149Appendix D: Proofs of Progress Meta-PropertiesIn this appendix we include the details of the proofs of the meta-properties of the basic progressproperties. In cases where the proof is straightforward or essentially the same as another proof,we omit the details of the proof, indicating only the major steps of the proof.D.1 AccessibilityAC ” "x : N � "i : N � "a : F � s{i}(in)

|= xa � s{i}

|=

x“aD.1.1 ReflexivityThe behaviour of the component without self-feedback satisfies accessibility.sat(Ci, AC)= "x : N � "i : N � "a : F �(s{i}(in)

|=

xa � s{i}

x“a)Assume that all inputs are received from the environment.= "x : N � "i : N� "a : F �(s(E;i)(in)

|=

xa � s{i}

x“a)Assume that component i has one input channel. Let the connection (environs fi in i) bereplaced by (outi fi ini).= "x : N � "a : F � (s(i;i)(in)

|=

xa � s{i}

x“a)This implies that the component will continue to satisfy accessbility if the inputs are receivedfrom the component via self-feedback. This is based on the assumption that any input receivedfrom the environment will be accepted, regardless of the state of the component. Therefore sincethe state of the component does not affect the accessibility of the component, it does not matterthat possible environment events may become not possible on self-feedback.If the accessibility of the component is dependent on the state of the component, andtherefore also on particular inputs and sequences of inputs possible from the environment, wemust ensure that these events remain possible when the component has self-feedback. If theconnection of the component with self-feedback does not remove all possible environment inputchannels, then the environment will continue to be able to ensure accessibility at the component.If all environment connections are removed then we must ensure that the output of thecomponent will be able to act in a manner similar to the environment to ensure accessibility.@ sat(CRi, AC)Assume that component i has more than one input channel. Let at least one connection (environsfi ini) be replaced by (outi fi ini).= "x : N � F� (s(i;i)(in)

|=

xa � s(E;i)(in) xa � s{i}

x“a)@ sat(CRi, AC)Assume that inputs may be received from the environment or from interconnected components.= "x : N � "i : N � "a : F �(s(N+E;i)(in)

|=

xa � s{i}

x“a)@ sat(CRi, AC)

150D.1.2 Transitivity

Product Compositionsat(&P(Ci,Cj), AC) � sat(&P(Cj,Ck),AC)= "x : N � "a : F � (s(E;i)(in)

|=

xa � s{i}

|=

x“a) � (s(E;j)(in)

xa � s{j}

|=

x“a) � (s(E;j)(in)

xa � s{i}

|=

x“a) � (s(E;k)(in)

xa � s{j}

|=

x“a)If all behaviours are state-independent, then there are no inputs required to ensure accessibilityby returning component to an accessible-state. Thus the transitivity of accessibility follows. = sat(&P(Ci,Ck),AC)If there are state-dependent behaviours, then there are possible inputs for which the componentcannot satisfy accessibility unless a related input is received to restore the state of the componentto an accessible-state. Thus we must ensure that all such access-restoring inputs are still possiblefrom the environment of the composition of i˚and k.@ sat(&P(Ci,Ck),AC)

Cascade Compositionsat(&C(Ci,Cj), AC) � sat(&C(Cj,Ck),AC)= "x : N � "a : F � (s(E;i)(in)

xa � s{i}

x“a) � (s(i+E;j)(in)

xa � s{j}

|=

x“a) � (s(E;j)(in)

xa � s{i}

|=

x“a) � (s(j+E;k)(in)

xa � s{j}

|=

x“a)Let all occurrences of (outi fi inj) be replaced by (outi fi ink), and (outj fi ink) be replaced by(outj fi environs). = "x : N � "a : F � (s(E;i)(in)

|=

xa � s{i}

x“a) � (s(E;j)(in)

xa � s{j}

x“a) � (s(E;j)(in)

|=

xa � s{i}

x“a) � (s(i+E;k)(in)

