International Joint Conference on Qualitative and Quantitative Practical Reasoning, ECSQUARU-FAPR’97, June 9–12, 1997, Bad Honnef, Germany Springer LNCS 1244, pp. 436–450

Process Modeling with Different Qualities of Knowledge

Wolfgang May^⋆

Institut für Informatik, Universität Freiburg Am Flughafen 17, 79110 Freiburg, Germany may@informatik.uni-freiburg.de

Abstract. For modeling structured processes with different levels of atomic actions, classical linear or branching time Kripke structures with first-order states are insufficient: They do not provide any means for modeling independent parallel threads of activity which have to be joined at some point, action refinement, or procedure concepts. In all three cases, it is important to distinguish facts resp. knowledge derived in the current thread of activity from facts which are not concerned in this activity. This problem is also closely related to the frame problem. In this paper, hierarchical Kripke structures are introduced for modeling hierarchically structured processes, also coping with the different qualities of knowledge arising in this context: every state consists of a total first-order interpretation, which gives the state as-is, and a partial firstorder interpretation containing all procedure knowledge which has been derived in the current thread of activity.

A correct and complete set of axioms is presented for reasoning about hierarchical Kripke structures.

1 Introduction

Variants of Kripke structures are widely used as a model-theoretic base for reasoning about processes, for instance with state-oriented logics as CTL or Dynamic Logic [Har79]. Furthermore, the more process-oriented Hennessy-Milner Logic [HM85] is interpreted over Kripke structures. In some contexts, for example Transaction Logic [BK94], logics refer to path-structures which also can be regarded as variants of Kripke structures.

In any case, modeling independent parallel threads of activity which are rejoined at some synchronization point causes problems. Additionally, action abstraction or refinement is not supported in those models. The problems arising by those features are closely related to the frame problem [MH69]: At the beginning of a (sub)process, there is no local knowledge, the state as-is is the same as the state where the process has been started from. Every thread of activity reads and derives its own facts, making up its local knowledge about the global process. By carrying out actions, a process gains local knowledge from examining the state as-is and modifying it. When joining different threads of activity, the local knowledge after the join consists of the local knowledge of the predecessor state modified by the accumulated knowledge of all incoming threads. The state

? Supported by grant no. GRK 184/1-97 of the Deutsche Forschungsgemeinschaft.

as-is is obtained from the predecessor state, overwritten by the sum of the local knowledge of all participating threads.

From the model-theoretic point of view, the problem is solved by modeling different qualities of knowledge in the states: every state consists of a total firstorder interpretation, giving the state as-is, and a partial first-order interpretation containing all procedure knowledge which has been derived in the current thread of activity.

The paper is structured as follows: This section closes with a short glance on related work on structured process modeling. Section 2 briefly reviews of firstorder Kripke structures. In Section 3, the algebra of actions used in this paper is introduced. In a first step, in Section 4, the modeling of parallel actions is introduced which is extended in Section 5 with procedures to the complete scope of hierarchical processes. Section 6 contains an illustrating example, Section 7 closes with some concluding remarks.

Related Work. In [BK94], a concept for defining transactions as sequences of elementary actions in a logic-programming style is defined, based on the modeltheoretic notion of path structures. States and transitions are represented by an abstract concept of a theory and a transition oracle which can be instantiated to any specific formal framework. Parallelism is modeled via interleaving.

From the process-algebraic point of view, action refinement has been dealt with in [DG91, DG95, AH93]. In those works, only the dynamic aspects are considered, thus there is no notion of states.

In [AH96], an abstract framework for reactive modules is presented which permits parallel composition and abstraction from the internal behaviour of modules. There, the focus is on the observable behaviour of communication variables, the transitions performed by composed modules are given in a declarative style, similar to the transition oracle of [BK94].

From the software engineering point of view, the concept can further be extended with the usual modularization concepts of import, export, visible signature, renaming, and hiding (cf. [BHK90]).

Specialized instances of the concept have been used for modeling nested transactions in the state-oriented deductive database language Statelog [LML96], and for extending the Evolving Algebra specification method [May97]. Here, the concept is presented from the model-theoretic point of view in its full generality.

2 First-Order Kripke Structures

Every language of first-order logic includes the symbols ) and (, the boolean connectives ¬ and ∨, the quantifier ∃, and an infinite set of variables Var := {x_1, x_2, . . . }. A particular language is given by its signature Σ consisting of function symbols and predicate symbols with fixed arities ord(f) resp. ord(p). Terms, first-order formulas, and the notions of bound and free variables are defined as usual.

A first-order interpretation I = (I, U) over a signature Σ consists of a nonempty set U (universe) and a mapping I which maps every function symbol f ∈ Σ to a function I(f) : U^{ord(f )} → U and every predicate symbol p ∈ Σ to a function I(p) : U^{ord(f )} → {t, f}. For partial interpretations, I(f) and I(p) are partial functions/mappings. The set of interpretations (partial interpretations) over a fixed signature Σ is denoted by I_Σ (I^p_Σ).

Definition 1 A first-order Kripke structure over a signature Σ is a triple K =

(G, R, M) where G is a set of states, R ⊆ G × G an accessibility relation, and

for every g ∈ G, M(g) = (M(g), U(g)) is a first-order interpretation of Σ with universe U(g). G and R are called the frame of K. In some cases, for a set X, the accessibility relation R ⊆ G × X × G is labeled^2.

