1AN APPLICATION OF PETRI NET REDUCTION FOR ADA TASKINGDEADLOCK ANALYSIS S. M. Shatz, Senior Member, IEEE, S. Tu, Member, IEEE,T. Murata, Fellow, IEEE, and S. DuriConcurrent Software Systems LaboratoryDepartment of Electrical Engineering and Computer ScienceUniversity of Illinois at ChicagoChicago, Illinois 60607ABSTRACTAs part of our continuing research on using Petri nets to support automated analysisof Ada tasking behavior, we have investigated the application of Petri net reduction for deadlockanalysis. Although reachability analysis is an important method to detect deadlocks, it is ingeneral inefficient or even intractable. Net reduction can aid the analysis by reducing the size ofthe net while preserving relevant properties. We introduce a number of reduction rules and showhow they can be applied to Ada nets, which are automatically generated Petri net models of Adatasking. We define a reduction process and a method by which a useful description of a detecteddeadlock state can be obtained from the reduced net’s information. A reduction tool andexperimental results from applying the reduction process are discussed.1. INTRODUCTIONOne major difficulty that faces developers of concurrent and distributed software is analysis for concurrency-based faults like deadlocks. Techniques for such analysis are generally limited in their applicability due to the highcomplexity of most interesting analysis problems. For example, Reif and Smolka [1] prove some undecidable andNP-completeness results for reachability problems of various models of communicating processes. Rauchle andToueg [2] provide a PSPACE-hardness result for deadlock detection in a bounded communication channel model forcommunicating finite state machines. With regards to concurrency analysis for models based on Ada tasking, Taylor[3] proved NP-Completeness results related to the classical (static) deadlock detection problem.

This work was supported in part by the Office of Naval Research (ONR) under grantnumber N00014-90-J-1446 and the National Science Foundation (NSF) under grantnumbers CCR-8913580 and CCR-9321743. An earlier version of this paper has been published in the Proceedings of the 10thInternational Conference on Distributed Computing Systems.

2Despite the difficulty of the concurrency analysis problem, a number of techniques have been proposed,especially for static analysis of Ada tasking [4-16]. We previously defined a Petri net framework for this type ofanalysis [6] and developed a toolkit that supports this approach [10]. The architecture of the toolkit, called TOTAL,is shown in Fig. 1.1. The FETS (Front-End Translator Subsystem) translates Ada source or Ada Tasking Language(ATL) design descriptions [10] into Petri net format, i.e., a set of appropriately labeled place nodes, transition nodesand arcs. We refer to the resulting Petri net as an (original) Ada net. These nets are suitable only for analysis ofprograms composed of a static set of tasks. The BIDS (Back-end Information Display Subsystem) is defined toreceive users’ queries and present tasking analysis results based on analysis of the Ada net [11]. BIDS uses differentsupport tools to carry out the desired analysis. For example, deadlock detection using the method described in [9]would invoke the tool to calculate net invariants. For the approach that is the subject of this paper, BIDS firstinvokes the net reduction tool and then uses a reachability graph generator tool. Unlike pure static analysis methods,which ignore all variables, our approach can model boolean variables, which can increase the accuracy of theanalysis. General implications of using static analysis are discussed elsewhere [4,10]. A few other Petri net-basedtools aimed at Ada analysis have been proposed, including one developed by the Software Productivity Consortium(SPC); a primary concern of that work is performance modeling [12].Taylor’s "concurrency history" method [4] was one of the earliest Ada tasking analysis methods. Asdiscussed in [6], his definition of a concurrency graph is very similar to a classical reachability graph for a Petri net.The goal of Taylor’s paper was to propose a systematic method for generating a program’s concurrency history for"general analysis"; it was not concerned with methods for improving analysis effectiveness for any specific type ofanalysis (like deadlock, our concern here). Yet, Taylor’s work also simplifies the model by focusing onsynchronization and concurrency issues. Long and Clarke [5] introduced a "task interaction graph" (TIG)representation for creating concurrency graphs that are smaller than those created by Taylor’s method. We providesome experimentally based comparison of TIG-based results to our reduction-based results in Section 8. The goal ofthe TIG work is similar to ours, although we feel that our method has an advantage of being based on a model that isboth theoretically mature (and continues to be widely and actively studied) and is supported by many available tools.Also, our approach is distinguished by the methodology of first deriving a semantically rich model independent ofany specific analysis issue, and then manipulating this model with algorithms that are designed for the specificanalysis issue of concern. Recently, Dwyer, et al. presented a compact Petri net representation for concurrentprograms that is based on the TIG model [17]. Standard deadlock preserving Petri net reduction techniques cannot beapplied to these nets, but some forms of deadlock preserving reductions that are applicable to these nets aresuggested.Some analysis methods that have shown particular promise in handling reasonably large examples includethose that use binary decision diagrams (BDDs) to represent symbolically a state space [18,19], and those that usesome special Petri net concepts such as stubborn sets of Petri net transitions [20], partial orders of Petri nettransitions [21], and net symmetry [22]. Some BDD-methods have been very successfully applied to hardware systemanalysis, but it is not yet clear how directly suitable the method is for concurrent software analysis. The othermethods mentioned are well defined for Petri nets, but do not exploit any particular type of concurrency, such as thatdefined by Ada’s tasking model. The work of [23] explores the use of these methods with Ada nets.In this paper, we consider analysis for the classical case of global deadlock detection, i.e., all tasks beingblocked. In the context of the Petri net approach, a straightforward way to detect deadlocks would be to generate theAda net’s reachability graph and then search the reachability graph for states that have no successor states. This isvery easy to implement with our toolkit system [10], but is computationally expensive since the complexity forgenerating a reachability graph for a (safe) net is exponential in the number of nodes [24]. Previously, we studied

3the use of Petri net structural invariants to aid deadlock detection in Ada tasking [9]. In keeping with this researchtechnique, i.e., seeking to exploit and adapt existing general Petri net theory, in this paper we consider how to reducethe computation of deadlock analysis by use of another Petri net technique, net reduction. This is a model reductionmethod. Our experimental results indicate that this technique is quite powerful and can significantly extend the rangeof problem sizes that can be handled. We have found that our reduction method compares very favorably with otherautomated tasking analysis methods, especially those that are also rooted in explicit reachability analysis. Inaddition, we have found that our model reduction method facilitates the use of some state reduction methods -- thecombination of model reduction followed by state reduction allows problems with more than 100 tasks to beanalyzed. Our experimental results with such problems fare very well in comparison to the results reported for boththe constrained expressions tool [8,16] and the PAL tool (which is based on using process algebra and compositionalanalysis) [15], which are the only other automated methods we know of that have been shown to be able to analyzean Ada program of more than 100 tasks.Early work on reduction of graph models expressing concurrency was reported by Gostelow et al. [25].Their reductions were based on a narrow set of substitutions in arbitrary graph models. A more comprehensive set ofPetri net specific reduction rules was later presented by Berthelot [26]. Our work adapts some of Berthelot’s rules tothe specific modeling domain of Ada tasking and casts the rules into a technique and tool for the specific softwareanalysis problem of deadlock analysis.2. BACKGROUND: PETRI NETS, ADA NETS AND NET REDUCTIONFor this paper, we assume that the reader has a basic understanding of Petri nets [24,27] and generalknowledge of Ada tasking [28]. This section provides background in three areas: Some terminology and notationsfrom Petri net theory are presented; some terminology and properties of Ada nets are introduced; and the idea of Petrinet reduction is explained.Definition 2.1A (general) Petri net is a 5-tuple, PN=(P, T, F, W, M0), where P is a finite set of place nodes, T is a finiteset of transition nodes, F is a set of arcs (flows) defined by F ˝ P·T ¨ T·P, W is a weight function defined as W:F fi N, and M0 is the initial marking (state) defined by M0:PfiIN, where N stands for the set of positive integersand IN for the set of the non-negative integers. A Petri net that is restricted by having W: F fi {1} (i.e., arc weightsare always equal to one) is called an ordinary Petri net. []Definition 2.2For a Petri net, PN, x¥ ={y| (x,y)˛F} and ¥x={y| (y,x)˛F}, x,y ˛ P¨T. If x is a place (transition), ¥x is theinput transition (place) set of x and x¥ is the output transition (place) set of x. []Definition 2.3For a Petri net, PN, a marking (state) M is a mapping M: PfiIN. A marking (state) M is graphicallyrepresented by an assignment of tokens (shown as small black dots) to places. The notation M(p) denotes the numberof tokens in place p at marking M. []Definition 2.4Given a marking M of a Petri net, PN, for a transition t˛T, if "p˛¥t, M(p) ‡ W(p,t), t is said to beenabled. Note that for an ordinary net, the transition is enabled if "p˛¥t, M(p) > 0. []Definition 2.5For a Petri net, PN, a transition t that is enabled in marking M can fire, resulting in a new marking M’where 1) "p˛ ¥t - t¥, M’(p) = M(p) - W(p,t); and 2) "q˛ t¥ - ¥t, M’(q) = M(q) + W(t,q). Note that for an ordinary net,

