
with equality using the same strategy and set of para-
meters. We did not have much time for tuning VAM -
PIRE-JC or for selecting the best parameters in VAM -
PIRE. We believe that otherwise the performance of
both versions in the MIX division could have been
much better. For example, among the 27 problems
not solved by VAMPIRE-JC at least 12 more could be
solved by an appropriate parameter setting.

It is worth noting that both E and E-SETHEO do not
produce proofs, so among the provers which produce
a proof, VAMPIRE was ahead of all provers except for
VAMPIRE-JC.

The behaviour of VAMPIRE in the FOF division
could have been better, have we had more time for im-
proving the clausifier. We had a choice between clausi-
fying by FLOTTER, as the last year, and using the na-
tive clausifier, but decided to use the native one, though
we were aware of the fact that we would most likely
lose to E-SETHEO, which uses FLOTTER for clausi-
fication. We decided that participating with the native
clausifier would give us a better motivation for improv-
ing the clausifier after CASC.

In the UEQ category VAMPIRE’s results were not
very impressive. This is due to several factors: no tun-
ing, absence of good lookahead rules, inappropriate
simplification orders, and unintelligent clause selec-
tion.
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