A path p in a Kripke structure K = (G, R, M) is a sequence p = (g_0, g_1, g_2, . . . ), g_i ∈ G with R(g_i, g_{i+1}) holding for all i. 2

3 The Action Algebra

Allowing composite actions, the set A of actions is given as an algebra, based on a set Σ_A of action symbols (analogous to function and predicate symbols), the underlying data universe U and a set op_A of operators for composing actions.

Since for modeling distributed processes, parallelism is a crucial point and modeling of parallelism by interleaving is not always satisfactory, a truly parallel composition is needed. Parallel composition of actions is denoted by ‖ . ∈_‖ denotes membership in parallel composition: For an elementary action a, a ∈_‖ b :⇔ a = b ∨ (∃c, d : b = (c ‖ d) ∧ (a ∈_‖ c ∨ a ∈_‖ d)), i.e. if b is already elementary, or a is a parallel component of some parallel component of b.

Actions consisting of different alternative subactions which can be executed in a single step are constructed by the alternative composition ∨.

Although sequential composition is modeled naturally by successive steps, it should be possible to combine actions by sequential composition which should be executed atomically in a single step. Sequential composition to an atomically executing action is denoted by ⊗.

For iterative computations, finite iteration a^ω and iterative closure a^⋆ of an action a are defined. On the respective level of abstraction, a^ω and a^⋆ are regarded as atomic actions.

Also, for implementing abstraction and action refinement, procedure definitions are provided, altogether summarized in the following definition: Definition 2 • For an n-ary action symbol a which does not occur on the left side of a procedure definition (see third item of this definition) and u_1, . . . , u_n ∈ U, a(u_1, . . . , u_n) is an elementary action.

• For actions a, a_1, a_2, a_1 ‖ a_2, a_1 ⊗ a_2, a ∨ b, a^ω and a^⋆ are composite actions. • For an action a with arguments (u_1, . . . , u_n) and an action symbol p, p = p(u_1, . . . , u_n) := a, is a procedure definition. p is called a procedure.

Since procedure symbols are also action symbols, procedures are also actions, thus, A is a non-free algebra. With this, action refinement via procedure definitions fits easily into the concept: from an abstract point of view, an action

2 cf. Dynamic Logic [Har79], Hennessy-Milner Logic [HM85], or Transaction Logic [BK94]; in these cases, X corresponds to a set of actions.

symbol p is used for an elementary action, whereas from a more detailed level, it is used as a procedure symbol.

The sets of elementary resp. composite actions are denoted by A_e resp. A_c , the set of procedures is denoted by A_p . 2 Definition 3 For an interpretation I and an action a, the state reached by executing a in I is denoted by a(I). For nondeterministic a, a(I) is set-valued. 2

3.1 Specification of Actions The modeling of actions directly leads to the frame problem [MH69]: it has to be specified, which facts – dependent on the current state – must hold in the state reached by execution of a particular action, and which facts are simply not effected. The former are reflected in the specification of the action, whereas the latter are assumed to remain unchanged which is normally incorporated into frame axioms. Thus, the specification of an action alone should not give a total interpretation of the successor state – since then there would be no room for parallel composition. Instead, the specification formalism should talk about partial interpretations, which can be combined easily.

For composing (partial) interpretations, semantic counterparts to terms and atomic formulas are needed:

Definition 4 Given an interpretation I with universe U over a signature Σ, a symbol v ∈ Σ and u_1, . . . , u_{ord(v)} ∈ U, the tuple (v; u_1, . . . , u_{ord(v)}) is called a function application over Σ and U if v is a function symbol, and it is called a predicate application if v is a predicate symbol. 2 Definition 5 The (semantical) domain of a (partial) interpretation I = (I, U) over a signature Σ is the (mathematical) domain of the mapping I: dom(I) := {P | P = (p; u_1, . . . , u_m) a predicate application over Σ and U and (I(p))(u_1, . . . , u_m) is defined} ∪ {F | F = (f; u_1, . . . , u_n) a function application over Σ and U and (I(f))(u_1, . . . , u_n) is defined} . 2 Note, that these sets are subsets of the Herbrand base and the Herbrand universe. Definition 6 In the following, let all interpretations be over a fixed signature Σ and universe U. Let ⊔ denote the least upper bound of two elements in the flat lattices given by (⊥ < u < ⊤ for all u ∈ U) resp. (⊥ < t < ⊤ for t ∈ {t, f}). For two (partial) interpretations I and I^′, the union J := I ∪ I^′ is defined as (J(p))(u_1, . . . , u_{ord(p)}) := ⊔((I(p))(u_1, . . . , u_{ord(p)}), (I^′(p))(u_1, . . . , u_{ord(p)})) (J(f))(u_1, . . . , u_{ord(f )}) := ⊔((I(f))(u_1, . . . , u_{ord(f )}), (I^′(f))(u_1, . . . , u_{ord(f )})) .

J = I ∪ I^′ is consistent, if J(p)(ū) ≠ ⊤ and J(f)(ū) ≠ ⊤ for all ū ∈ U^ω. In this

case, J is a partial interpretation over Σ with universe U.

For an interpretation I over Σ and sets F of function applications and P of predicate applications over Σ and U, the restriction I|_R= (I|_R, U) of I to R := F ∪ P is defined as

(I|_R (p))(u_1, . . . , u_n) := { (I(p))(u_1, . . . , u_n) if (p; u_1, . . . , u_n) ∈ P , ⊥ otherwise, and

(I|_R (f))(u_1, . . . , u_n) := { (I(f))(u_1, . . . , u_n) if (f; u_1, . . . , u_n) ∈ F , ⊥ otherwise .