4the firing of the transition results in a new marking M’ where 1) "p˛ ¥t - t¥, M’(p) = M(p) - 1; and 2) "q˛ t¥ - ¥t,M’(q) = M(q) + 1. []Definition 2.6For a Petri net, PN, a marking M is said to be reachable from a marking M’ if there exists a sequence ofmarkings Mj, Mj+1, ..., Mj+k, where Mj=M, Mj+k=M’, and Mj+i results from firing some enabled transition inmarking Mj+i-1, for i=1,2, ... k. A sequence of transition firings that leads from some marking M to a marking M’is called a transition firing sequence. []Definition 2.7For a Petri net, PN, the set of reachable markings is denoted by R(PN,M0),R(PN,M0)={M | M is a marking reachable from M0}.Definition 2.8A Petri net, PN, is said to be safe if the number of tokens in every place does not exceed one for anyreachable marking, i.e., "M˛R(PN,M0) and "p˛P, M(p)£1. []Definition 2.9A Petri net, PN, can deadlock if there exists a reachable marking in which no transition is enabled. []A Petri net that is derived from an Ada tasking program by the translation scheme of [6,10] is called anoriginal Ada net. An original Ada net models a number of communicating finite state machines. The communicationis based on Ada’s notion of rendezvous. Each state machine represents the local control flow of a task. The intertaskcommunications are represented by extra nodes connecting different state machines. Control flow constructs such asif-else, case, and loop are modeled by structures in the state machines if the control flow construct can impact thechoice of a tasking construct like an entry call or accept statement. The translation algorithm that produces originalAda nets uses a set of Petri net templates corresponding to Ada statements. Details of this translation are given in[6]. Here we simply describe some of the key features of Ada nets that are germane to our upcoming discussion onreduction.In an original Ada net, each place is automatically labeled by the translation program and has a well-definedrole in modeling the program’s behavior. Each place label is prefixed with a keyword indicating the type of the placeand a label also contains a statement number. For example, the template of an entry call statement is shown in Fig.2.1(a) and that of an accept statement with an accept body is shown in Fig. 2.1(b). Accept statements without acceptbodies are modeled in a more compact way as can be seen in the example of Fig. 2.2. Generally, a rendezvous isrepresented with the net structure shown in Fig. 2.1(c). The model does not directly synchronize the "entry" place andthe "accept" place for the following reason. Because the model is created automatically during translation of sourcecode, we chose to have an entry call construct that models the making of an entry call and a separate accept constructthat models accepting a call that has been made. This is convenient for the translation algorithm and also provides amodel that can distinguish a task having made a call that is not yet accepted, from a task that is ready to make a call.We explain this a bit more after the upcoming example.Definition 2.10In an Ada net, we call a place having a label prefixed with the string "begin-" "wait-", "accept-", "entry_ex-"or "select-", a begin-place, wait-place, accept-place, entry-ex-place or select-place, respectively. []By their method of construction, original Ada nets have the following characteristics [6,10]:1) Original Ada nets are ordinary and safe Petri nets.2) Original Ada nets have at most linear number of nodes with respect to the statements in the corresponding Adaprogram.

53) The only places that contain a token in the initial marking are those that represent the beginning of a task’scontrol flow; these are the begin-places defined above.4) Decision statements, such as if-else and case statements in local control flow, are represented by a branching netstructure (i.e., a place has multiple output arcs).5) In every branching net structure, at least one branch (choice) contains a net structure for some communicationstatement. (The translation algorithm ignores decision statement that involve no intertask communication.)To give the reader a feel for the labeling convention used in Ada nets and a sense of net reduction, we use anexample program called the gas station program [29]. The statement numbers are not a part of the program itself,but are used for reference.Example 2.1 (The gas station program)1task body Customer is 10task body Pump is20task body Operator is2begin11begin21begin3loop12loop22loop4Operator.Prepay;13accept Activate;23select5Pump.Start;14accept Start;24accept Prepay do6Pump.Finish;15accept Finish do25Pump.Activate;7accept Change;16Operator.Charge;26end Prepay;8end loop;17end Finish;27or9end Customer;18end loop;28accept Charge do19end Pump;29Customer.Change;30end Charge;31end select;32end loop;33end Operator;The original Ada net structure corresponding to the above 3-task program, is shown in standard Petri netgraphical form in Fig. 2.2. For purpose of later reference, the token distribution shown in Figure 2.2 indicates adeadlock marking rather than the initial marking of this Ada net. We give the following interpretations of a few placelabels appearing in the Ada net shown in Fig. 2.2. Note that place label ack_entry_Operator_4 is abbreviated as aeO4in the figure.ack_entry_Operator_4-- An entry call (at line 4) has been made to, but not yet accepted by, theOperator taskwait_ack_Operator_4--The entry call at line 4 has been executed and the calling task is waitingfor the acknowledgment from the Operator task (the call may or may not have been accepted yet)entry_ex_15_6--A rendezvous is in progress (the entry is executing) for the entry call at line 6 and the accept statement at line 15[]Original Ada nets are intended to serve as a base model for general tasking analysis (as discussed in [10]),not just deadlock analysis. It can be observed that original Ada nets contain atomic steps (transitions) that are notstrictly necessary to model tasking semantics, (for example end_loop transitions), but do aid the translation process.Part of the effect of the reduction discussed in this paper is just to remove these "extra" steps. On the other hand,there are also some net structures (for example, some places) that are unnecessary for deadlock analysis but may besupportive of other forms of analysis. For example, a wait-place being marked indicates that a task has made an entrycall and is waiting for a response. In a distributed environment, this may correspond to states where a request

6message is being transmitted, or states where the remote task is performing the service, or states where anacknowledgment message is being sent to the calling task. So, to determine the maximum number of entry callsthat can be "waiting" simultaneously, we can search for a state that contains the maximum number of marked wait-places.Petri net researchers have developed various reduction techniques for general Petri net analysis [26]. Petri netreduction aims to transform a given Petri net, PN, into another Petri net, PN’, such that PN’ is easier to analyzealgorithmically (typically this means that PN’ has a smaller reachability graph than PN). To illustrate this, we showin Fig. 2.3 a net that is produced by applying our net reduction rules to the net of Fig. 2.2. It is important toobserve that the reduced net does not explicitly model all the task interactions defined by the source program (as doesthe Ada net in Fig. 2.2). For instance, the source program specifies 6 entry calls and 6 accept statements, yet thereduced net contains only 4 transitions. But, by definition of the reduction rules that we will introduce, it is true thatthe reduced net does preserve the deadlock characteristics of the original Ada net.Definition 2.11 A net that is derived from an original Ada net by some number of reduction steps using the reduction rulespresented in this paper is called a reduced Ada net. A reduced Ada net is called a fully reduced Ada net if no reductionrule can be applied to it. An Ada net can be either an original Ada net, a reduced Ada net, or a fully reduced Ada net.[]A fully reduced Ada net is not unique; it depends on the interplay of the reduction operations that areapplied.3. SOME GENERAL REDUCTION RULESFor practical use on Ada nets, we selected from [26] some transition fusion reduction rules that areapplicable to general Petri nets. Our interest is in the fact that these rules preserve the deadlock properties of a net,i.e., any deadlock state is preserved and no new deadlock state is introduced. Furthermore, these rules preserve thesafeness of a net. Rigorous proofs can be found in [26]. We did not use all of the rules proposed in [26] becausesome of them are of high computational complexity, i.e., it is computationally expensive to check the applicabilityof those rules. In this section we also introduce a simple rule from [27] that allows removal of a place or transitionin cases where there exist "parallel redundant" nodes. In the next section we will derive some other reduction rulesthat are special case rules useful for Ada nets. Note that whenever a reduction rule calls for the removal of a node (aplace or a transition), it is implied that the incident arcs of the node are also removed.Rule 1 (Post-Fusion of Transitions) [26]A non-empty subset G of T, the set of transitions in a Petri net, is post-fusable with another subset H of Tiff there exists a place p such that the following four conditions are satisfied:(a)"f˛G, ¥ f={p} -- the only input of f is p, pˇf¥ -- p is not an output of f.(b)"h˛H, p˛h¥ and pˇ¥ h -- p is an output, but not an input, of h.(c)"t˛T-(H¨G), pˇ¥ t and pˇt¥ -- p is disconnected from other transitions except for those belonging to H or G.(d)M0(p)=0.

