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Abstract. State of the art reasoners for expressive description logics, such as
those that underpin the OWL ontology language, are typically based on highly
optimized implementations of (hyper)tableau algorithms. Despite numerous op-
timizations, certain ontologies encountered in practice still pose significant chal-
lenges to such reasoners, mainly because of the size of the model abstractions
that they construct. To address this problem, we propose a new blocking tech-
nique that tries to identify and halt redundant construction at a much earlier stage
than standard blocking techniques. An evaluation of a prototypical implementa-
tion in the HermiT reasoner shows that our technique can dramatically reduce the
size of constructed model abstractions and reduce reasoning time.

1 Introduction

Description logics (DLs) are a family of logic based knowledge representation for-
malisms [1] widely used in conceptual modeling, and they provide the formal basis for
the OWL 2 ontology language [2, 3]. DL reasoners support the development and de-
ployment of ontologies in numerous tools and applications. State of the art reasoners
for expressive DLs are typically based on highly optimized variants of (hyper)tableau
algorithms—model building procedures that decide the (un)satisfiability of a knowl-
edge base K via a constructive search for an abstraction of a model for . Examples of
such reasoners include FaCT++ [4], HermiT [5], Pellet [6], and Racer [7].

Despite numerous optimizations, certain existing and emerging knowledge bases
still pose significant challenges to such reasoners. In particular, state of the art (hy-
per)tableau reasoners use a cycle detection technique called blocking to ensure that
only finite model abstractions are constructed. These abstractions can, however, be very
large, which can be problematical with respect to space and time: the available memory
may be exhausted, and even if this is not the case, building such large structures, and
potentially performing backtracking search over them, can be time consuming.

It has already been demonstrated that using a more fine-grained blocking condition
can make the constructed abstractions smaller, resulting in a significant speedup [8].
Even with such a blocking condition, however, the constructed model abstractions can
be very large; furthermore, checking such fine-grained conditions can itself be costly.

To address these problems, we propose a new core blocking technique. Our tech-
nique first employs an easy-to-check and very “aggressive” blocking condition that can
halt the model construction much earlier than existing techniques. This condition is
so aggressive that, if used alone, it is not necessarily the case that the constructed ab-
straction can be expanded into a model. Therefore, after a model abstraction has been



constructed, a detailed check is performed to ensure that all blocks are indeed valid, and
model construction terminates only if all blocks pass this check. Checking blocks for
validity can be costly, but has to be performed relatively rarely, sometimes only once.

We present our technique in the context of the hypertableau calculus [5] and show
that the resulting calculus is sound, complete, and terminating. As we discuss in Section
3.4, however, our idea can easily be transferred to standard tableau calculi.

To make our technique effective in practice, one must strike a balance between
model expansion and blocking validation: if the core blocking condition is too strict,
then it will offer little advantage over standard blocking, and model abstractions may
still grow too large; if the condition is not strict enough, then it may stop the construction
too early, and the reasoner will spend most of its time in validating blocks. We therefore
present several variants of core blocking inspired by our observations about reasoning
algorithms for £L-like DLs [9, 10], and we present an empirical evaluation using a
prototypical implementation of our technique in the HermiT reasoner. The evaluation
compares the performance of the hypertableau algorithm employing the original block-
ing condition and each of the core blocking variants on several widely used ontologies.
As might be expected, the effects of core blocking are most pronounced with large and
complex ontologies such as DOLCE or GALEN, on which it significantly reduces the
sizes of the constructed model abstractions. Furthermore, core blocking allows HermiT
to classify an OWL version of the FMA ontology [11], whereas with standard blocking
the reasoner runs out or memory. Finally, with simple ontologies such as Wine, core
blocking may have little or no effect on the size of abstractions, but it incurs little or no
additional cost compared to the standard blocking technique.

2 Preliminaries

We present our results in the context of the hypertableau calculus, which preprocesses
a DL knowledge base into a particular clausal form. Therefore, the precise definitions
of DLs [1] are not relevant. The basic elements of DL knowledge bases are atomic con-
cepts, atomic roles, and individuals, which correspond to unary predicates, binary pred-
icates, and constants, respectively. Using various constructors, one can construct com-
plex concepts, which can be transformed into formulae of two-variable first-order logic
with counting. For example, the concept Man M JhasChild. Man, representing the set
of all men with a male child, corresponds to Man(z) A 3y : hasChild(z,y) A Man(y).
Concepts can be used in axioms of the form C' C D, which state that the extension of C'
is contained in the extension of D. For example, Man T Person expresses the fact that
all men are persons. Various DLs allow for other types of axioms, such as statements
that a particular role is reflexive, symmetric, or transitive. A TBox 7 is a set of axioms.
An ABox A is a set of assertions of the form C(a), R(a,b), a =~ b, and a % b, where C
is a concept, R is an atomic role, and @ and b are individuals. A knowledge base is a pair
K = (7,.A); it is satisfiable if a first-order interpretation satisfying 7 and A exsists.