For modifying an interpretation in some parts with a (partial) interpretation, an “overwriting” operator is needed: given two interpretations I and I^′ over Σ and sets F of function applications and P of predicate applications over Σ and

U, the superposition J = (J, U) = I ⊎R I^′ of I with I^′ on R := F ∪ P is defined as (J(p))(u_1, . . . , u_n) := { (I^′(p))(u_1, . . . , u_n) if (p; u_1, . . . , u_n) ∈ P , (I(p))(u_1, . . . , u_n) otherwise, and

(J(f))(u_1, . . . , u_n) := { (I^′(f))(u_1, . . . , u_n) if (f; u_1, . . . , u_n) ∈ F , (I(f))(u_1, . . . , u_n) otherwise .

For two interpretations I, I^′, I ⊎ I^′ := I ⊎_{dom(}I0_) I^′. 2 The specification of an action a can be given by partial interpretations as Spec(a) := {(P, Q) ∈ I^p_Σ × I^p_Σ | for every I ∈ I_Σ with I ⊇ P, a is executable in I and I ⊎_{dom(}Q_) Q ∈ a(I)} .

A specification in this way allows a constructive computation of the successor state, e.g. it can be used to define a partial transition oracle [BK94]. Definition 7 For an action a and an interpretation I, a^{part}(I) := {Q | (P, Q) ∈ Spec(a) and P ⊆ I} . 2

Proposition 1 For an interpretation I and an action a,

a(I) = {J | ∃Q ∈ a^{part}(I) : J = I ⊎ Q} ._2

For composite actions, it is convenient to orient the interpretation on their representation in the action algebra. Elementary actions and operators are interpreted separately (usually the semantics of the operators is predefined on a meta-level while the actions are interpreted according to the application domain). Then, the specifications of composed actions are composed from the specifications of their elementary subactions, i.e. the operators also act as operations on specifications, making specifications homomorphic and the diagram at the right commutative.

A I^p × I^p

A I^p × I^p Spec

SpecopA op_{Spec} Definition 8 For a given set A_e of elementary actions and a specification Spec(A_e ) formulated by relations of partial interpretations, Spec(a ‖ b) = {(P, Q) | P, Q ∈ I^p_Σ and there are (P_a, Q_a) ∈ Spec(a),

(Pb, Qb) ∈ Spec(b) s.t. P = Pa ∪ Pb and Q = Qa ∪ Qb} ,

Spec(a ⊗ b) = {(P, Q) | P, Q ∈ I^p_Σ and there are (P_a, Q_a) ∈ Spec(a),

(Pb, Qb) ∈ Spec(b) s.t. Qa ∪ Pb is consistent and P = Pa ∪ Pb|_{dom(}P_{b)\dom(}Q_{a)} and Q = Qa ⊎ Qb} ,

Spec(a ∨ b) = Spec(a) ∪ Spec(b) ∪ Spec(a ‖ b) , Spec(a^ω) = {(P, Q) | ∃n : (P, Q) ∈ Spec(a ⊗ . . . ⊗ a

n–times )} , Spec(a^⋆) = {(P, Q) | ∃n : (P, Q) ∈ Spec(a ⊗ . . . ⊗ a

n–times

) and

there is no (I, J) ∈ Spec(a) s.t. Q ∪ I is consistent} .

(the additional condition in a^⋆ states that a cannot be applied any more.)2

Example 1 Let the two actions copy and inc be given by pairs of partial interpretations as follows: Spec(copy) = {({x = N}, {x.bak = N})}, Spec(inc) = {({x = N}, {x = N+1})}. Then, Spec(copy ‖ inc) = {({x = N}, {x.bak = N, x = N+1})}, Spec(copy ⊗ inc) = {({x = N}, {x.bak = N, x = N+1})}, and Spec(inc ⊗ copy) = {({x = N}, {x.bak = N+1, x = N+1})}. 2 Proposition 2 With the above specification, the operators ‖ and ∨ are commutative, all three binary operators are associative, and^⋆ is idempotent. 2

4 Modeling Parallel Composite Actions with Kripke Structures

In this section, only parallel composite actions are considered, i.e., A = ⟨‖, A_e ⟩. The state space is augmented with auxiliary states which result from application of a single action from another state. The states emerging from parallel execution of several actions are computed from those auxiliary states. In addition to the temporal successor relation R, an accessibility relation T of auxiliary states and a relation S denoting the return of results are introduced. All accessibility relations are labeled with the actions executed in the corresponding transition. Furthermore, the semantics of processing the results has to be specified. Definition 9 A Kripke structure with elementary parallel changes is a tuple

K = (G, Gp, A, T, R, S, M) (cf. Figure 1): G is the set of main states, Gp is the set of auxiliary states, A is a set of labels, which are used to represent actions. R ⊆ G × A × G is the temporal successor relation, T ⊆ G × A e × Gp is the accessibility relation of auxiliary states from main

states,

S ⊆ Gp × A e × G is the return relation from auxiliary states to main states, M is a mapping G → I and Gp → I^p, giving an interpretation for every state.

The tuple (G, G_p, A, T, R, S) is called a Kripke frame with elementary parallel changes.