7The operation of Rule 1 is to fuse each h˛H with each f˛G, by producing a transition <hf> such that ¥ <hf>=¥ h and<hf>¥ = f¥ ¨(h¥ -{p}), and then deleting p and all the transitions t˛(H¨G). []Conditions (a) and (b) imply that H˙G=˘. Fig. 3.1 shows the Post-Fusion of transitions h1 and h2 withf1 and f2 . In the reduced net, if we consider the firing of every new transition, <hf>, as a firing sequence in whichboth h and f fire once, the number of firings of each transition in the reduced net is the same as that of the originalnet.Rule 2 (Pre-Fusion of Transitions) [26]A subset G of T, the set of transitions in a Petri net, may be pre-fused with a transition h˛T iff there existsa place p˛P such that the following conditions are satisfied:(a) h¥ ={p} and pˇ¥ h -- p is the sole output of h and p is not an input to h.(b) "f˛G, p˛¥ f and pˇf¥ -- all transitions of G have p as an input, but none has p as an output.(c) "tˇ (G¨{h}), pˇ¥ t and pˇt¥ -- p is disconnected from all other transitions.(d) "q˛¥ h, |q¥ |=1 -- h does not share its input places with other transitions.(e) M0(p)=0.The operation of Rule 2 is to fuse h with each f˛G, by substituting ¥ f with (¥ f ¨ ¥ h)-{p} and thendeleting h and p. []Fig. 3.2 shows transition h fusing with f1 and f2. The properties preserved through pre-fusion are the sameas for Rule 1, post-fusion (proof in [26]). By applying Rule 2 to a place p, we will reduce the number of transitionsin the net by one and the number of places by one.The third reduction rule is a special case of Rule 1. We explicitly specify it because it is easier to apply andcommonly occurring. Fig. 3.3 illustrates the operation of Rule 3.Rule 3 (Serial-Fusion of Transitions)If a single-input/output place p has no token and is the unique output place of t1 and the unique input placeof t2,, i.e., if M0(p)=0, t1¥ ={p}=¥ t2 ,, and |¥p|=|p¥|=1, then t1 and t2 can be fused into <t1t2> such that¥<t1t2>=¥t1 and <t1t2>¥=t2¥. []Rule 4 (Parallel Redundant Nodes) [27]If two nodes (two transitions, or two places without tokens), x and y, have identical inputs and identicaloutputs (possibly empty), then they are a pair of parallel nodes, and either one of these nodes can be removed. Thatis, if ¥x=¥y and x¥=y¥, then either x or y (but not both) can be removed. []It is obvious that Rule 4 preserves deadlock and safeness properties of a net.4. SPECIAL CASE REDUCTIONS FOR ADA NETSIntuitively, a place in a Petri net can be considered to be redundant if its removal will not alter any possibletransition firing sequences of the net. Throughout this paper, removal of a redundant place p means that p and all ofp’s incident arcs are removed. A benefit of identifying such places is that their removal can generally facilitate furtherreductions such as those that involve transition fusions. Clearly the safeness and deadlock properties will be

8preserved by the removal of redundant places. Unfortunately, in general, there is no efficient algorithm for identifyingthat a place is redundant. Berthelot gave a formal structure-based characterization of a redundant place for general Petrinets [26], which is based on the existence of a place subset (called the I-set) that meets certain conditions. Ourinterest is in applying this concept to Ada nets, so we seek some efficient rules that are special case instances ofBerthelot’s characterization.We will begin by introducing a general characterization for a specific case of a redundant place in a safe andordinary Petri net; but first we want to establish the fact that Ada nets are always safe and ordinary nets. Recall thatoriginal Ada nets are safe and ordinary nets by construction. As we noted earlier, the reduction rules introduced inSection 3 preserve safeness. As established by Berthelot [26], Rule 1 always keeps an ordinary net ordinary if the netis safe to start with. It is not difficult to see that Rules 2, 3 and 4 will keep an ordinary net ordinary. Finally, thenew rules that we will introduce in this section only remove nodes; so they cannot change an ordinary net into onethat is not ordinary. We will prove that every node to be removed by the new rules is redundant in the sense that theremoval does not alter any possible transition firing sequence. So, the safeness property of the nets will be preserved.Therefore, it can be concluded that Ada nets are always safe and ordinary nets. This is important since we want toappeal to a general characterization of a redundant place in a safe and ordinary net to prove some special caseinstances of redundant places in Ada nets.Theorem 4.1 (Case 1 of Place Redundancy in a Safe and Ordinary Net)For a safe and ordinary Petri net, PN, place p is redundant if the following conditions are satisfied: 1)p¥={t}; 2) M0(p)=0; and 3) there exists some b˛¥t, where b„p and "M˛R(PN,M0), if M(b)=1 then M(p)=1, i.e.,whenever b is marked, p is also marked. []ProofSince t is the only output transition of p, p cannot impact the firing of any transition except t. One of thenecessary conditions for t to be enabled is that b is marked. Condition 3 establishes that whenever b is marked, p isalso marked. So, the removal of p will not impact the firing of t in any reachable marking, meaning that the place pis redundant. []While the above theorem does help define a narrower class of redundant places in comparison to the generalcharacterization given by Berthelot, it is computationally expensive to use this theorem to identify a redundant placedue to the behavioral condition implied by Condition 3. But, we can appeal to this theorem to define some specialcase instances of redundant places in Ada nets. Remember, in an original Ada net each place is automatically labeledby the translation program and has a well-defined role in terms of modeling the program’s behavior. So, thesemantics of the net must correspond to the semantics of an Ada program, if the net is a sound model -- which wecan assume is the case for this paper. We can exploit this sense of semantics to identify cases where Condition 3 ofthe above theorem must be true. Thus, for these cases, we will have simple and efficient reduction rules. Since ourgoal is to use these rules to define a reduction process, we will explain how and why we select some orderingdependencies for the rules.Rule 5 (Redundancy of Wait-Places)In an original Ada net structure corresponding to an entry call statement, the wait-place is redundant and canbe removed. The same holds for nets obtained by applying this rule one or more times to an original Ada net. []

9ProofFig. 2.1(a) shows the original Ada net structure for modeling an entry call. The ack_entry place represents acall that has been made, but not yet accepted. The ack_accept place represents an acknowledgment from the calledentry to indicate that the rendezvous is terminating. The wait_ack place represents that the caller is waiting for thetermination acknowledgment. Appealing to Theorem 4.1, we can see that Conditions 1 and 2 of Theorem 4.1 aretrue when the places p and b are represented by the places wait_ack and ack_accept, respectively. By Ada semantics, arendezvous that is terminating must have been previously initiated by the caller. In the original Ada net structure ofFig. 2.1(a), it can easily be seen that once a rendezvous is initiated by a caller, the wait_ack place become markedand remains marked until the ack_accept place becomes marked. Therefore, Condition 3 of Theorem 4.1 is also true,and the wait-place is redundant. Since the removal of the wait-place associated with some entry call statement doesnot alter the Ada net structure of any other entry call statement, we can apply this reduction one or more times, i.e.,to all wait-places. []The importance of Rule 5, as will be the case for Rules 6 and 7, is that it provides an opportunity forfurther reductions to apply. To illustrate this, let us consider Example 4.1. Its corresponding Ada net is shown inFig. 4.1(a).Example 4.11task body T1 is5task body T2 is 10task body T3 is2begin 6begin 11begin3 T2.E; 7 accept E do 12T2.E;4 end T1; ... 13end T3; 8end E;9end T2;Applying Rule 5, we remove immediately wait_ack_T2_3 and wait_ack_T2_12. Then, applying Rule 3(Serial-fusion) and Rule 2 (Pre-fusion) to t1, t2, t3, t4, t9, t10, t11 results in the net in Fig. 4.1(b). []In our reduction process for deadlock detection, we always apply Rule 5 first, meaning that we remove allwait-places as the first step in the reduction process.Rule 6 (Redundancy of Entry-Ex-Places)In an original Ada net structure corresponding to an accept statement, the corresponding entry-ex-place isredundant and can be removed if this accept statement has at most one caller. The same holds for nets obtained byapplying this rule one or more times to an original Ada net. []ProofFig. 2.1(b) shows the original net structure for modeling an accept statement. The end_accept placerepresents that the accepting task has reached the end of the accept body and is ready to terminate the rendezvousinitiated by some call. The entry_ex_j_i place represents that a particular rendezvous is in progress -- a rendezvousassociated with a particular entry call statement i and a particular accept statement j. Appealing to Theorem 4.1, wecan see that Conditions 1 and 2 of Theorem 4.1 are true when the places p and b are represented by the placesentry_ex_j_i and end_accept, respectively. By Ada semantics, when a task reaches the end of an accept statement,there must be a corresponding rendezvous in progress. In the case of an accept statement with only one possiblecaller, there is only one corresponding entry-ex place (as shown in the case of Fig. 2.1(b), which is in contrast to themultiple caller case as shown by the example in Fig. 4.1(a)). Thus, whenever the end_accept place is marked, theentry_ex_j_i place will be marked. So, Condition 3 of Theorem 4.1 is true, and the entry-ex-place is redundant.Since removal of entry-ex places does not alter the net structures associated with other accept statements (recall the