xa � s{j}

x“a)If all behaviours are state-independent, then there are no inputs required from component j toensure accessibility of component k. Thus the transitivity of accessibility follows.= "x : N � "a : F � (s(E;i)(in)

|=

xa � s{i}

x“a) � (s(i+E;k)(in)

xa � s{j}

x“a)� sat(&C(Ci,Ck),AC)If there are state-dependent behaviours at component k and the required inputs are received fromcomponent j, then we must ensure that all such access-restoring inputs are still possible from theenvironment of the composition of i˚and k or as outputs from component i.@ sat(&C(Ci,Ck),AC)

Feedback Compositionsat(&F(Ci,Cj), AC) � sat(&F(Cj,Ck),AC)= "x : N � "a : F � (s(j+E;i)(in)

xa � s{i}

x“a) � (s(i+E;j)(in)

x“a) � (s(k+E;j)(in)

|=

xa � s{i}

x“a) � (s(j+E;k)(in)

xa � s{j}

x“a)

151Let all occurrences of (outi fi inj) be replaced by (outi fi ink), (outj fi ink) be replaced by (outjfi environs), and (outk fi inj) be replaced by (outk fi ini), and (outj fi ini) be replaced by (outjfi environs).= "x : N � "a : F � (s(k+E;i)(in)

|=

xa � s{i}

x“a) � (s(E;j)(in)

xa � s{j}

|=

x“a) � (s(E;j)(in)

xa � s{i}

x“a) � (s(i+E;k)(in)

|=

xa � s{j}

x“a)If all behaviours are state-independent, then there are no inputs required from component j toensure accessibility of component i˚or k. Thus the transitivity of accessibility follows.= "x : N � "a : F � (s(k+E;i)(in)

|=

xa � s{i}

x“a) � (s(i+E;k)(in)

xa � s{j}

x“a)= ˚sat(&F(Ci,Ck),AC)If there are state-dependent behaviours at component i˚or k and the required inputs are receivedfrom component j, then we must ensure that all such access-restoring inputs are still possiblefrom the environment of the composition of i˚and k or as outputs from component k or i.@ sat(&F(Ci,Ck),AC)D.1.3 Symmetry

Product Compositionsat(&P(Ci,Cj), AC)= "x : N � "a : F � (s(E;i)(in)

|=

xa � s{i}

x“a) � (s(E;j)(in)

xa � s{j}

x“a)= sat(&P(Cj,Ci), AC)

Cascade Compositionsat(&C(Ci,Cj), AC)= "x : N � "a : F � (s(E;i)(in)

|=

xa � s{i}

x“a) � (s(i+E;j)(in)

xa � s{j}

x“a)Let all occurrences of (outi fi inj) be replaced by (outi fi environs), and at least one occurrenceof (outj fi environs) be replaced by (outj fi ini). = "x : N � ""a : F� (s(j+E;i)(in)

|=

xa � s{i}

x“a) � (s(E;j)(in)

xa � s{j}

|=

x“a)If all behaviours are state-independent, then there are no inputs required from component i or theenvironment to ensure accessibility of component j, or from the environment to ensure theaccessibility of component i. Thus the transitivity of accessibility follows.� sat(&C(Cj,Ci), AC)If there are state-dependent behaviours at component j and the required inputs are received fromcomponent i, then we must ensure that all such access-restoring inputs are still possible from theenvironment of the composition of i˚and j. We must also ensure that any access-restoring inputsrequired by component i˚still be possible inputs, either from the environment or from componentj.@ sat(&C(Cj,Ci), AC)

152D.1.4 Closuresat(Ci, AC) � sat(Cj, AC)= {"x : N � "i : N � "a : F � (s{i}(in)

|=

xa � s{i}

x“a) } � {"x : N �"j : {j} � "a : F �(s{j}(in)

|=

xa � s{j}

x“a) }= "x : N � "i : N� "a : F � (s{i}(in)

|=

xa � s{i}

x“a) � (s{j}(in)

xa � s{j}

|=

x“a)