For h ∈ G and a ∈ A_e and h ∈ G, let S^{–1}(a, h) := {g | S(g, a, h)}, denoting the set of S-input states for an action a and a main state h. 2 The labels must provide a detailed description of the transitions, containing sufficient information to allow a reasonably strong axiomatization of the possible models of a given specification of actions.

The auxiliary states reached by elementary actions can be axiomatized directly from the specification Spec_{A e} of elementary actions: T(g, a, h) ⇒ M(h) ∈ a^{part}(M(g)) . For the main states, for every transition g a→ h, it has to be determined from the labeling of R, which S-inputs have to be considered:

Definition 10 For every transition g a→ h modeling execution of an action a, every elementary parallel component action b ∈_‖ a is modeled by Q(g, b, i) and

S(i, b, h) for some auxiliary state i ∈ G. Then,

g a^{part}_1 (g)

a^{part}_2 (g) . . a^{part}_i (g) . . a^{part}_n (g)

ȷ a1(g) . . ȷ (a1 ‖ a2)(g) . . ȷ (a2 ‖ ai ‖ an)(g) . .

TSRSRSR

ȷ represents the computation of the union of the procedure knowledge of the S-inputs corresponding to an R-transition and superposing it to the R-input.

(Here, a( ) denotes some element of a( ) as defined in Def. 3 resp. Def. 7.)

Fig. 1. Fragment of a Kripke Structure with elementary parallel changes

• b[i] is the share of b of g a→ h, and • if a = a_1 ‖ . . . ‖ a_n, a_{n+1}, . . . , a_m ∈ A_e and for every a_i, a_i[g_i] is the share of a_i of g a→ h, then ã := a_1[g_1] ‖ . . . ‖ a_n[g_n] is the parallel decomposition of g a→ h. (g, ã, h) is called the structured transition. 2 A consensus specification C is a function which maps a structured transition (g, ã, h) to a first-order interpretation (of the target state) over a suitable signature by evaluating the respective S-input states: Definition 11 For a structured transition (g, ã, h),

C^←(g, ã, h) := {g^′ | ∃b : b[g^′] ∈_‖ ã}

is the set of auxiliary states which have to be considered as results of component actions for determining M(h). 2 The definition shows that setting A (the set of labels of R) to the set of parallel decompositions of transitions encodes sufficient information into the Kripke frame: For every modeled transition g a→ h, C^← can be determined from ã. Then,

R yields exactly the structured transitions modeled by a Kripke structure. From

this, additional requirements on Kripke frames arise: Definition 12 A Kripke frame with elementary parallel changes is • complete, if for every R(g, ã, h) and b ∈ A_e with b ∈_‖ a, there is a h^′ s.t.

S(h^′, b, h), i.e., for every elementary component action, there is some state

which is queried as its result.

• consistent if for all g, h ∈ G, h^′ ∈ G_p, a, b ∈ A : (R(g, ã, h) ∧ S(h^′, b, h) ∧ b ∈_‖ a) ⇒ T(g, b, h^′), i.e., only states are evaluated as results of an action which actually arise from executing this action. 2 Now, for complete and consistent Kripke frames (and only those are reasonable), the target states of R can be axiomatized:

Theorem 3 The following consensus function C implements the specification of ‖ given in Definition 8:

C(g, ã, h) = M(g) ⊎^⋃_h0_∈C_{(g,ã,h)} M(h^′) ._2

In more detail, C(g, ã, h) = (C, U) is given as follows: Let f be an n-ary function symbol, p an m-ary predicate symbol and (g, ã, h) a structured transition. Then,

C(g, ã, h) = (C, U) where

(C(f))(u) = u ⇔

((M(g)(f))(u) = u ∧ ⊔({((M(h^′))(f))(u) | h^′ ∈ C^←(g, ã, h)} ∪ {u}) = u) ∨ ((M(g)(f))(u) = v ≠ u ∧ ⊔({((M(h^′))(f))(u) | h^′ ∈ C^←(g, ã, h)}) = u) (C(p))(u) = t ⇔

((M(g)(p))(u) = t ∧ ⊔({((M(h^′))(f))(u) | h^′ ∈ C^←(g, ã, h)} ∪ {t}) = t) ∨ ((M(g)(p))(u) = f ∧ ⊔({((M(h^′))(f))(u) | h^′ ∈ C^←(g, ã, h)}) = t)

Definition 13 A labeled Kripke structure with parallel changes is a model of a specification Spec_A and a consensus specification C, if its frame is complete and consistent, and for all g, h ∈ G and a ∈ A,

T(g, a, h) ⇒ a ∈ A e ∧ M(h) ∈ a^{part}(M(g)) , and R(g, ã, h) ⇒ M(h) = C(g, ã, h) ._2

Example 2 Imagine four fields, x_1, x_2 and y_1, y_2 and some boxes which can be positioned on them, and two nondeterministic actions a_1: if a ball lies on x_1, put it on y_1 or y_2, and similarly a_2 for x_2.