1 0 structures in Fig. 2), the removal of these places does not affect the application of Rule 6 to those structures. So, wecan apply this reduction one or more times. []It is clear that removal of a wait-place does not affect the validity of applying Rule 6 to a correspondingentry-ex place. So, in our reduction process, we always apply Rule 6 after all possible applications of Rule 5. Wecould have just as well chosen to define our reduction process to start with applications of Rule 6, followed by Rule5 -- there is no important difference.We now introduce a second theorem that is a generalization of Theorem 4.1. By appealing to this theorem,we can prove two more special case rules for application with Ada nets.Theorem 4.2 (Case 2 of Place Redundancy in a Safe and Ordinary Net)For a safe and ordinary Petri net, PN, place p is redundant if the following conditions are satisfied: 1)M0(p)=0 and |p¥|=r, and 2) for every transition tOk˛p¥, k=1, 2,..., r, there is a place qOk„p, where qOk¥={tOk} and"M˛R(PN,M0), if M(qOk)=1 for any k˛{1, 2, ..., r}, then M(p)=1, i.e., if any qOk place is marked in any state,then p is also marked in that same state. []Fig. 4.2 contains an example net structure that corresponds to the structure defined by Theorem 4.2 (for thecase when r=2). At this time, one can ignore the labels of the nodes not defined in Theorem 4.2.ProofCondition 2 and the safeness property of the net imply that at any reachable state, at most one of the qOkplaces can be marked. If more than one of these places could be marked then one of the associated enabled transitionscould fire, resulting in a marking in which some qOk place is still marked but place p is not marked. This wouldcontradict Condition 2. Now we can infer that at any reachable marking, p can only impact the firing of at most onetransition, call it t. A necessary condition for t to be enabled is that the corresponding qOk is marked. SinceCondition 2 establishes that whenever any qOk is marked, p is also marked, the removal of p will not impact thefiring of t in any reachable marking, meaning that the place p is redundant. []We now present two rules that appeal to Theorem 4.2 to identify some specific cases of redundant placesthat can occur in Ada nets. Both of the next two rules can be applied at any time during the reduction process sincethe rules do not depend on Ada net issues other than to help identify candidate places (by labeling) to check forapplicability of the rule. This improves the efficiency of the reduction process. For example, Rule 7 directs itsattention to accept-places. In particular, if an Ada net indicates that a task calls two consecutive entries in anothertask, then the net structure that enforces the called task’s control flow can be simplified by the removal of one of theaccept-places in the called task.Rule 7 (Redundancy of Accept-Places)In an Ada net, let p be an accept-place with ¥p={tI1, tI2... , tIk}, p¥={tO1, tO2, ... , tOk}, and M0(p)=0. Ifthere exists another accept-place q such that q¥=¥p, and p and q correspond to two accept statements in the same taskT, then place p can be removed if the following conditions are also satisfied:

1 1 1) For each transition tIk˛¥p, k ˛ {1, 2, ... , r}, there exists a corresponding transition tOk˛p¥, where tIk¥={p, qIk}and ¥tOk={p, qOk}, and each pair of places (qIk, qOk) correspond to statements of the same task, k, where k„T.2) For each pair of transitions (tIk, tOk) defined in Condition 1), tIk always fires first, tIk cannot fire twice without afiring of tOk, and tOk cannot fire twice without a firing of tIk. []Fig. 4.2 illustrates the net structure corresponding to Rule 7 for the case when r=2.ProofWithout loss of generality, we can refer to Fig. 4.2, which illustrates the net structure corresponding toRule 7 for the case when r=2. It can be seen easily that Condition 1 of Rule 7 establishes the structural conditions ofTheorem 4.2. The behavioral condition specified in Condition 2 of Theorem 4.2 can be shown to be true as follows:If tIk is enabled (for some k) in some marking M, then M(p)=0, otherwise p may contain multiple tokens and the netwould not be safe -- but we have previously established that Ada nets are safe nets. Thus, no transition tOk (for anyk) can be enabled in marking M. Whenever the transition tIk does fire, p becomes marked. But, in this case beforetOk fires, no transition tIk can fire; otherwise the net will again not be safe. Condition 2 further ensures that notransition other than tOk can fire. Thus, the token in place p will not be removed until transition tOk fires. Note thattransition tOk cannot be enabled unless place qOk is marked. Therefore, "M˛R(PN,M0), if M(qOk)=1 for any k˛{1,2, ..., r}, then M(p)=1. The conditions of Theorem 4.2 hold. []Example 4.2Fig. 2.2 (the gas station example) can be used to illustrate a simple case of a redundant accept-place as definedby Rule 7. Using the notation of the Rule 7, let accept_15 correspond to the place p and let accept_14 correspond tothe place q. By checking the figure, it can be seen that q¥=¥p and that r=1 for this example. The task T, as defined bythe rule, is the task that contains the two accept statements in question --- this is the Pump task (as can be seen fromthe source code given in Section 2). Now, considering Condition 1, transition t14 corresponds to tI1 and transitiont15 corresponds to tO1, where task Customer corresponds to task 1. Checking Condition 2, we can see thatack_accept_Pump_5 ˛ t14¥ corresponds to qI1 and ack_entry_Pump_6 ˛ ¥t15 corresponds to qO1. From the Ada netmodel of the task Customer, it is easy to confirm that in every iteration transition t14 fires before t15 fires(implying that execution of Statement 5 must precede the execution of Statement 6); So, Condition 2 is true. Thusby Rule 7, accept_15 is a redundant place. []To implement Rule 7 we need to automatically check both conditions of the rule. Condition 1 is not difficultto check since the correspondence between places in an Ada net and statements in the Ada program is well definedbased on the type of place labeling that is used and was discussed earlier. Assuming now that Condition 1 is true, themain difficulty is in checking Condition 2. Without loss of generality, we consider only the checking of Condition 2for one calling task (i.e., when r=1). Let us denote the statement that corresponds to the place qIk as s1 and thestatement that corresponds to place qOk as s2. By Condition 1, s1 and s2 belong to the same task, call it task k. Asmentioned in Section 2, an Ada net contains subnets that are communicating finite state machines representing thelocal control flow of each task. A subnet consists of all the places that correspond to the statements in a particulartask, the input and output transitions of these places, and the arcs associated with these place and transition nodes.Condition 2 can be checked by confirming the following two properties: a) In the subnet corresponding to task k, all(directed) paths starting from the begin-place of task k to the place qOk go through a place corresponding to thestatement s1; and b) if a loop in the subnet corresponding to the task k contains the place qOk, then this loop must

1 2 also contain a place corresponding to the statement s1. To confirm these properties, we temporarily remove everyplace that corresponds to statement s1. Then we perform two searches: 1) a search for a path starting from the begin-place of task k to place qOk, and 2) a search for a loop starting from qOk and leading back to qOk. If both searchesfail, then Condition 2 is satisfied; otherwise, Condition 2 is not satisfied.Rule 8 (Redundancy of Accept-Body Places)For a safe and ordinary Petri net, PN, place p is redundant if the following conditions are satisfied: 1)|¥p|=|p¥|=r, and 2) for each transition tIk˛¥p, k=1, 2,..., r, there exists a unique place qOk„p, where ¥qOk={tIk},|qOk¥|=1, and for every transition tOk˛p¥, k=1, 2,..., r, ¥tOk={p, qOk}, and M0(p)=M0(qOk)=0, k=1, 2,..., r. In Adanets, a structure representing an accept-body that is modeled by a single place p and has multiple callers is a goodcandidate for this instance of redundancy. If the conditions hold, the place p is removed. []ProofRule 8 is a special case of Theorem 4.2 in which ¥qOk={tIk}. Clearly, the structural conditions for Theorem4.2 are true. We establish Condition 2 of Theorem 4.2 as follows: i) Since ¥qOk={tIk} and tIk˛¥p, when qOk getsmarked, so does p. ii) Since p¥={tO1, tO2, ..., tOr}, the token in p will not be removed until some transition tOk(k=1, 2, ..., r) fires. iii) At any marking M where M(qOk)=M(p)=1, no transition tIk, k=1, 2, ..., r, can fire;otherwise p will have more than one token and the safeness property will not hold. Thus, only one qOk place can bemarked in any reachable marking. iv) Because of ii) and iii), the token in p will not be removed until tOk fires,which will remove the token in p and qOk simultaneously. Therefore, "M˛R(PN,M0), if M(qOk)=1 for any k˛{1,2, ..., r}, then M(p)=1. The conditions of Theorem 4.2 hold. []Now let us return to Fig. 4.1(b). Rule 8 allows us to remove place end_accept_8. Then serial fusions of<t1 t2 t4 t5 > with <t3 t7 > and <t4 t6 t9 t10 > with <t8 t11 > lead to the further reduced Ada net of Fig. 4.3.Our final rule is a simple rule that applies to marked places only and removes places and transitions undervery restricted conditions.Rule 9 (Redundancy of Begin-Places)In a safe and ordinary net, if there exists a place b˛P, such that M0(b)=1, b¥={t}, |¥t|=1, and ¥b=˘, then band t can be removed and for all d˛t¥, M0(d) is set to 1. In Ada nets, begin-places are initially marked and do nothave input transitions. So, they are used as candidates for the place b. []ProofMarking every output place of t and then removing t is equivalent to firing t once. Since ¥t=b and b ismarked initially, t can fire initially. But since ¥b=˘ , t can only fire once in any transition firing sequence. So, forthis case, removal of the nodes b and t and reassignment of the tokens as defined does not change the safeness ordeadlock properties of the net. []Note that it is possible for Rule 9 to reduce a net into an isolated marked place, which would represent adeadlock state. If different reduction rules are to be applied to a net, Rule 9 should be applied last since all the otherrules (Rules 1 through 8) assume the places are unmarked, but Rule 9 can induce a marking. This marking could belost if further reductions are allowed after Rule 9 is applied.