2.1 Model Construction Calculi

Model construction calculi, such as tableau and hypertableau [5], decide the satisfiabil-
ity of K = (7, .A) by trying to construct a model of K. To this end, they use derivation



rules that, given an ABox Ay, derive an ABox A4 and thus explicate information
implicit in 7 and A,. Derivation rules can be nondeterministic—that is, they can de-
rive more than one 4,11 from .4,. To check the satisfiability of X, model construction
calculi construct a derivation for K, which is a sequence of ABoxes Ay, ..., Ax such
that Ag = A, the ABox Ay, is obtained from A, by applying a derivation rule for
each 0 < £ < k, and no derivation rule is applicable to Aj. The satisfiability of K can
be decided by checking whether a derivation exists such that A; does not contain an
obvious contradiction; such an Ay, is called a pre-model. Given such an Ay, a model
for K can be constructed by a process called unraveling [5].

2.2 The Hypertableau Calculus

The formal definition of the hypertableau calculus is technically involved; therefore, we
will introduce only those aspects needed to understand the idea behind core blocking,
and leave the details to [5].

The calculus is applicable to a knowledge base K = (7, .A) expressed in SROZQ
[12]—the DL underpinning OWL 2. The calculus does not operate on X directly; rather,
in order to reduce nondeterminism, it first translates C into a set of HT-clauses C and
an ABox A. An HT-clause is an implication of the form A\;”, U; — \/j_, V;, where
U; and V; are called the antecedent and the consequent atoms, respectively. The atoms
in an HT-clause must satisfy the following restrictions, where 7 is an atomic role, s is a
role, A is an atomic concept, and B is a possibly negated atomic concept.

— Each antecedent atom is of the form A(z), r(x,x), r(z,v;), r(yi, ), Ay;), or
A(Z])

— Each consequent atom is of the form B(x), >ns.B(z), B(y:), r(z,z), r(x,y;),
r(yi, x), r(z, 25), 7(25, ), ¢ = zj, Or y; = y;.

These syntactic restrictions reflect the structure of DL axioms and ultimately ensure
termination of the calculus. HT-clauses are straightforwardly interpreted in first-order
logic, and they intuitively state that at least one consequent atom must be true whenever
all atoms in the antecedent are true. We next present the derivation rules of the calculus.

The Hyp-rule is the main derivation rule. For o a mapping of variables to individuals
and U an atom, let o(U) be the atom obtained from U by replacing each variable = with
o(x). The Hyp-rule is applicable to an HT-clause A\;Z, U; — \/j_, V; and an ABox A,
if a mapping o from the variables in the clause to the individuals in .4, exists such that
o(U;) € Agforeachl <i <m,buto(V;) ¢ A, foreach 1 < j < n.If thatis the case,
the rule nondeterministically derives A,1 = A, U {o(V;)} for some 1 < j < n. For
example, when applied to the HT-clause r(z,y) — (> 17.4)(z) vV D(y) and an ABox
Ay containing r(a, b), the Hyp-rule extends .4, with either (> 1r.4)(a) or D(b).

The >-rule deals with existential quantifiers and number restrictions. Intuitively, an
assertion (> n s.B)(a) implies the existence of distinct individuals b1, . . ., b,, such that
a is connected through s with each b; and that B(b;) holds. Thus, the >-rule is applica-
ble to (=ns.B)(a) in Ay if no individuals by, . .., b, exist such that ar(s,a, b;) € A,
and B(b;) € Ay foreach1 <i < n,and b; # b; € Ay foreach 1 <i < j < n, where
ar(s,a,b) = s(a,b) if s is an atomic role and ar(s, a, b) = r(b, a) if s is an inverse role



such that s = r~. If that is the case, then .4, is extended to A1 by introducing fresh
individuals ¢y, . . ., ¢, and adding assertions ar(s, a, ¢;) and B(c;) for 1 < i < n, and
¢i # ¢jfor 1 < i < j < n. The individual a is called a predecessor of each c;; each
¢; 1s called a successor of a; and ancestor and descendant are transitive closures of the
predecessor and successor relations, respectively.