Product CompositionAs long as any access-restoring events from the environment remain possible in the compositeenvironment, then closure follows.= sat(&P(Ci,Cj), AC)

Cascade CompositionLet at least one occurrence of (outi fi environs) be replaced by (outi fi inj).= "x : N � "a : F � (s(E;i)(in)

xa � s{i}

x“a) � (s(i+E;j)(in)

xa � s{j}

x“a)If all behaviours are state-independent, then there are no inputs required from the environment toensure accessibility of component i or j. Thus the closure of accessibility follows.= ˚sat(&C(Ci,Cj), AC)If there are state-dependent behaviours at component j and the required inputs are received fromthe environment, then we must ensure that all such access-restoring inputs are still possible fromthe environment of the composition of i˚and j or from component i. We must also ensure thatany access-restoring inputs required by component i˚still be possible inputs, within the compositeenvironment.@ sat(&C(Cj,Ci), AC)

Feedback CompositionLet at least one occurrence of (outi fi environs) be replaced by (outi fi inj) and (outj fienvirons) be replaced by (outj fi ini).= "x : N � "a : F � (s(j+E;i)(in)

xa � s{i}

|=

x“a) � (s(i+E;j)(in)

xa � s{j}

|=

x“a)If all behaviours are state-independent, then there are no inputs required from the environment toensure accessibility of component i or j. Thus the closure of accessibility follows.= sat(&F(Ci,Cj), AC)If there are state-dependent behaviours at either component, and the required inputs are receivedfrom the environment, then we must ensure that all such access-restoring inputs are still possiblefrom the environment of the composition of i˚and j or from the interconnected component.@ sat(&F(Ci,Cj), AC)Those behaviours that do not rely on a certain ordering of input events to satisfyaccessibility at a component exhibit reflexivity, transitivity, symmetry and closure and willcontinue to satisfy accessibility on composition with product, cascade and feedback structures.Those behaviours that do rely on a given order of input events may or may not exhibitreflexivity, transitivity, symmetry and closure. This will depend on the composite structure andthe specific details and dependencies of the component in question.

153D.2 TerminationTR ” "x : N � "i : N � "a : F � s{i}

|=

xa � s{i}

x“�aD.2.1 Reflexivitysat(Ci, AC)= "x : N � "i : N � "a : F �(s{i}

|=

xa � s{i}

x“�a)Let at least one connection (environs fi ini) be replaced by (outi fi ini).= "x : N � "i : N� "a : F �(s{i}

|=

xa � s{i}

x“�a)Every process that is "self-terminating," that is, does not require a certain input to be received inorder to terminate, will continue to self-terminate under a self-feedback connection.= sat(CRi, AC)If termination requires a terminating-input, then we cannot guarantee that such an input will beavailable under self-feedback: termination will depend on required input being sent by anothercomponent or environment and will depend on component’s ability to receive event(accessibility).@ sat(CRi, AC)D.2.2 Transitivity

Product Compositionsat(&P(Ci,Cj), AC) � sat(&P(Cj,Ck),AC)= "x : N � "a : F � (s{i}

xa � s{i}

x“�a)� (s{j}

xa � s{j}

|=

x“�a) � (s{j}

xa � s{j}

x“�a)� (s{k}

xa � s{k}

|=

x“�a)� "x : N �"i : {i,k} � "a :F � (s{i}

xa � s{i}

|=

x“�a)� (s{k}

xa � s{k}

x“�a)If every process is "self-terminating," then termination will exhibit transitivity. If there are non-self-terminating processes that rely on events that are possible from the composite environmentof components i˚and k, then termination will exhibit transitivity.= sat(&P(Ci,Ck),AC)I f t e r m i n a t i o n r e q u i r e s a t e r m i n a t i n g - i n p u t t h a t m a y n o t b e p o s s i b l e f r o m t h e c o m p o s i t e environment, then we cannot guarantee that such an input will be available under self-feedback.@ sat(&P(Ci,Ck),AC)