1 3 5. A REDUCTION PROCESS AND METHOD FOR DEADLOCK IDENTIFICATIONTo apply the reduction rules discussed in the previous sections we define a reduction process for deadlockdetection and identification for Ada nets. The process starts with an original Ada net and then applies the rules in aparticular order. To preserve the soundness of the reduction process with respect to Rules 5 through 8, we follow arule ordering that is consistent with that mentioned in Section 4. The ordering is defined as follows: we repeatedlyapply rule 5 until it does not apply, then do the same in sequence for rules 6, 7, and 8; then the rules 3, 2, 1, and 4are repetitively applied in that order until none of those four rules can be applied; and finally Rule 9 is applied.Deadlock identification requires that we be able to interpret a program state corresponding to a detecteddeadlock marking in a reduced Ada net. The difficulty arises because the reduction process removes places whoselabels are helpful to defining the semantics of a program state corresponding to a reachable marking. Fortunately, wecan provide a method for easily constructing an original Ada net’s deadlock marking from a reduced net’s deadlockmarking. The method is based on an application of the Petri net state equation [27],M=AT(V)+M0(5.1)where M0 is the initial marking of the net, A is the incidence matrix [27] of the net, and V is a firing count vector.A firing count vector is an m-vector (m is the number of transitions in the net), each element of which is thenumber of times that the corresponding transition fired [27]. Given A, M0, and V, Equation (5.1) returns themarking that the net will reach after the transitions represented by V fire. Our concern is with how to obtain V interms of the original Ada net.During reduction, the application of each transition fusion rule (Rule 1, 2 or 3) will remove sometransitions and generate some new transitions. When some transitions are fused, their labels are concatenated. Thenewly generated transition (the fusion of some transitions) then is labeled with this concatenation. This kind of labelconcatenation immediately gives us the firing count of each fused transition, but it ignores the firing order. Everytransition’s label in the original Ada net will appear in some label(s) of the reduced Ada net before Rule 9 is applied.With these labels, it is easy to generate a firing count vector X during the search for the deadlock in a reachabilitygraph. However, if Rule 9 is applied, some transition labels are lost. As we saw in Section 4, the removal of atransition by Rule 9 means that this transition has been fired. Thus we generate another m-vector, Y:Y=(y1, y2, ..., ym)T, yi=1,if ti is removed, or a fused transition containing ti is removed, by Rule 9;yi=0, otherwise.By substituting the vectors X and Y forV in Equation (5.1), we can obtain the full description of the deadlockmarking in the original Ada net. That is,M=AT(X+Y)+M0(5.2)where A is the incidence matrix of the original Ada net and M0 is the net’s initial marking. The example of the nextsection illustrates this method.

1 4 If we record a state sequence (or transition sequence) leading to a deadlock state (either during or afterreachability graph construction), the states of this net sequence will be defined with respect to a reduced Ada net. Toprovide an interpretation of this state sequence in terms of the program’s execution sequence, we can apply the samebasic method defined above (for interpreting a deadlock state), only now we would be applying the interpretation tointermediate states. Since the necessary transition information and the initial state are well defined, the method isstill sound.6. AN EXAMPLE OF DEADLOCK DETECTION AND IDENTIFICATIONNow we can explain how to reduce the net of Fig. 2.2 (with an initial marking where all begin-places aremarked with one token) into that of Fig. 2.3, and how to use this new net to detect and identify deadlocks. First, byRule 5, we can remove all the wait-places. Then by Rule 6 we remove the entry-ex-places, entry_ex_24_4,entry_ex_28_16, and entry_ex_15_6. By Rule 7, we remove the accept place, accept_15. Now we can first applyRule 3 and then Rules 1 and 2 to many groups of transitions. Place accept_14 will be removed by Rule 4 when itbecomes a parallel place of place ack_entry_Pump_5. We have the reduced Ada net shown in Fig. 6.1. Finally weapply Rule 9. The fully reduced Ada net is shown in Fig. 2.3 with a marking corresponding to the deadlock state.The reachability graph of the reduced Ada net of Fig. 2.3 is shown in Fig. 6.2; it is composed of 4 states in a chain.The deadlock state corresponds to the marking with a token in place "ack_entry_Customer_29". For comparison, wenote that the reachability graph of the original Ada net has 78 states. The token allocation in Fig. 2.2 shows thedeadlock marking in the original net, which can be represented by the following string:"wait_ack_Pump_6, entry_ex_15_6, wait_ack_Operator_16, entry_ex_28_16, ack_entry_Customer_29, wait_ack_Customer_29" (6.1)From this deadlock marking, it is easy to interpret the corresponding program state as a circular deadlock:task Customer is in a rendezvous with task Pump at entry Finish (statement 6) and task Pump is in a rendezvouswith task Operator at entry Charge (statement 16), but task Operator has issued the entry call Customer.Change(statement 29). The number of marked wait-places gives the number of tasks that are in a waiting state.Using the method outlined in Section 5, we can also identify the deadlock with the fully reduced Ada net.The path from the initial state to the deadlock state in the reachability graph of Fig. 6.2 identifies the firedtransitions, T1 (t23,t24), T2 (t13,t25,t26,t4,t5,t32,t33,t21), T3 (t14,t6,t7,t15,t16,t28,t29). Thus, we have thefollowing "firing count vector" with respect to the 31 transitions:X =(0 0 0 1 1 1 1 0 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 0 1 1)T.The positions in the vector correspond to the following ordering of transitions: t1-t21, t23-t26, t28-t33 (for reasonsunimportant to this paper, the original Ada net does not have transitions labeled t22 and t27).The application of Rule 9 removes the fused transitions containing (t1,t2,t3), (t11,t12), and (t20,t21)(compare Fig. 6.1 and Fig. 2.3). This yields another vector as defined by the reduction process:Y =(1 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0)T.Now,X+Y =(1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 1 2 1 1 1 1 1 1 0 0 1 1)T,

1 5 M0(begin_2_Customer)=M0(begin_11_Pump)=M0(begin_21_Operator)=1, and M0(p)=0 for every other place p. Byapplying Equation (5.2) defined in Section 5, we can obtain the marking vector that represents the same state as thatof string (6.1).7. A NET REDUCTION TOOL AND EXPERIMENTAL EVALUATIONWe have implemented a prototype reduction tool that is compatible with our current research toolkit usedfor construction and evaluation of Ada nets [10]. As was mentioned in Section 1, the toolkit automates theconstruction of Ada nets and supports various forms of net-based analysis, including now, reduction-based analysis.The Ada nets are represented in a textual, production-rule form that is compatible with the format of Petri nets forinput to the P-NUT system [31], a set of Petri net tools that allows for description of nets as well as reachabilitygraph generation, analysis, and simulation. In the textual representation of a net, each transition is specified by aproduction rule -- the left-hand-side gives the transition label (enclosed between colons) followed by the names of theinput places, and the right-hand-side gives the names of the output places.Our net reduction tool, NRT, is implemented in C and runs on SunOS Unix. The major input to NRT isthe Ada net produced by the FETS tool. The output of NRT is a reduced version of the input Ada net, in the sametextual format. NRT is executed by the following command:nrt [-r] [-n] [- [1] [2] [3] [4] [5] [6] [7] [8] ]where the -r option calls for the output to report on every reduction rule attempted and applied; the -n option calls forthe output to list all intermediate nets produced during the reduction process; and the final option specifies the idnumbers (as used in the earlier sections of this paper) of those reduction rules that are to be attempted and their orderof consideration. Rule 9 is automatically attempted last. For example, -132 means that first Rule 1 is considered(i.e., it is repetitively applied until no further reductions are possible by this rule), then Rule 3 is considered, thenRule 2 is considered, and finally Rule 9 is considered. The typical use of NRT is to provide no id option, in whichcase the rules are applied in the order defined by the reduction process discussed earlier in Section 5.To evaluate our net reduction method we performed a number of experiments with a variety of Ada taskingprograms. The experiments provide quantitative measures of the effect of using our net reduction method (andassociated tools) for deadlock analysis. For some experiments (in particular the dining philosophers example), thesemeasures can be compared to existing data for a different tasking analysis approach and toolset. The comparison isintended to show the benefit of using a "reduced" concurrency model when performing deadlock analysis. Since ourreduced Ada nets are intended to support only deadlock analysis, it is not meaningful to interpret the comparative datain a broader sense.We discuss two types of experiments using our NRT tool. The first experiments are to evaluate our idea ofnet reduction using different versions of two "benchmark" tasking programs: the gas station program1 and the diningphilosophers program. In these experiments, net reduction was followed by full reachability graph generation. Asmentioned before, this gives an opportunity to see some comparison of the effectiveness of the reduction methoditself for deadlock analysis in comparison to another reachability-oriented and automated Ada tasking analysistechnique. Our second experiments evaluated the effectiveness of using our net reduction method in conjunction withsome other existing state space reduction methods (i.e., methods that reduce the state space during state space

1 The source versions we used were developed (and provided to us) by G. Avrunin forexperimental work with the constrained expressions analysis method.