The ~-rule deals with equality. Intuitively, an assertion a = b states that individuals
a and b are equal, so one can be treated as a synonym for the other. The ~-rule is
applicable to an assertion a ~ b in Ay if a # b, in which case it derives A1 from A,
by a process called merging: a is replaced with b in all assertions, certain assertions are
removed, and some bookkeeping information is added in order to ensure termination.

The Nl-rule deals with certain complications due to an interaction between num-
ber restrictions, nominals, and inverse roles. The details of this derivation rule are not
relevant for core blocking, so we omit it for the sake of brevity.

The L-rule detects obvious contradictions. If .4, contains A(a) and —A(a), or
a % a, the rule derives A, = Ay U {L}; then Ay is said to contain a clash.

2.3 Blocking

The >-rule is found in virtually all DL model construction calculi. Unrestricted appli-
cation of the >-rule can lead to the introduction of infinitely many fresh individuals and
thus prevent the calculus from terminating. To counteract that, the >-rule is applied to
an assertion (= nr.B)(a) only if the individual a is not blocked, as described next.

To apply blocking, the individuals are split into two sets. Root individuals either
occur in the input or are introduced by the Nl-rule, and they are never blocked. In
contrast, blockable individuals are introduced by the >-rule and they can be blocked.
Blocking uses labels of an individual and an individual pair defined as follows, where
A is an atomic concept and r is an atomic role:

La(s)={A] A(s) € A} La(s,t) ={r]|r(s,t) € A}

To prevent cyclic blocks, one needs to pick a strict order < over all individuals satisfying
certain restrictions. In practice, < usually coincides with the order in which individuals
are inserted into an ABox.

Fairwise anywhere blocking is necessary for knowledge bases that use inverse roles
and number restrictions. Each individual s in an ABox A is assigned by induction on
< a status as follows: s is blocked if it is directly or indirectly blocked; s is indirectly
blocked if it has a blocked ancestor; and s is directly blocked by an individual ¢ if, for
s’ and t’ the predecessors of s and ¢, respectively, s, t, s, and ¢’ are all blockable, t is
not blocked, t < s, and (1)—(4) hold.

La(s) = Lal(t) )
La(s") =Lalt) 2)
La(s,s") =La(t,t) 3)
La(s',s)=Lalt',t) 4)



Simpler single anywhere blocking can be used on knowledge bases without inverse
roles, and it differs from the above definition in that s is directly blocked by an individual
t if s and ¢ are blockable, ¢ is not blocked, ¢ < s, and (1) holds.

A pre-model A’ can be extended to a model for (A,C) by unraveling. Roughly
speaking, each individual s that is directly blocked in A’ by ¢ is replaced by a “copy”
of t; a precise account of this process is given in [5].

Tableau algorithms for DLs without inverse roles can use single subset blocking,
in which s is directly blocked by ¢ if £4(s) C L£.4(t). This can result in smaller pre-
models; however, in the hypertableau calculus single subset blocking does not guarantee
that a pre-model can be expanded into a model [5].

3 Optimized Blocking Strategies

On complex knowledge bases, reasoners based on model construction calculi may con-
struct very large pre-models. This is one of the main limiting factors in practical DL
reasoning [5], as the construction may be time-consuming, and the reasoner may even
run out of memory before terminating. Blocking prevents the application of the >-rule
and thus constrains the size of pre-models, so some effort has been devoted to detecting
situations in which a block can be established earlier than with the standard single or
pairwise blocking, but without sacrificing soundness.

For tableau algorithms that normally require pairwise blocking, Horrocks and Sat-
tler proposed a more precise blocking condition [8], which amounts to single subset
blocking with additional constraints on the predecessor of the individual that is to be
blocked and on the blocker itself. For example, if an individual s with predecessor s’ is
to be blocked by an individual ¢, and Vr.C' is in the label of the blocker ¢, then either s
should be not an r~-successor of s" or C' should be in the label of s’. Although check-
ing the blocking conditions is quite expensive, the optimization exhibits substantial
improvements in reasoning performance due to the significantly smaller pre-models.

Related blocking optimizations were proposed in the context of first-order theorem
proving [13]; however, these techniques do not guarantee termination for DLs such as
SROIQ that provide for nominals, number restrictions, and inverse roles.

Caching [14] is an orthogonal approach for reducing the pre-model size by reusing
already constructed pre-model fragments. In fact, caching techniques can be used to
obtain a worst-case optimal algorithm for certain DLs [15, 16]; in contrast, standard
(hyper)tableau algorithms are usually not worst-case optimal.

3.1 Core Blocking

Unlike existing blocking techniques, core blocking is approximate rather than exact: ap-
plying core blocking alone does not guarantee that a pre-model can indeed be unraveled
into a model. To ensure the latter, a pre-model needs to be checked to discover invalid
blocks; if such blocks are found, the derivation is continued until either a contradiction
is derived or all blocks become valid.