Cascade Compositionsat(&C(Ci,Cj), AC) � sat(&C(Cj,Ck),AC)As with product composition, if processes continue to terminate,= sat(&C(Ci,Ck),AC)If termination requires a terminating-input, then we cannot guarantee that such an input will beavailable under the cascade composition of components i˚and k.@ sat(&C(Ci,Ck),AC)

154Feedback Compositionsat(&F(Ci,Cj), AC) � sat(&F(Cj,Ck),AC)As with product composition, if processes continue to terminate,= sat(&F(Ci,Ck),AC)If termination requires a terminating-input, then we cannot guarantee that such an input will beavailable under the cascade composition of components i˚and k.@˚sat(&F(Ci,Ck),AC)D.2.3 Symmetry

Product Compositionsat(&P(Ci,Cj), AC)As with accessibility= "x : N � "a : F �(s{i}

|=

xa � s{i}

|=

x“�a))� (s{j}

xa � s{j}

|=

x“�a)= sat(&P(Cj,Ci), AC)

Cascade Compositionsat(&C(Ci,Cj), AC)If every process is "self-terminating," then termination will exhibit transitivity. If there are non-self-terminating processes that rely on events that are possible from the composite environmentof components i˚and j, then termination will exhibit transitivity.= sat(&C(Ci,Cj), AC)If termination requires a terminating-input that may not be possible from the component’s meta-environment, then we cannot guarantee that such an input will be available under the symmetriccascade composition.@˚sat(&C(Cj,Ci), AC)D.2.4 Closuresat(Ci, AC) � sat(Cj, AC)= "x : N � "i : N � "a : F � (s{i}

|=

xa � s{i}

x“�a)� (s{j}

xa � s{j}

|=

x“�a)

Product CompositionIf all processes are self-terminating, or all terminating-inputs are possible from compositeenvironment, then product composition is closed.= sat(&P(Ci,Cj), AC)Otherwise,@ sat(&P(Ci,Cj), AC)

Cascade CompositionIf all processes are self-terminating, or all terminating-inputs remain possible events incomponent’e meta-environment, the cascade composition is closed.= sat(&C(Ci,Cj), AC)Otherwise,@ sat(&C(Ci,Cj), AC)

155Feedback CompositionIf all processes are self-terminating, or all terminating-inputs remain posisble events incomponent’s meta-environment, then feedback composition is closed.= sat(&F(Ci,Cj), AC)Otherwise,@ sat(&F(Ci,Cj), AC)D.3 Eventual ProgressEP ” "x : N � "i : N� "a : F � $c : F � s{i}

|=

x“a � s{i}

x“cD.3.1 Reflexivitysat(Ci, AC)= "x : N � "i : N � "a : F � $c :F�(s{i}

|=

x“a � s{i}

x“c)Let at least one occurrence of (environs fi ini) be replaced by (outi fi ini).= "x : N � "a : F �$c :F�(s{i}

|=

x“a � s{i}

x“c)As with termination, the reflexivity of eventual progress depends on the possible inputs thatremain possible or are rendered impossible by the reflexive connection. If an input is possible,then eventual progress will be satisfied as long as all possible inputs remain possible. Thisrequirement ensures that all processes will terminate, allowing eventual progress. If the reflexivecomposition is such that no inputs to the component are possible, then it is academic whethereventual progress is satisfied as it has no opportunity to be satisfied.= sat(CRi, AC)D.3.2 TransitivityTransitivity of eventual progress for product, cascade, and feedback composite system followsusing the same arguments as with termination.