1 6 generation -- in contrast to our reduction method, which performs reductions on the net model prior to state spacegeneration). For both types of experiments, we observed significant benefit from the net reduction method.Net reduction on the example Ada nets resulted in a more than 95% reduction in the state space size(comparing original net state space with fully reduced net state space). Our analysis of these reduced Ada netsaccurately reported the existence or nonexistence of deadlock for all the examples considered. But, recall that some ofthe reduction gain is due to the removal of atomic steps (transitions) that are not strictly necessary to model taskingsemantics. We do not discuss further the amounts of state space reduction achieved in terms of original vs. reducednets; the more significant measures are those related to resultant state space sizes (for comparison of reduced nets toother tasking models that rely on reachability analysis) and analysis time.All experiments were run using our reduction-based analysis tools on a Sun Sparcstation 2 with 64MB ofmemory. For fully reduced nets, we give the number of unique states, the number of arcs in the reachability graph(which indicates the number of states generated), and the time to reduce the net plus generate the state space, inseconds as measured by user+system time in Unix. For all experiments, the time to do the reduction step was asmall fraction of the time to generate the state space and always less than one second. Lack of space prevents us fromlisting source code for the examples studied, but these are all available from the authors.7.1 Net Reduction with Full Reachability Graph Generation7.1.1 The Gas Station ExampleThe gas station program simulates an automated gas station system consisting of an operator, pumps andcustomers. We consider both one-pump and two-pump versions of this system, and program-versions that do and donot have deadlock. In all cases, we used "unrolled" versions in which different customers call different entries in theoperator task. The operator task uses boolean variables to keep track of which customers have prepayed for gas andthis control is automatically modeled in our Ada nets. Our current program-to-net translator does not yet handle themore general use of counter variables. Our reachability graph generator tool is intelligent enough to considertransition sequences that correspond to boolean variable evaluations as atomic actions -- thus states corresponding tointerleavings of these evaluation steps are not stored (they cannot correspond to a deadlock state). This issue isdiscussed in some detail in [23]. The deadlock cases were created by having the operator "improperly" handle a flagvariable that indicates when a pump is busy. The result is that after a customer finishes pumping and paying, theoperator still thinks the pump is busy and so it does not allow any customer to get access to the pump. Theexperiments reported in [23] introduced deadlocks in a slightly different way. Table 1 shows some sample data basedon varying the number of customers, the number of pumps, and the potential for deadlock.

1 7 No. of Customers, Pumps, TasksDeadlock?Fully Reduced Ada Net Reachability Graph(states, arcs, time)3, 1, 5No170, 300, 15, 1, 7No1622, 3180, 29, 1, 11No74222, 156636, 23710, 1, 12No180204, 383960, 7073, 1, 5Yes214, 364, 15, 1, 7Yes2150, 4156, 29, 1, 11Yes103150, 216796, 2883, 2, 6No2723, 7050, 25, 2, 8No212015, 777590, 3445, 2, 8Yes198023, 720227, 331Table 1. Experiments for the Gas Station Program7.1.2 The Dining Philosophers ExampleFor the well-known dining philosophers problem we experimented with a few different versions that havebecome "standard" examples for a number of different concurrency analysis research projects. These examples areespecially relevant to this paper since they allow some quantitative comparison of our approach with another state-space oriented analysis technique, the modified (optimized) version of the Task Interaction Concurrent Graphs (TICG)method [32,33]. We assume that the reader is familiar with the dining philosopher problem. The programsimulating n philosophers consists of 2n Ada tasks, one for each philosopher and one for each fork. Four versionsof this program are discussed in [32,33]. Version 1 is the classic dining philosopher problem without any deadlock avoidance. Table 2 shows somecomparisons of the state space sizes for our fully reduced Ada net model and the published data for the modified TICGmodels [33]. Note that with our fully reduced Ada net for this problem, the number of states is 2P, where P is thenumber of philosopher tasks. For the modified TICG model, the number of states is 3P-1 -- but remember, theTICG model is a more general model in terms of preserving tasking properties (beyond deadlock potential).In Version 2 each philosopher picks up its lower-numbered fork first. Similar to the situation reported in[32], the state space for Version 2 is approximately equal in size to that of Version 1. In Version 3, a dining roombutler-task is added, which restricts the number of room occupants to be less than n by checking the value of acounting variable. Thus no deadlock should happen. However, a deadlock was superfluously reported for thisversion by pure static analysis because the counting variable was not modeled. Although static analysis in this casereveals a "false deadlock," the numerical results with respect to state sizes can still be compared for the reduced Adanet model and the modified TICG model since both models ignore the counting variable. Table 3 shows thecomparison of state space sizes for Version 3. To provide a further check on the reduction method we manually addedsome nodes to the automatically generated (original) net models to simulate the control enforced by the butler’scounting variable. For example, if the counter could take on the values from 0 to 10, we would add11 places to theAda net, each modeling a unique value for the counter. As expected, the experiments with these nets showed that all

1 8 superfluous deadlocks were suppressed in these modified models. The state space sizes of the reduced nets obtainedfrom the modified net model are shown in the rightmost column of Table 3.Reachable States No. ofPhils, TasksFully Reduced Ada Net(states, arcs, time)Modified TICG [33](states, arcs, time)Difference in States(Approx. %)3, 68, 18, 126, 51, 2695, 1032, 120, 1242, 805, 2877, 14128, 672, 12186, 10199, 5948, 16256, 1536, 16560, 34984, 26969, 18512, 3456, 119682, 118089, 3379710, 201024, 7680, 159048, 393650, 80909814, 2816384, 172032, 8not available--18, 36262144, 3538944, 175not available--20, 401048576, 15728640, 894not available--Table 2. The Dining Philosophers Problem: Version 1Reachable StatesNo. of Phils,TasksFully Reduced Ada Net(Ignoring Variables)(states, arcs, time)Modified TICG [33](Ignoring Variables)(states, arcs, time)Difference(%)Fully Reduced Ada Net(Simulating CountingVariable)(states, arcs, time)2, 516, 30, 128, 50, 1435, 6, 13, 764, 180, 1154, 411, 25837, 78, 14, 9256, 960, 1832, 2964, 369175, 524, 15, 111024, 4800, 14474, 19925, 777781, 2980, 16, 134096, 23040, 124040, 128478, 56833367, 15438, 18, 1765536, 491520, 31not available--58975, 354616, 319, 19262144, 2211840, 146not available--242461, 1622016, 13910, 211048576, 9830400, 656not available--989527, 7274662, 711Table 3. The Dining Philosophers Problem with Butler: Version 3

1 9 Young, et al [32] provided another program version, Version 4, in which the dining room butler-tasksimulates a counting variable by unrolling the selective-wait statement. The idea was to simulate the variable valuesby levels of nesting of selective-wait statements, thereby avoiding spurious deadlocks in the state space analysis. Toour surprise, our analysis tool reported deadlock states for Version 4 when the number of philosophers was morethan two. After some investigation we realized that the program itself was in error and could indeed deadlock sincethe method for unrolling the butler’s selective wait (provided in [32]) may allow n philosophers to occupy the roomsimultaneously. In [33] a program with a corrected butler-task is given. Our analysis tools properly detected nodeadlocks in this "corrected" Version 4 program. Table 4 summarizes some results using the TICG data reported in[33] for the corrected, unrolled butler task. As expected, the number of fully reduced net states using the unrolledbutler is the same as the number of net states given in Table 3 for the net model that simulates the butler’s countingvariable.The above comparisons show a significant advantage in state space sizes for reduced nets in comparison tothe TICG model. This indicates that our philosophy of using a specific model for a specific problem is a usefulstrategy in analysis of inherently complex problems. Here we see the benefit of using a problem-specific reducedmodel, not in comparison just to our own unreduced Ada net models, but to an independently developed concurrencyanalysis model.Number of Reachable StatesNo. of Phils,TasksFully Reduced Ada NetUnrolled Butler(states, arcs, time)Modified TICG [33](states, arcs, time)Difference(%)2, 55, 6, 111, 11, 2554, 9175, 564, 1511, 1543, 3666, 133367, 17694, 118263, 90155, 47827, 1514197, 88809, 7104679, 625873, 1099868, 1758975, 427368, 33not available--9, 19242461, 1995327, 165not available--10, 21989527, 9108690, 910not available--Table 4. The Dining Philosophers Problem with Unrolled Butler: Version 47.1.3 The Waveform Generator ExampleTo see how the reduction process works on a "real world" example, we obtained an example Ada programthat was developed to solve a real problem; it was not designed for the purpose of testing any particular concurrencyanalysis method. For this example, we did have to perform some hand modifications of the Ada source in order to geta proper net model of the program. This was primarily due to the presence of some Ada specific constructs -- likepackages -- that our translator is not designed to handle. The waveform generator program is a 1200 line Adasimulation of electric equipment that generates various waveforms. This is one of the programs used in [23] forexperimentally studying various state space reduction methods, including net reduction. As indicated in [23], twoversions of the program were created. For the two versions, the numbers of states and arcs in the reachability graphs