To formalize the process of discovering approximate blocks, we assume that each
assertion o in an ABox is associated with a Boolean flag that determines whether « is



a core assertion. A core blocking policy will be used to determine which assertions are
core. A credulous policy would make no assertions core, thus allowing any individual to
potentially block any other individual. While this might generate very small pre-models,
it is unlikely to be practicable because most blocks are likely to be invalid, so a reasoner
would spend a lot of time in validation. In contrast, a conservative policy would make
all assertions core, thus making core blocking exact. In Section 3.3 we present two
policies that strike a balance between the potential for reduction in the pre-model size
and the cost of validating blocks. Before that, however, we introduce a general notion
of core blocking that is applicable to any policy.

Definition 1. For an ABox A and a pair of individuals s and t, let

LYe(s) ={A € N¢ | A(s) is a core assertion in A and A is atomic} and
LYe(s,t) ={r € N¢ | r(s,t) is a core assertion in A}.

Single and pairwise core blocking are obtained from the respective definitions given in
Section 2.3 by using LG instead of L 4 in conditions (1)—(4); furthermore, in single
core blocking, for s to be directly blocked by t we additionally require both s and t to
be successors of blockable individuals.

On knowledge bases that normally require pairwise anywhere blocking (i.e., that
contain inverse roles), the model construction from [5] requires individuals s and ¢
involved in direct blocking to be successors of blockable individuals. This is reflected
in the notion of single core blocking in Definition 1, which allows single core blocking
to be used with knowledge bases that contain inverse roles.

Since core blocking may halt the model expansion too early, we introduce a block-
ing validation test that checks whether any of the derivation rules would be applicable
if we were to unravel a candidate pre-model A, to a model. To this end, we define
an ABox val 4, (s) for a blockable individual s that, intuitively, contains the assertions
from the unraveling of A, that affect inferences involving s. If no derivation rule is ap-
plicable to val 4, (s), we can conclude that no derivation rule is applicable to the model
constructed from A, as discussed in [5].

Definition 2. Let C be a set of HT clauses, and let Ay be an ABox. For an individual w,
let |w| = w if w is not blocked in Ay, and |w| = w' if w is blocked in Ay by w'. For a
blockable individual s, the ABox val 4, (s) is the union of the sets shown in the following
table, where u denotes the predecessor of s, v denotes a successor of |s|, b denotes a
root individual, C' denotes a concept, and r denotes an atomic role.

1 2 3
{C(u) | C(u) € Ag} {r(u,s) | r(u,s) € Ag} {r(s,u) | r(s,u) € Ag}
{C(s) [ C(|s]) € A}
{C) | C(lv]) € A} {r(s,v) [ r(|s],v) € A} {r(v,s) | r(v,]s]) € Ae}
{C(b) | C(b) € A} {r(s,0) |r(ls|,0) € A} {r(b,s) [ r(b,[s]) € Ac}

A blockable individual s is safe for blocking in an ABox Ay if the following condi-
tions are satisfied:



— the Hyp-rule is not applicable to an HT-clause vy € C and val 4,(s) with a mapping
o such that o(x) = s, and
— the >-rule is not applicable to an assertion (= nr.B)(s) in val 4,(s).

A directly blocked individual s with predecessor s' is validly blocked in Ay if both s
and s’ are safe for blocking.

We finish this section with a note that, on knowledge bases that normally require
single blocking (i.e., that do not contain inverse roles), Definitions 1 and 2 can be sim-
plified. By the model construction from [5], val 4, (s) then needs to contain only sets
from columns 1 and 2 in Definition 2; this, in turn, allows us to drop the extra require-
ment on the predecessors of s and ¢ in Definition 1 in the case of single core blocking.

3.2 Applying Core Blocking in a Derivation

If an individual s is core-blocked by an individual ¢ and the block is identified as in-
valid, one should not immediately reconsider ¢ as a potential blocker for s as this might
prevent the calculus from terminating. Thus, core blocking cannot be applied straight-
forwardly in lieu of exact blocking. We deal with this problem by associating with each
individual s in Ay a Boolean flag mod 4, (s) that is updated as the derivation progresses.
Intuitively, mod 4, (s) = true means that val 4,(s) has changed since the last time the
blocks were checked for validity; thus, s may be reconsidered as a potential blocker.
We also maintain a set .S of pairs of validly blocked and blocking individuals, and use
S-core blocking to ensure that the calculus only terminates when all blocks are valid.