Let g be a state s.t. two identical boxes are positioned on x_1 and x_2, and y_1, y_2 are empty, and additional states as specified: State x_1 x_2 y_1 y_2 g B B ¬B ¬B g_1 ¬B u B u g_2 ¬B u u B g_3 u ¬B B u g_4 u ¬B u B h ¬B ¬B B B

Obviously, a_1(g) = {g_1, g_2}, a_2(g) = {g_3, g_4} and (a_1 ‖ a_2)(g) = {h}, which is reached by the structured transitions R(g, a_1[g_1] ‖ a_2[g_4], h) and R(g, a_1[g_2] ‖ a_2[g_3], h). Then,

C^←(g, a1[g1] ‖ a2[g4], h) = {g1, g4} and C^←(g, a1[g2] ‖ a2[g3], h) = {g2, g3}._2

Furthermore, if for every state and every elementary action there is at most one possible auxiliary state to be used as S-input, it is sufficient to set the set of labels A := A :

Definition 14 A Kripke frame with elementary parallel changes is unambiguous, if for every S(g, a, h) and S(g^′, a, h), g = g^′, i.e. for each component action there is at most one S-input. 2

Proposition 4 For an unambiguous frame, the set of (partial) states to be considered for establishing consensus can be determined by looking only at the accessibility relations:

C^←(g, ã, h) = C^←(g, a, h) := {h^′ | ∃b ∈ A e : b ∈_‖ a ∧ h^′ ∈ S^{–1}(b, h)} ⊂ I^p_2

Remark: By state-splitting, every Kripke frame can be made unambiguous by preserving all safety, guarantee, and fairness properties.

5 Hierarchical Kripke Structures: Complex Actions, Procedures

Until now, only relatively elementary computations can be performed atomically by single transitions. Thus, it is desirable to perform complex computations as atomic steps or to refine actions by more detailed actions. With respect to the Kripke structures developed in the preceding section, this means to compute the auxiliary states not only by application of single actions (via T), but also as results of complex computations.

The model-theoretic treatment of the hierarchical concept requires a structured state space: internal computations of complex actions have to be hidden from the superordinate computation. Parallel actions which have to be regarded as atomic see and work on different views of the world. Only when the subactions commit, their results are joined and become visible in the common successor state. This leads to a modular concept with hidden data. To allow a homogenous treatment of procedures and actions – which is also important for incorporating action-refinement –, updates raised by procedures have to be handled in the same way as updates resulting from elementary actions. Thus, besides the temporal aspect, also the hierarchical aspect has to be modeled by the accessibility relations.

Inherited and Derived “Knowledge”. In order to describe complex subcomputations – possibly consisting of several levels – , all states have to be total interpretations since also states on lower levels can be starting points for subcomputations. Thus, using partial interpretations as presented in the preceding section, fails. On the other hand, it must be possible to distinguish between facts which are derived in the current subcomputation, and facts which are inherited from the state where this subcomputation started. The problem is solved by introducing explicit “qualities” of facts into the model. The interpretation of predicate and function symbols is divided into knowledge which is derived in the current subcomputation and knowledge which is only known from the context. Definition 15 A triple I = (⟨I⟩_1, ⟨I⟩_2, U) is a 2-structure if

• ⟨I⟩1 := (⟨I⟩1, U) (the state “as is”) is a total first-order interpretation, and • ⟨I⟩2 := (⟨I⟩2, U) (procedure knowledge) is a partial first-order interpretation,

and ⟨I⟩_1 ⊇ ⟨I⟩_2 holds. 2 The 2-specification of actions can be obtained from their standard specification: the precondition queries the state as-is, its effect changes the procedure knowledge (and also the state as-is): Spec^2(a) := {((P, ∅), (∅, Q)) | (P, Q) ∈ Spec(a)}

(if read-access should be included into procedure knowledge, require dom(Q) ⊇ dom(P), this decision depends on the intended semantics).

Theorem 5 For a state I and an action a which are described by a 2-interpretation (⟨I⟩_1, ⟨I⟩_2, U) and a 2-specification Spec^2(a) = ((P, ∅), (∅, Q)), a(⟨I⟩_1, ⟨I⟩_2, U) = (⟨I⟩_1 ⊎ Q, ⟨I⟩_2 ⊎ Q, U)

is the 2-interpretation obtained by executing a in I.

Particularly, a(⟨I⟩_1, ∅, U) = (⟨J⟩_1, ⟨J⟩_2, U) where for the 1-specification of a, (⟨J⟩_1, U) = a(⟨I⟩_1, U) and (⟨J⟩_2, U) = a^{part}(⟨I⟩_1, U). 2 Proof: The projection on the total states is equivalent to Proposition 1:

⟨a(I)⟩1 = a(⟨I⟩1), and the derived knowledge is accumulated.

Definition 16 A hierarchical labeled Kripke structure is a tuple

K = (G, A, T, Q, R, S, M) (cf. Figure 2) where G is the set of states, A is a set of labels, R ⊆ G × A × G is the temporal successor relation, T ⊆ G × A e × G is the accessibility relation for elementary actions, Q ⊆ G × A p × G is the accessibility relation for procedure calls, S ⊆ G × (A p ∪ A e ) × G is the labeled return relation from states reached by

elementary actions or executions of procedures.

M : G → I× Ip maps states to 2-structures (i.e. ⟨M⟩1 : G → I, ⟨M⟩2 : G → Ip).