2 0 corresponding to the original Ada nets are 10,996 states with 32,332 arcs, and 4,827 states with 14,250 arcs. For thefully reduced Ada net, the corresponding numbers of states and arcs reduces to 78 states with 326 arcs, and 31 stateswith 242 arcs. The state space generation time for each of these cases was 2 seconds. It should be noted that thenumbers of states and arcs quoted here for the original Ada net are slightly smaller than the "full" state spacenumbers given in [23]. This is due to the fact that we now consider a particular type of original net reduction relatedto selective-wait structures to be part of the net generation process, not part of the net reduction process used fordeadlock detection (as was done in [23]). Of course, either way, the reduction process provides significant benefit inreducing the size of the state space.7.2 Net Reduction with State Space ReductionOur second series of experiments looked at the effectiveness of using our net reduction method in support ofsome recently proposed reduced state space generation methods. In particular, we considered three reduced state spacegeneration methods: stubborn sets of Petri net transitions [20], partial orders of Petri net transitions [21], and netsymmetry [22]. The basis of our experiments was to generate original Ada nets from a set of Ada programs and thento apply each of the reduced state space generation methods to these Ada nets. Then we applied our net reductions tothe original Ada nets and again applied each of the reduced state space generation methods (this time to the reducednets). The examples we considered included those from the first experiments (versions of the gas station program andversions of the dining philosophers program) as well as versions of a readers/writers program. As an example, for thetraditional dining philosophers problem with n philosophers, the combination of net reduction and stubborn setsgenerates (n2 - n + 2) states and the combination of net reduction and symmetry generates (n + 1) states. What weobserved is that for all cases (i.e., for all programs and for all reduced state space generation method) there wassignificant benefit from using the net reduction method prior to applying reduced state space generation -- in effect,our reduction step increases the utility of the state generation methods when they are applied to deadlock analysis inAda tasking. Full details on experiments using reduction with reduced state space generation methods can be found in[23,34]. It should be noted that the reduction method used in [34] was a bit less powerful than the method describedin this paper. In particular, the rule 6 defined in this paper is a more general rule than that used in the experimentsreported in [34]. This is why, for example, the state space numbers reported for the dining philosophers problem arebetter (i.e., smaller) in this paper in comparison to the numbers reported in [34].The use of net reduction and reduced state space generation appears to be a very powerful combination fordeadlock analysis in Ada tasking. We can make the following observations based on a comparison of ourexperiments with experiments reported for two other fully automated analysis tools that also avoid full state spacegeneration -- the constrained expressions toolset [8,16] and the PAL tools [15]. Both of these approaches have beenshown to be capable of handling the dining philosophers problem with more than 100 philosopher tasks. For thedining philosophers problem (without a butler task), a combination of net reduction followed by reduced state spacegeneration is also capable of handling problems with more than 100 philosophers. In fact, as stated before, onecombination provides a state space size that grows linearly with the number of philosophers [23]. To our knowledge,the only other work that reports a more favorable outcome for analysis of this problem is the work of Valmari andTienari [35] using a semantic model called the Chaos-Free Failures-Divergences (CFFD) model. Their approach iscompositional, in a way similar to that of the PAL system [15]. By using a combination of compositional analysisand induction, Valmari and Tienari are able to analyze the dining philosophers system by generation of a constantnumber of states. Although this work is important, the technique’s effectiveness on other examples is not yet clearand the results cited require a manual step in recognizing the use of induction. Also, it is unclear whether the type of

2 1 inductive step leading to constant state space size for the dining philosophers example can be easily automated forgeneral usage. In contrast, our analysis work using net reduction and state space reduction is fully automated.In comparing analysis time for the constrained expression and PAL tools (which is about all that can becompared for these methods), we find that our analysis is as effective, or more effective, than the other two tools,depending on which state space reduction method we use following net reduction. At this time, no single method hasestablished definite superiority in terms of automated deadlock analysis. Continued development and comparativestudies are clearly necessary.8. CONCLUSIONIt is commonly accepted that a major impediment to static analysis of concurrent programs is thecomplexity associated with producing various forms of state space representations. We have presented a methodfor dealing with this matter by optimizing the model, which is based on two key ingredients: focusing on deadlockas a specific analysis issue, and adapting an existing model-reduction technique, Petri net reduction. This result ispart of our ongoing research into using Petri nets to support automated analysis of Ada tasking. We are motivatedby the belief that there is much to be gained by basing Ada tasking analysis research on a model that is boththeoretically mature (and also continues to be widely and actively studied) and is already supported by manyavailable tools. By combining Petri net theory and knowledge of Ada tasking semantics, we derived some domain-specific, and thus efficient, reduction rules for Petri net models of Ada tasking.Generally it is error-prone to construct a model and optimize it manually for program analysis. It iscritical that the model produced reflect the program’s true behavior, not some behavior that a programmer (ormodeler) desires or thinks is true for the program in question. Furthermore, model optimization can benefit froman understanding of the analysis issues that are germane to the program. Compiler techniques can support theautomation of building correct models. But the combination of model building and model optimization addsanother dimension of difficulty, considering that the issues to be analyzed may vary widely. We apply a two-phasemethodology to fully automate modeling and optimization: first deriving a semantically rich model independent ofany specific analysis issue, and then manipulating this model with algorithms that are designed for the specificanalysis issue of concern. We have observed that the reduced Ada net models are a promising aid to deadlockanalysis of concurrent Ada programs, especially when used in combination with other reduced state spacegeneration methods.ACKNOWLEDGMENTSWe thank Mr. M. Goto for his help with development of the net reduction tool and U. Buy for helpfulsuggestions on many aspects of this paper. We also thank M. Young for providing us with a copy of reference 33.Finally, we thank the referees for their very valuable comments that have greatly improved the paper both in termsof technical content and presentation.

2 2 REFERENCES[1]J. Reif and S. A. Smolka, "The Complexity of Reachability in Distributed Communicating Processes," ActaInformatica, Vol. 25, 1988, pp. 333-354.[2]T. Rauchle and S. Toueg, "Exposure to Deadlock for Communicating Processes is Hard to Detect,"Information Processing Letters, Vol. 21, 1978, pp. 63-68.[3]R. N. Taylor, "Complexity of Analyzing the Synchronization Structure of Concurrent Programs," ActaInformatica, 19, 1983, pp. 57-84.[4] R. N. Taylor, "A General-Purpose Algorithm For Analyzing Concurrent Programs," Communications of theACM, Vol. 5, No. 5, May 1983, pp. 362-376.[5]D. L. Long and L. A. Clarke, "Task Interaction Graphs For Concurrency Analysis," Proceedings of the 11thInt. Conference on Software Engineering, Pittsburgh, PA., May 1989, pp. 44-52.[6]S. M. Shatz and W. K. Cheng, "A Petri Net Framework For Automated Static Analysis of Ada TaskingBehavior," Journal of Systems and Software, 8, Dec. 1988, pp. 343-359.[7] G. Avrunin and J. Wileden, "Describing and Analyzing Distributed Software System Designs," ACM Trans.on Prog. Lang. and Systems, Vol. 7, No. 3, July, 1985, pp. 380-403.[8] G. Avrunin, U. Buy, J. Corbett, L. Dillon, and J. Wileden, "Automated Analysis of Concurrent SystemsWith the Constrained Expression Toolset," IEEE Trans. on Software Engineering, Vol. 17, No. 11, Nov.1991, pp. 1204-1222.[9] T. Murata, B. Shenker and S. M. Shatz, "Detection of Ada Static Deadlocks Using Petri Net Invariants,"IEEE Trans. on Software Engineering, Vol. 15, No. 3, March 1989, pp. 314-326.[10]S. M. Shatz, K. Mai, C. Black, and S. Tu, "Design and Implementation of a Petri Net-Based Toolkit for AdaTasking Analysis," IEEE Trans. on Parallel and Distributed System, Vol. 1, No. 4, Oct. 1990, pp. 424-441.[11]C. Black, S. M. Shatz, and S. Upp, "TQL: A Tasking Query Language for Concurrent Program Analysis,"Proceedings of the 12th Int. Conference on Distributed Computing Systems, Yokohama, Japan, June 1992,pp. 382-389.[12]A. Blakemore and G. Schebella, "Tools for Analyzing Dynamic Properties of System and Software Designs,"Proc. of the IFIP XI Congress, San Francisco, Ca., 1989.[13]G. M. Karam and R. J. Buhr, "Starvation and Critical Race Analysis for Ada," IEEE Trans. SoftwareEngineering, Vol. 16, No. 8, August 1990, pp. 829-843.[14]W. J. Yeh and M. Young, "Compositional Reachability Analysis Using Process Algebra," Proc. of the 1991Symp. on Software Testing, Analysis, and Verif. (TAV), Victoria, B. C., Canada, Oct. 1991, pp. 49-59.[15]W. J. Yeh, Controlling State Explosion in Reachability Analysis, PhD Dissertation, Dept. of ComputerScience, Purdue University, Aug. 1993.[16]J. C. Corbett, "Identical Tasks and Counter Variables in an Integer Programming-Based Approach toVerification," Proceedings of the 7th Int. ACM Workshop on Software Specification and Design, Dec. 1993,pp. 100-109.[17]M. B. Dwyer, L. A. Clarke, and K. A. Nies, "A Compact Petri Net Representation for ConcurrentPrograms," Proceedings of the 17th International Conf. on Software Engineering, April, 1995, pp. 147-157.[18]R. Enders, T. Filkorn, and D. Taubner, "Generating BDDs for Symbolic Model Checking in CCS," Proc. ofthe Workshop on Computer Aided Verification (CAV), 1991, pp. 263-278.