Definition 3. Let S be a set of pairs of individuals; let Ay be an ABox; and let s and
t be individuals occurring in Ay. Then, s is directly blocked by t in Ay for S-core
blocking iff s is directly blocked by t in Ay for core blocking and

(s,t) €S or mody,(s)=true or mody,(t) = true.

A derivation by the hypertableau calculus with core blocking for a set of HT-clauses C
and an ABox A is constructed by applying the following steps.

1. Set S := 10, A% := A, and mod 4:(s) := true for each individual s in A°.

2. Apply the hypertableau calculus exhaustively to A* and C while using S-core block-
ing in the >-rule; furthermore, whenever Ay 1 is derived from Ay, for each indi-
vidual s in Ag1q set
(a) moda,,,(s) := trueifvala,,  (s) # vala,(s) orif s does not occur in Ay, and
(b) mod4,,,(s) := mod_,(s) otherwise.

Let A® be a resulting ABox to which no derivation rule is applicable.

3. Set S to be equal to the set of pairs (s,t) of individuals such that s is directly

blocked in A® by t and s is validly blocked in A.

Set mod 4 (s) := false for each individual s in AP.

5. If individual s exists such that s is core blocked in AP by t but (s,t) & S, then set
A2 := AP and go to Step 2.

6. Return AP.

A



Roughly speaking, our algorithm first applies the derivation rules as usual, but using
core blocking (this is because S = () in Step 1). After computing a candidate pre-model
AP in Step 2, in Step 3 the algorithm updates S to the set of pairs of valid blocks, and
in Step 4 it marks all individuals in AP as not changed. In Step 5, the algorithm checks
whether AP contains invalid blocks. If that is the case, the process is repeated; but then,
S-core blocking ensures that only those blocks are considered that are known to be
valid or for which at least one of the individuals has changed since the last validation.
The following theorem shows that our algorithm is sound, complete, and terminating.

Theorem 1. Let C be a set of HT-clauses and A an ABox.

1. The hypertableau calculus with core blocking terminates.
2. IfC and A are satisfiable, then | ¢ AP for some AP computed by the calculus.
3. IfC and A are unsatisfiable, then 1. € A® for each AP computed by the calculus.

Proof (Sketch). For the first claim, assume that A is an ABox computed in Step 2 such
that, whenever s is directly blocked in AP by ¢ for core blocking, then s is directly
blocked in A by ¢ for standard blocking. Each individual s is then validly blocked in
AP, 50 (s,t) € S at Step 3 and the condition at Step 5 is not satisfied, so the calculus
terminates. Thus, in the worst case, core blocking reduces to standard blocking, which
implies a bound on the size of AP in the usual way [5]. Furthermore, if an individual
t does not validly block s in an ABox AP, then ¢ can be considered again as a blocker
for s only after val 4 (s) or val 4 (t) changes. Since A" is bounded in size, val 4»(s)
and val 4»(¢) can change only a bounded number of times; hence, ¢ is considered as a
candidate blocker for s only a finite number of times, which implies termination.

The second claim holds in the same way as in [5]. Finally, for the third claim,
given an ABox AP computed by the calculus such that 1 ¢ A®, we unravel A® into
an interpretation in the standard way [S5]. From the definition of unraveling in [5], one
can see that, for each blockable individual s, the ABox val 45 (s) contains the assertions
that correspond to the part of the unraveled interpretation involving s. Since s is validly
blocked in AP, all the relevant restrictions are satisfied for s. Since all blocks are valid
in AP, the unraveled interpretation is a model of C and \A. m|

3.3 Core Blocking Policies

We now present two policies for identifying core assertions. Each policy can be used
with either single or pairwise core blocking.

The simple core policy is inspired by the following observation. Let .4 be a poten-
tially infinite ABox obtained by applying the hypertableau calculus without blocking
to an £L knowledge base K, and let s and ¢ be two individuals introduced by ap-
plying the >-rule to assertions of the form (>nr.B)(s') and (=ms.B)(t'). Then,
L 4(s) = L 4(t); in fact, the concept labels £ 4(s) and £ 4(t) depend only on the con-
cept B. The policy thus makes such assertions B(s) and B(t) core in the hope that, if a
knowledge base is sufficiently “£L-like,” then s would validly block ¢.

Definition 4. The simple core policy marks all assertions as not core unless they are
covered by one of the following rules.



— Each assertion B(c;) derived by applying the >-rule to an assertion of the form
(=nr.B)(a) is marked as core.

— Each assertion o derived by the ~-rule from an assertion « via merging is marked
as core if and only if « is core.

— Ifan ABox contains o as a noncore assertion but some derivation rule derives o as
a core assertion, the former assertion is replaced with the latter.