The tuple (G, A, T, Q, R, S) is a hierarchical Kripke frame. 2

· · · · · ·

· · · RTSTSQS

Fig. 2. Fragment of a Hierarchical Kripke Structure

Definition 17 Transitions are also hierarchically structured, i.e. the execution of a procedure is not represented by a single auxiliary state but by a sequence of states. Additionally to Definition 10, • if for some transition g a→ h, execution of a procedure p ∈ A_p s.t. p ∈_‖ a is modeled by a procedure call Q(g, p, g_0), several subsequent structured transitions R(g_i, ã_{i+1}, g_{i+1}) for 0 ≤ i < n, and a return S(g_n, p, h), then p[g_0, ã_1, g_1, . . . , ã_n, g_n] is the share of p of g a→ h.

• For a transition g a→ h s.t.

– a = p_1 ‖. . .‖p_n ‖ a_{n+1} ‖. . .‖a_m, p_1, . . . , p_n ∈ A_p , a_{n+1}, . . . , a_m ∈ A_e , – for every n < i ≤ m, a_i[g_i] is the share of a_i of g a→ h, and – for every 1 ≤ i ≤ n, p_i[g_{i,0}, ã_{i,1}, g_{i,1}, . . . , ã_{i,ki} , g_{i,ki} ] is the share of p_i of g a→ h, ã := (p_1[g_{1,0}, ã_{1,1}, g_{1,1}, . . . , ã_{1,k1} , g_{1,k1} ]‖. . .‖ p_n[g_{n,0}, ã_{n,1}, g_{n,1}, . . . , ã_{n,kn} , g_{n,kn} ] ‖ a_{n+1}[g_{n+1}] ‖ . . . ‖ a_m[g_m])

is the hierarchical decomposition of g a→ h. Also, (g, ã, h) is called the structured transition. 2

Similar to Section 4, setting A to the set of hierarchical decompositions of transitions encodes sufficient information into the Kripke frame.

Consistency requirements. Additional consistency requirements on the frame develop from the given procedure definitions: if some parallel components of a transition are procedures, they are described more detailed by the hierarchical structure. The share of a procedure of a transition has to be consistent with the procedure definition:

For relating actions regarded as atomic on some level of abstraction with their more detailed “implementation” on the next lower level, complex actions have to be decomposed into their component actions. In general, there is no unique decomposition. From the point of view of verification, stating properties of composite actions in any logic defines subproblems which have to be solved by subproofs. Those proofs are also based on the decompositions of actions. Definition 18 For an action a, [[a]] ⊂ A is the set of traces, i.e. the set of actions containing neither ∨,^ω, nor^⋆, which represent possible executions of a: • [[a(u_1, . . . , u_n)]] := a(u_1, . . . , u_n), • [[a ‖ b]] := {a^′ ‖ b^′ | a^′ ∈ [[a]] and b^′ ∈ [[b]]}, • [[a ∨ b]] := [[a]] ∪ [[b]], • [[a ⊗ b]] := {a^′ ⊗ b^′ | a^′ ∈ [[a]] and b^′ ∈ [[b]]}, • [[a^ω ]] := {a_1 ⊗ a_2 ⊗ . . . ⊗ a_n | n ∈ IN and a_i ∈ [[a]]}, • [[a^⋆]] := {a_1 ⊗ a_2 ⊗ . . . ⊗ a_n ⊗ a^⊥ | n ∈ IN and a_i ∈ [[a]]},

where a^⊥ is the action which is executable iff a is not executable and which does not make any changes on the data.

• For a procedure definition p := a, [[p]] := {p[a^′] | a^′ ∈ [[a]]}. In this definition, the procedure name is included since it is used when describing the semantics on different abstraction levels. 2

Proposition 6 [[ ]] is the “inverse” to the ∨-operator on actions: For every action a and state I, a ≡ ⋁ {b | b∈[[a]]}

b , i.e. a(I) = ⋃ {b | b∈[[a]]}

b(I) ._2

The shares and decompositions have to agree with the respective definitions of procedures:

Definition 19 The share p[g_0, a_1[. . . ], g_1, . . . , a_n[. . . ], g_n] of a procedure p of a transition is consistent with the definition of p iff p[a_1 ⊗ . . . ⊗ a_n] ∈ [[p]]. 2 Extending Definitions 12 and 14, the consistency of hierarchical Kripke frames is defined as follows (the definitions of completeness and unambiguity are retained): Definition 20 A hierarchical Kripke frame is consistent iff for all g, h, h^′ ∈ G, a, b ∈ A: • R(g, ã, h) ∧ S(h^′, b, h) ∧ b ∈_‖ a ⇒ ((b ∈ A_e ⇒ T(g, b, h^′)) ∧ (b ∈ A_p ⇒ ∃g^′ : Q(g, b, g^′) ∧ R^∗(g^′, h^′))) , i.e. only states are evaluated as results of an action if they actually arise from executing this elementary action or procedure, and • all shares of procedures are consistent. 2

Proposition 7 • For a structured transition R(g, ã, h), where for each b ∈_‖ a, b[. . . , g_b] is the share of b of this transition,

C^←(g, ã, h) = {gb | b ∈_‖ a} .