Product Compositionsat(&P(Ci,Cj), AC) � sat(&P(Cj,Ck),AC)@ sat(&P(Ci,Ck),AC)

Cascade Compositionsat(&C(Ci,Cj), AC) � sat(&C(Cj,Ck),AC)@ ˚sat(&C(Ci,Ck),AC)

Feedback Compositionsat(&F(Ci,Cj), AC) � sat(&F(Cj,Ck),AC)@ ˚sat(&F(Ci,Ck),AC)D.3.3 SymmetrySymmetry of product, cascade, and feedback compositions follows as with termination.

Product Compositionsat(&P(Ci,Cj), AC)= sat(&P(Cj,Ci), AC)

156Cascade Compositionsat(&C(Ci,Cj), AC)@ ˚sat(&C(Cj,Ci), AC)D.3.4 Closuresat(Ci, AC) � sat(Cj, AC)= "x : N � "a : F � $c : F � (s{i}

|=

x“a � s{i}

x“c) � (s{j}

x“a � s{j}

|=

x“c)Closure of eventual progress follows as with termination.

Product Composition@ sat(&P(Ci,Cj), AC)

Cascade Composition@ sat(&C(Ci,Cj), AC)

Feedback Composition@ sat(&F(Ci,Cj), AC)D.4 Eventual OutputEO ” "x : N � "i : N� "a : F � $b : F �s{i}

xa � s{i}(out)

|=

x“bD.4.1 Reflexivitysat(Ci, AC)= "x : N � "i : {i,j} � "a : F � $b : F�s{i}

|=

xa � s{i}(out)

x“bReflexivity of eventual output follows as with termination and eventual progress.@ sat(CRi, AC)D.4.2 Transitivity

Product Compositionsat(&P(Ci,Cj), AC) � sat(&P(Cj,Ck),AC)= "x : N � "a : F � $b : F � (s{i}

xa � s(i;E)(out)

|=

x“b) � (s{j}

xa � s(j;E)(out)

x“b) � (s{j}

xa � s(j;E)(out)

x“b) � (s{k}

xa � s(k;E)(out)

|=

x“b)As with termination and eventual progress, if all possible inputs remain possible in compositeenvironment, then transitivity of eventual output follows.� "x : N � "a :F �$b : F � (s{i}

|=

xa � s(i;E)(out)

x“b) � (s{k}

xa � s(k;E)(out)

|=

x“b)� sat(&P(Ci,Ck),AC)Otherwise,@ sat(&P(Ci,Ck),AC)

157Cascade Compositionsat(&C(Ci,Cj), AC) � sat(&C(Cj,Ck),AC)= "x : N � "a : F � $b : F � (s{i}

|=

xa � s(i;j+E)(out)

x“b) � (s{j}

|=

xa � s(j;E)(out)

x“b) � (s{j}

|=

xa � s(j;k+E)(out)

x“b) � (s{k}

xa � s(k;E)(out)

|=

x“b)As with termination and eventual progress,@˚sat(&C(Ci,Ck),AC)

Feedback Compositionsat(&F(Ci,Cj), AC) � sat(&F(Cj,Ck),AC)As with termination and eventual progress,@ sat(&F(Ci,Ck),AC)D.4.3 Symmetry

Product Compositionsat(&P(Ci,Cj), AC)As with termination and eventual progress,= sat(&P(Cj,Ci), AC)

Cascade Compositionsat(&C(Ci,Cj), AC)As with termination and eventual progress,@ sat(&C(Cj,Ci), AC)D.4.4 Closuresat(Ci, AC) � sat(Cj, AC)= "x : N � "i : {i} � "j : {j} � "a : F � $b : F � (s{i}

|=

xa � s{i}(out)

x“b) � (s{j}

|=

xa � s{j}(out)

x“b)

Product CompositionAs with termination and eventual progress,@ sat(&P(Ci,Cj), AC)

Cascade CompositionAs with termination and eventual progress,@ sat(&C(Ci,Cj), AC)

Feedback CompositionAs with termination and eventual progress,@ sat(&F(Ci,Cj), AC)