Simple core blocking generates very small cores, but it can be imprecise and can
therefore lead to frequent validation of blocks. For example, if s and ¢ are individuals
introduced by applying the >-rule as above, then inferences involving the predecessor
of s can cause the propagation of new concepts to s, which might invalidate blocking.
Furthermore, if the knowledge base contains nondeterministic concepts, then nondeter-
ministic inferences involving s and ¢ may cause £ 4(s) and £ 4(t) to diverge, which can
also invalidate blocking. We therefore define the following, stronger notion of cores.

Definition 5. The complex core policy is the extension of the simple core policy in
which, whenever the Hyp-rule derives an assertion o(V;) using a mapping o and an
HT-clause v = N\;2, U; — \/}_, Vj, the assertion o(V;) is marked as core if and only
if o(V;) is a concept assertion and

-n>1 or
- o(V;) is of the form B(s) with s a successor of o(w) for some variable w in .

The complex core policy is motivated by the fact that, when £L-style algorithms
are extended to expressive but deterministic DLs such as Horn-SHZ Q [10], the con-
cepts that are propagated to an individual from its predecessor uniquely determine the
individual’s label, so we mark all such assertions as core.

From the above discussion, one might expect simple core blocking to be exact on
HT-clauses obtained from an ££ knowledge base. The knowledge base consisting of
axioms (5)—(10), however, shows that this is not the case.

Aw) = G1rO)@) 6) Ha) ADW) — B@)  ®)
B(z) = (>1s.C)(z) (6) B(z) A s(z,y) NE(y) — L ©)
C(x) = (=1t.D)(xz) (7) A(a) B(a) (10)

The algorithm initially produces the pre-model shown on the left-hand side of Figure 1,
in which b directly core-blocks b’ (since there are no inverse roles, it does not matter that
a and o’ are root individuals). If single core blocking were exact, the algorithm would
terminate and declare the knowledge base satisfiable. This block, however, is invalid
since the Hyp-rule is applicable to HT-clause (9) and ABox val 4,(b") shown below
(since there are no inverse roles, val 4, (b’) does not contain assertions from column 3 of
Definition 2) for o(z) = o’ and o(y) = b'. Therefore, the model expansion continues
as shown on the right-hand side of Figure 1, which ultimately leads to a contradiction.

valg, (V') ={ B(d), >21s.C(d'), s(a',¥), CO¥), =1t.D'), E), (11
D(c), t(,¢c), A(a), 217.C(a) }
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Fig. 1. Left is the first pre-model for the knowledge base (5)—(10) and single simple core blocking,
and right is the final pre-model. Core concepts are shown in bold.

3.4 Applying Core Blocking in Tableau Calculi

Although we presented our idea in the context of the hypertableau calculus, core block-
ing can be straightforwardly adapted to tableau calculi. This would require adapting the
definition of val 4,(s) to reflect the model construction used in the soundness proof of
the calculus, and adapting the notion of safe blocking and Definition 5 to reflect the
inference rules of the calculus. For example, most tableau calculi use a V-rule that from
(Vr.A)(a) and r(a, b) derives A(b). Consequently, an individual a should be considered
safe for blocking if the V-rule is not applicable to an assertion in val 4, (a) involving a,
and A(b) should be made core if b is a successor of a.

4 Empirical Evaluation

We implemented the different core blocking strategies in our HermiT reasoner and car-
ried out a preliminary empirical evaluation. For the evaluation, we selected several on-
tologies commonly used in practice. We classified each ontology and tested the satisfia-
bility of all concepts from the ontologies with the different blocking strategies. We were
mainly interested in the number of individuals in a candidate pre-model, which we ex-
pected to be smaller due to core blocking. Since the number individuals in a pre-model
directly relates to the amount of memory required by the reasoner, smaller pre-models
can make the difference between being able to process an ontology or not.

We conducted our tests on a MacBook Air laptop with 2 GB of RAM running Mac
OS 10.6.1. We used Java 1.6 allowing for 1 GB of heap space in each test. All tested
ontologies, a version of HermiT that supports core blocking, and Excel spreadsheets
containing test results are available online.!

Figures 2—6 contain concepts on the x-axis; however, concept names are not shown
due to the high number of concepts. The concepts are ordered according to the pre-
model sizes under the standard blocking strategy. The y-axis either displays the number
of individuals in the pre-models or the reasoning times in milliseconds. All reasoning
times do not include loading and preprocessing times, since these are independent of
the blocking strategy. Some figures employ a logarithmic scale to improve readability.
The label standard pairwise refers to the standard anywhere blocking strategy, complex
pairwise refers to pairwise core blocking with the complex core policy, and so on.