• If a hierarchical Kripke frame is unambiguous,

C^←(g, ã, h) = C^←(g, a, h) := {h^′ | ∃b ∈ A e ∪ A p : b ∈_‖ a ∧ h^′ ∈ S^{–1}(b, h)} . 2 Additionally to the interpretation Spec_A of the action algebra A , the semantics of procedure calls and the processing of their results have to be specified. A procedure call consists of copying the current state as is to the initial state for executing the procedure. When starting the execution of a procedure, there is no procedure knowledge. For the computation of the target state of a transition, the consensus function is adapted to 2-interpretations and procedures: Theorem 8 The following 2-consensus function implements the specification of ‖ given in Definition 8:

⟨C⟩2(g, ã, h) = ⟨M⟩2(g) ⊎^⋃_h0_∈C_{(g,ã,h)}⟨M⟩2(h^′) , ⟨C⟩1(g, ã, h) = ⟨M⟩1(g) ⊎ ⟨C⟩2(g, ã, h). Assume ⟨M⟩_1(g) to be consistent. Then, for all h s.t. there are g, ã with R(g, ã, h),

⟨C⟩1(g, ã, h) is total and consistent iff^⋃_h0_∈C_{(g,ã,h)}⟨M⟩2(h^′) is consistent, i.e.

there are no contradicting results of procedures or actions. 2 Definition 21 A hierarchical Kripke structure with constant universe U is a model of a 2-specification Spec_A and a 2-consensus function C if for all g, h ∈ G and a ∈ A , R(g, ã, h) ⇒ M(h) = C(g, ã, h) T(g, a, h), a ∈ A e ⇒ M(h) = a(⟨M(g)⟩1, ∅, U) Q(g, a, h), a ∈ A p ⇒ M(h) = (⟨M(g)⟩1, ∅, U) ._2 This directly leads to an extension of T to procedures: T^′ : G × A_p × G is defined as an equivalent to T : G × A_e × G for procedures:

T^′ = {(g, p, h^′) | p ∈ A p , (g, p, h0) ∈ Q and there are a1, h1, . . . , an, hn = h^′ with

(h_{i–1}, a_i[. . . ], h_i) ∈ R and p[a_1 ⊗ . . . ⊗ a_n] ∈ [[p]]}. Proposition 9 For every g, h^′ ∈ G, p ∈ A_p , T^′(g, p, h^′) ⇒ M(h^′) = p(⟨M(g)⟩_1, ∅, U) . 2 For 2-structures, a sound and complete set of axioms can be given, based on the idea of inheritance of knowledge:

Let φ be a function or predicate application, i.e. of the form f(u_1, . . . , u_n) or p(u_1, . . . , u_n) for n-ary f ∈ Σ resp. p ∈ Σ. R(g, , h) , ⟨M(g)⟩1 ⊢ φ ⟨M(h)⟩1 |∼ φ R(g, , h) , ⟨M(g)⟩2 ⊢ φ ⟨M(h)⟩2 |∼ φ Q(g, , h) , ⟨M(g)⟩1 ⊢ φ ⟨M(h)⟩1 |∼ φ T(g, , h) , ⟨M(g)⟩1 ⊢ φ ⟨M(h)⟩1 |∼ φ T(g, a, h) , Spec(a), M(g) ⊢ φ ⟨M(h)⟩_2 ⊢ φ

S(g, , a, h) , a ∈ Ae , ⟨M(g)⟩2 ⊢ φ ⟨M(h)⟩2 ⊢ φ ⟨M(g)⟩2 |∼ φ , not ⟨M(g)⟩2 ⊢ ¬φ ⟨M(g)⟩2 ⊢ φ ⟨M(g)⟩2 ⊢ φ ⟨M(g)⟩1 ⊢ φ^⟨ M(g)⟩1 |∼ φ , not ⟨M(g)⟩1 ⊢ ¬φ ⟨M(g)⟩1 ⊢ φ In the initial state E, ⟨E⟩_1 is a total first-order interpretation.

Since procedure knowledge is obtained by actions, it is an important decision, which data should be regarded as procedure knowledge: in the above axiom system, only the data written by an action make up procedure knowledge. Alternatively, one could regard all data read or written by an action as procedure knowledge, i.e., requiring Q ⊇ P for every 2-specification ((P, ∅), (∅, Q)).

6 Example

Assume a company with a very competitive internal policy: employees get bonuses for good work; if an employee gets a bonus and stays in the same team, his manager also gets the same bonus since he seems to be a good manager. Employees can be transferred to another team in the company. An internal rule of the company is, that every manager should have at least $1000 more than each of his subordinates. If this condition is not satisfied in some team by the manager mgr and some employee emp, obviously emp did not reach this salary by a bonus internal to the team, but came from outside the team. Thus, the manager did not educate his team-members well to fit the demands of this position. In this case, the manager is degraded to an ordinary team member with the same salary as emp, and the team is directly subordinated to the next higher manager (until a new team manager is employed). If there is a position to be filled, and there is no employee of the same team capable of doing this, some external candidate has to be employed.

The following elementary actions are given by 2-specifications: employ(emp, team, sal) : {(({¬isEmp(emp)}, ∅)(∅, {isEmp(emp), team(emp) = team, sal(emp) = sal}))}, award(emp, amt):{(({sal(emp)=Sal, ¬pres(emp)}, ∅), (∅, {sal(emp)=Sal+amt}))}, awardP(emp, amt):{(({sal(emp)=Sal, pres(emp)}, ∅), (∅, {sal(emp)=Sal+amt}))}, transfer(emp, team^′, sal^′) : {(({isEmp(emp)}, ∅), (∅, {team(emp) = team^′, sal(emp) = sal^′}))}, check(emp) : {(({team(emp) = T eam, sal(emp) = Sal, mgr(T eam) = Mgr, sal(Mgr) = Sal^′, team(Mgr) = T eam^′, mgr(T eam^′) = Mgr^′, Sal^′ < Sal+1000}, ∅), (∅, {team(Mgr) = T eam, mgr(T eam) = Mgr^′, sal(Mgr) = Sal})), (({team(Emp) = T eam, sal(Emp) = Sal, mgr(T eam) = Mgr, sal(Mgr) = Sal^′, team(Mgr) = T eam^′, mgr(T eam^′) = Mgr^′, Sal^′ ≥ Sal+1000}, ∅), (∅, ∅))}. Now, there are some interactional dependencies, corresponding to atomic execution of a sequence of actions:

• if someone gets a bonus and stays within the same team, his manager has to get a bonus before he is probably degraded (both actions can be applicable). This corresponds to having a state which is not visible at the upper level.