158D.5 FaithfulnessFT ” "x:N � "i:N � "a:F(i(in)) � $b:F(i(out)) �(i(a;b) � s{i}(in)

|=

xa) � s{i}(out)

x“bGiven that i(a;b) and s{i}(in)

|=

xa"x:N �"i:N �"a:F(i(in)) �$b:F(i(out))� i(a;b) � s{i}(in)

|=

xaBy Accessibility= "x:N � "i:N �"a:F(i(in)) � $b:F(i(out)) � i(a;b) � s{i}(in)

|=

x a � s{i}

x “aBy Eventual Output= "x:N � "i:N �"a:F(i(in)) � $b:F(i(out)) � i(a;b) � s{i}(in)

|=

x a � s{i}

x “a � s{i}(out)

x ““b= "x:N �"i:N �"a:F(i(in))� $b:F(i(out)) � i(a;b) � s{i}(in)

|=

x a � s{i}(out)

x ““b= FaithfulnessBy definition, faithfulness will also imply eventual progress and termination for those behavioursthat are input-state independent. If these properties are not satisfied by all possible behaviours,we cannot guarantee faithfulness because we cannot guarantee that every input a to a componenti˚such that i(a;b) will eventually produce an output b. Thus if accessibility, eventual output,eventual progress, and termination exhibit a given meta-property, then so will faithfulness.D.5.1 Reflexivitysat(Ci, FT)= "x:N � "i:N � "a:F(i(in)) � $b:F(i(out)) � (i(a;b) � s{i}(in)

|=

xa) � s{i}(out)

x“bIf AC, EO, EP and TR exhibit reflexivity� sat(CRi, FT)D.5.2 TransitivityIf AC, EO, EP and TR exhibit transitivity for a given composite structure then so willfaithfulness.D.5.3 SymmetryIf AC, EO, EP and TR exhibit symmetry for a given composite structure then so willfaithfulness.D.5.4 ClosureIf AC, EO, EP and TR exhibit closure for a given composite structure then so will faithfulness.

159D.6 ProvenancePV ” "x : N � "i : N � " A : Fma{F} � s{i}(in)

|=

x “A � s(N+E;i)(out)

xAD.6.1 Reflexivitysat(Ci, PV)= "x : N � "i : N � " A : Fma{F} � s{i}(in)

|=

x “A � s(N+E;i)(out)

xAIf connections are correct, then reflexivity of provenance follows,= sat(CRi, PV)D.6.2 TransitivityIf connections are correct, then transivity of provenance for product, cascade and feedbackcomposition follows because the replacement of one known source by another known sourcedoes not violate the provenance of the events in the system.D.6.3 SymmetryIf connections are correct, then symmetry of provenance for product, cascade and feedbackcomposition follows because the replacement of one known source by another known sourcedoes not violate the provenance of the events in the system.D.6.4 ClosureIf connections are correct, then closure of provenance for product, cascade and feedbackcomposition follows because the replacement of one known source (the environment) by anotherknown source (a known component) does not violate the provenance of the events in the system.D.7 UtilityUT ” "x : N � "i : N � " A : Fma{F} � s(N+E;i)(out)

|=

xA � s{i}(in)

x“AD.7.1 Reflexivitysat(Ci, UT)= "x : N � "i : N � " A : Fma{F} � s(N+E;i)(out)

|=

xA � s{i}(in)

x“AIf connections are correct, then reflexivity of utility follows,= sat(CRi, UT)D.7.2 TransitivityIf connections are correct, then transitivity of utility for product, cascade and feedbackcomposition follows because the replacement of one known source by another known sourcedoes not violate the utility the system.D.7.3 SymmetryIf connections are correct, then symmetry of utility for product, cascade and feedbackcomposition follows because the replacement of one known source by another known sourcedoes not violate the utility of the system.D.7.4 ClosureIf connections are correct, then closure of utility for product, cascade and feedback compositionfollows because the replacement of one known source by another known source does not violatethe utility of the system.