Tables 1-3 show measurements taken while testing the satisfiability of all concepts
in an ontology averaged over all concepts. The meaning of various rows is as follows:

! http://www.hermit-reasoner.com/coreBlocking.html
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Fig. 3. The reasoning times in ms for testing the satisfiability of all concepts in DOLCE

initial pre-model size shows the average size of the first pre-model found; initially (in-
validly) blocked shows the average number of (invalidly) core-blocked individuals in
the first pre-model; final pre-model size shows the average number of individuals in
the final pre-model; finally blocked shows the average number of blocked individuals
in the final pre-model; and number of validations shows the average number of valida-
tions needed to decide concept satisfiability. Finally, all tables show the time in seconds
needed to classify the ontology using the various blocking approaches.

DOLCE is a small but complex SHOZ Q(D) ontology containing 209 concepts and
1,537 axioms that produce 2,325 HT-clauses. Core blocking works particularly well on
DOLCE. The pre-model sizes (see Figure 2) and the reasoning times (see Figure 3)
for all core blocking variants are consistently below those obtained with the standard
anywhere blocking strategy. The single simple core blocking strategy gives the best
results overall even though the ontology normally requires pairwise blocking. DOLCE
does not seem to be very highly constrained, so most blocks are valid immediately.

Wine has often been used to demonstrate various DL features. The ontology con-
tains 139 concepts and 393 SHOZN (D) axioms that are converted to 627 HT-clauses.
State of the art reasoners can routinely process the ontology. Satisfiability for almost all
concepts can be checked using pre-models with very few blocks and almost all blocks
are valid immediately, so we have not provided a figure showing the pre-model sizes.
Different blocking strategies (cf. Figure 4 and Table 2) exhibit little difference in perfor-
mance, and slight variations can be attributed to Java’s inconsistent runtime behavior.



Table 1. Average measurements over all concepts in DOLCE and the classification time

standard  complex  complex simple  simple

pairwise  pairwise single  pairwise single
final pre-model size 27,505 13,406 3,263 1,502 502
finally blocked 27,066 12,909 3,167 1,115 418
initial pre-model size — 13,406 3,195 1,493 420
initially blocked — 12,908 3,088 1,106 336
initially invalidly blocked — 0.11 10 1.22 12
number of validations — 1.09 2.08 2.04 2.96
time in ms 26,168 6,946 1,336 1,470 552
classification time 1h35m?26s 25m27s S5m26s 5m59s 2m49s
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Fig. 4. The reasoning times for testing the satisfiability of all concepts in the Wine ontology

GALEN is the original version of the GALEN medical ontology dating from about
10 years ago. Apart from CB [10], which implements an extension of an £L-style
algorithm to Horn-SHZQ [10], HermiT is currently the only reasoner that can clas-
sify this ontology. GALEN is a Horn-SHZF ontology containing 2,748 concepts and
4,979 axioms that produce 8,189 HT-clauses, and it normally requires pairwise block-
ing. GALEN is unusual in that it contains 2,256 “easy” concepts that are satisfied in
very small pre-models (< 200 individuals) and 492 “hard” concepts that are satisfied in
very large pre-models (> 35,000 individuals). The classification times in Table 3 take
all concepts into account; in all other cases we omit the measurements for the “easy”
concepts since they do not show much difference between the different blocking strate-
gies and just clutter the presentation. On all concepts, all core blocking strategies lead to
the construction of significantly smaller pre-models (see Figure 5). Interestingly, only
the pairwise strategies improve the reasoning times compared to the standard blocking
strategy (see Figure 6); this is due to a large number of expensive validity checks needed
to find a valid pre-model. This is in contrast to DOLCE, which also normally requires
pairwise blocking, but for which the single core blocking strategies work best.

On ontologies without nominals, HermiT’s classification algorithm uses a blocking
cache: once a pre-model for a concept is constructed, parts of the pre-model are reused
in the remaining subsumption tests [5]. This dramatically reduces the overall classifica-
tion time. Although the blocking cache can in principle be used with core blocking, our
implementation does not yet implement such an optimization; therefore, the blocking
cache has been switched off for the classification of GALEN under the standard block-



Table 2. Average measurements over all concepts in Wine and the classification time

standard  complex  complex simple  simple

pairwise  pairwise single  pairwise single
final pre-model size 226 226 226 226 223
finally blocked 18 1 21 1 18
initial pre-model size — 225 225 225 222
initially blocked — 1 21 1 17
initially invalidly blocked — 0.19 0.19 0.06 0.06
number of validations — 1.12 1.13 1.37 1.37
time in ms 108 152 154 141 168
classification time 1m17s 1m29s 1m24s 1m17s 1m19s
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Fig. 5. The number of individuals in the pre-models for all concepts in GALEN

ing strategy. Ontologies in out test suite other than GALEN contain nominals, which
prevents the application of the blocking cache with standard blocking anyway.