• if someone is newly employed or changes the team, perhaps his new manager must be degraded. Here, the second action enforces an external consistency condition. In databases, this is normally enforced by triggers, which seem to be a natural application area for this concept.

Thus, there are the following procedures:

reward(emp) := (award(emp, amt)⊗reward(mgr(team(emp))))∨awardP(emp, amt), hire(emp, team, sal) := employ(emp, team, sal) ⊗ check(emp), and move(emp, team, sal) := transfer(emp, team, sal) ⊗ check(emp). Employee Salary Team MgrOf John 2000 I Paul 2000 I George 2000 I Ringo 2000 II Frank 3200 III I Mike 3200 III II Bob 4500 Pres. III

Consider the state I as given in the table on the left. In the following, names are abbreviated by their initials, and a short notation for facts is employed. Parallel execution of move(P,II,2300) and reward(J,500) in state I leads to the state space shown in Figure 3 (for every state, only the procedure knowledge is given).

; P: $2300; II

M: $2300; II mgr(II)=B

P: $2300; II M: $2300; II mgr(II)=B

(I; ;)^{P: $2300; II}M: $2300; II_{mgr(II)=B}^{J: $2500}F: $3700_{B: $5000}

; J: $2500;

J: $2500 F: $3700 B: $5000

; F: $3700 F: $3700B: $5000

; B: $5000

Rmove(P,II,2300)kreward(J,500)

Qmove(P,II,2300)

R; Ttransfer(P,II,2300)

Tcheck(P)

Rcheck(P)

Scheck(P)

Smove(P,II,2300)

Qreward(J,500)

R; Taward(J,500)

Rreward(F,500)

Qreward(F,500)

R; Taward(F,500)

Rreward(B,500)

Qreward(B,500)

R; TawardP(B,500)

Sreward(B,500)

Sreward(F,500)

Sreward(J,500)

Fig. 3. Example State Space

7 Concluding Remarks

The hierarchical state space with different qualities of knowledge allows a flexible treatment of several interesting features of processes. It also provides a model theoretic base for reasoning about hierarchical transaction concepts. • Safety conditions on processes can be stated for different levels of abstraction:

While a subprocess is running, those conditions can be temporarily violated. • Checking the admissibility of changes and blocking inadmissible ones: for any fact p(x̄) that should be guaranteed, derive it in some subprocess.

• Hypothetical updates: if import and export declarations are added, every subprocess can work on infomation which is imported but not exported without having any effect to the calling process. By this it can create a hypothetical scenario, check the outcome and report the consequences. This can be used to evaluate several alternatives in parallel.

The model is also suitable for verifying action refinements wrt. abstract specifications and proving correctness properties of complex systems. Acknowledgements.

The author thanks Georg Lausen and Bertram Ludäscher for many fruitful discussions and their help with improving the presentation of this paper.

References

[AH93] L. Aceto and M. Hennessy. Towards Action-Refinement in Process Algebras.

Information and Computation, 103, 1993.

[AH96] R. Alur and T. Henzinger. Reactive Modules. In Proc. 11th Symp. on Logic in Computer Science (LICS), 1996.

[BHK90] J. Bergstra, J. Heering, and P. Klint. Module Algebra. Journal of the ACM, 37(2):335–372, 1990.

[BK94] A. J. Bonner and M. Kifer. An Overview of Transaction Logic. Theoretical Computer Science, 133(2):205–265, 1994.

[DG91] P. Degano and R. Gorrieri. Atomic refinement in Process Description languages. In 16th Symp. on Mathematical Foundations of Computer Science, Springer LNCS 520, pp. 121-130, 1991.

[DG95] P. Degano and R. Gorrieri. A Causal Operational Semantics of Action Refinement. Information and Computation, 122(1):97–119, 1995.

[Har79] D. Harel. First-Order Dynamic Logic, Springer LNCS 68, 1979. [HM85] M. Hennessy and R. Milner. Algebraic Laws for Non-determinism and Concurrency. Journal of the ACM, 32:137–161, 1985.

[LML96] B. Ludäscher, W. May, and G. Lausen. Nested Transactions in a Logical Language for Active Rules. In Proc. Intl. Workshop on Logic in Databases (LID), San Miniato, Italy, Springer LNCS 1154, pp. 197-222, 1996.

[May97] W. May. Specifying Complex and Structured Systems with Evolving Algebras. In Proc. TAPSOFT’97, To appear in Springer LNCS Series, 1997.

[MH69] J. McCarthy and P. Hayes. Some Philosophical Problems from the Standpoint of Artificial Intelligence. In B. Meltzer and D. Michie, editors, Machine Intelligence 4, pages 463–502. Edinburgh University Press, 1969.