The foundational model of anatomy (FMA) is a domain ontology about human
anatomy. The ontology is one of the largest OWL ontologies available, containing
41,648 concepts and 122,617 ALCOZF (D) axioms, and it is transformed into 125,346
HT-clauses and 3,740 ABox assertions. To the best of our knowledge, no reasoner could
so far classify the ontology. We initially tried to take the same measurements for FMA
as for the other ontologies; however, after 20 hours we processed only about 10% of
the concepts (5,288 out of 41,648), so we aborted the test. Only the single simple core
blocking strategy was able to process all 5,288 concepts. The pairwise simple core strat-
egy stayed within the memory limit, but was significantly slower and suffered from 5
timeouts due to a 2 minute time limit per concept. The standard blocking strategy ex-
ceeded either the memory or the time limit on 56 concepts, the pairwise complex core
strategy on 70, and the single complex core strategy on 37 concepts. Therefore, we
produced complete measurements only with single simple core blocking. HermiT was
able to classify the entire ontology in about 6.5 hours, discovering 33,431 unsatisfiable
concepts. The ontology thus seems to contain modeling errors that went undetected so
far due to lack of adequate tool support. The unsatisfiability of all of these concepts was
detected before blocking validation was required. The sizes of the ABoxes constructed
while processing unsatisfiable concepts is included into the final pre-model size in Ta-
ble 4; however, these ABoxes are much larger than the ones for satisfiable concepts,
which explains the apparent gap between the initial and the final pre-model size.
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Fig. 6. The reasoning times for testing the satisfiability of all concepts in GALEN

Table 3. Average measurements over (hard) concepts in GALEN and the classification time

standard complex complex simple simple

pairwise pairwise single  pairwise single
final pre-model size 37,673 7,689 8,695 5,012 6,640
finally blocked 36,231 6,103 7,969 3,456 5,922
initial pre-model size — 6,971 1,744 4,646 1,458
initially blocked — 5,328 1,108 3,087 873
initially invalidly blocked — 147 216 126 206
number of validations — 9 18 6 15
time in ms 17,687 15,979 40,655 11,821 35,188
classification time 2h38m46s  4h9m27s  14h2m7s 2h1lm7s  4h56ml4s

We also tested how much memory is necessary to construct all pre-models for
DOLCE and GALEN under different blocking strategies. Starting with 16MB, we dou-
bled the memory until the tested strategy could build all pre-models. The simple and
complex core blocking strategies require as little as 64MB and 128MB of memory,
respectively, whereas the standard blocking technique requires 512MB.

5 Discussion

In this paper we presented several novel blocking strategies that can improve the perfor-
mance of DL reasoners by significantly reducing the size of the pre-models generated
during satisfiability tests. In general, simple core blocking seems to lead to the small-
est pre-models and the best performance, which makes it a sensible default setting. On
ontologies such as Wine where very few individuals are blocked, the new strategies
cannot really reduce the sizes of the pre-models; however, they do not seem to have a
negative effect on the reasoning times either. On more complex ontologies, the memory
requirement with core blocking seems to decrease significantly.

The results are less clear regarding the choice of pairwise vs. single core blocking,
which seems to be ontology dependent: pairwise core blocking works best on GALEN,
whereas single core blocking is a better choice for DOLCE and FMA. This is a result of
the highly constrained nature of the GALEN ontology, which means that single blocks
are frequently invalid, and many expensive validity checks are thus needed. If validity
tests were less costly, then single core blocking might be the best choice in all cases.



Table 4. Average measurements over FMA with the single simple core strategy

final pre-model size 1,638 finally blocked 996
initial pre-model size 89 initially blocked 0.05
initially invalidly blocked 0.01 number of validations 0.2
time in ms 478 classification time 6h30m33s

We have not highly optimized blocking validation in our prototypical implementa-
tion, and we believe we can significantly improve its performance in future. Further-
more, we identified two most common reasons for invalid blocks: the >-rule is applica-
ble to an assertion from val 4, (s) of a blocked individual, or the Hyp-rule is applicable
to the assertions from the temporary ABox of the predecessor of a directly blocked indi-
vidual. Testing for these two cases first should reduce the overall time of validity tests.
Finally, we shall adapt the blocking cache technique to core blocking.
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