2 3 [19]J. Burch, E. Clarke, K. McMillan, D. Dill, and L. Hwang, "Symbolic Model Checking: 1020 States andBeyond," Proc. 5th Annual IEEE Symp. on Logic in Computer Science, 1990, pp. 428-439.[20]A. Valmari, "A Stubborn Attack on State Space Explosion," Proc. Workshop on Computer-AidedVerification, LNCS 531, Springer-Verlag, New York, pp. 156-165, 1991. Also in Formal Methods inSystem Design, Kluwer Academic Publishers, Vol. 1, 1992, pp. 297-322.[21]P. Godefroid and P. Wolper, "Using Partial Orders for the Efficient Verification of Deadlock Freedom andSafety Properties," Formal Methods in System Design, Kluwer Academic Publishers, Vol. 2, No. 2, April1993, pp. 149-164.[22]P. H. Starke, "Reachability Analysis of Petri Nets Using Symmetries," Systems Analysis Modelling andSimulation, Vol. 8, pp. 293-303, 1991.[23]S. Duri, U. Buy, R. Devarapalli, and S. M. Shatz, "Application and Experimental Evaluation of State SpaceReduction Methods for Deadlock Analysis in Ada," ACM Trans. on Software Eng. Methodology, Vol. 3, No.4, Oct. 1994, pp. 340-380.[24]J. L. Peterson, Petri Net Theory and the Modeling of Systems, Prentice-Hall, Englewood Cliffs, N. J., 1981.[25]K. Gostelow, V. Cerf, G. Estrin and S. Volansky, "Proper Termination of Flow-of Control in ProgramsInvolving Concurrent Processes," Proceedings of the ACM Annual Conf., Vol. II, Boston, Aug. 1972, pp.742-754.[26]G. Berthelot, "Checking Properties of Nets Using Transformations," G. Rozenberg (ed), Advances in PetriNets 1985, LNCS 222, N.Y., Springer-Verlag, 1987, pp. 19-40.[27]T. Murata, "Petri Nets: Properties, Analysis and Applications," Proceedings of the IEEE, April 1989, pp.541-580.[28]United States Department of Defense, Reference Manual for the Ada Programming Language, ANSI/MIL-STD-1815A-1983, Feb. 17, 1983.[29]D. Helmbold and D. Luckham, "Debugging Ada Tasking Programs," IEEE Software, Vol. 2, No. 2, March,1985, pp. 47-57.[30]S. M. Shatz, S. Tu, T. Murata, and S. Duri, "Theory and Application of Net Reduction for Ada DeadlockAnalysis," Tech. Report, Dept. of EECS, University of Illinois at Chicago, Oct. 1993.[31]E. T. Morgan and R. Razouk, "Interactive State-Space Analysis of Concurrent Systems," IEEE Trans. onSoftware Engineering, Vol 13, No. 10, Oct. 1987, pp. 1080-1091.[32]M. Young, R. N. Taylor, K. Forester, and D. Brodbeck, "Integrated Concurrency Analysis in a SoftwareDevelopment Environment," Proceedings of ACM SIGSOFT’89, TAV 3, Key West, Florida, Dec. 1989, pp.200-209.[33]M. Young, R. Taylor, D. Levine, K. Forester, and D. Brodbeck, "A Concurrency Analysis Tool Suite:Rationale, Design, and Preliminary Experience," Technical Report, TR-128-P, Software Engineering ResearchCenter, Purdue University, Oct. 1992.[34]S. Duri, U. Buy, R. Devarapalli, and S. Shatz, "Using State Space Reduction Methods for Deadlock Analysisin Ada Tasking," Int. Symp. on Software Testing and Analysis, Boston, Mass., June 1993, pp. 51-60(Reprinted in ACM Software Engineering Notes, Vol. 18, No. 3, 1993).[35]A. Valmari and M. Tienari, "An Improved Failures Equivalence for Finite-State Systems with a ReductionAlgorithm," Proceedings of the 11th IFIP Working Group 6.1 Symposium on Protocol Specification,Testing and Verification, Stockholm, Sweden, North-Holland Pub., June 1991, pp. 3-18.

2 4 Net Reduction (NRT Tool)InvariantCalculationsReachability Graph ToolsFETSBIDS

Ada net(Petri net)UserQueriesResponse¥¥¥Fig 1.1 The TOTAL Toolkit Architecture accept_13accept_7ack_entry_Customer_29ack_entry_Pump_5select_23ack_entry_Operator_4Fig 2.3 Fully Reduced Net Model of the Gas Station Program at Deadlock ack_entry_Pump_25t 2 3 , t 2 4 t 1 3 , t 2 5 , t 2 6 , t 4 , t5,t32,t33,t21t 1 4 , t 6 , t 7 , t 1 5 , t 1 6 , t 2 8 , t 2 9 t9,t30,t31,t10,t2,t3,t17,t18, t8,t19,t12,t32,t33,t21AdaSpecification

2 5 entry acceptwait_ackacceptbody entryack_accept acceptacceptbody end-acceptentry_ex_j_i

(a) An Entry Call(b) An Accept with Accept Body(c) A RendezvousNote for Labels:i is the entry call statementnumber; j is the acceptstatement number.Fig 2.1 Net Structures for Entry Call Statements and Accept Statementsend-accept

ack_acceptentry_beginentry_endacceptentry_beginentry_endaccept_doneaccept_doneacceptack_entryack_entryack_entryack_acceptwait_ackentry_ex_j_i begin-2-Customerloop-3aeO4begin-21-Operatorloop-22select-23begin-11-Pumploop-12accept-13entry-Pump-25aeP25ack-accept-Pump-25wait-ack-Pump-25entry-ex-24-4wait-ack-Operator-4end-accept-26accept-14end-select-31end-loop-32ack-accept-Operator-4entry-pump-5ack-entry-Pump-5wait-ack-Pump-5ack-accept-Pump-5accept-15entry-Pump-6wait-ack-Pump-6ack-entry-Pump-6ack-accept-Pump-6entry-Operator-16ack-entry-Operator-16entry-Customer-29ack-entry-Customer-29ack-accept-Customer-29wait-ack-Customer-29end-accept-30entry-ex-28-16wait-ack-Operator-16entry-ex-15-6accept-7end-loop-8ack-accept-Operator-16end-accept-17end-loop-18t18t17t31t30t29t9t28t16t15t14t8t7t6t5t4t10t19t32t26t25t13t12t11t24t23t21t1t2t3t20Fig 2.2 Original Ada Net of the Gas Station Program at Deadlockt33entry-Operator-4Label Abbreviation:aeO4: ack-entry-Operator-4aeP25: ack-entry-Pump-25

2 7

�ababcdcdfefffehhh fh fh fh fp1 2 2 1 2 2 Fig 3.1 Post-Fusion of Transitions

hfh fpabab�fh f1212Fig 3.2 Pre-Fusion of Transitionshfh fpababcdcdtt�Fig 3.3 Serial-Fusion of Transitions

begin_2_T11492356781110begin_6_T2begin_11_T3ack_entry_T2_3ack_entry_T2_12wait_ack_T2_3entry_ex_7_3entry_ex_7_12wait_ack_T2_12ack_accept_T2_12ack_accept_T2_3end_T2end_T3end_T1accept_7end_accept_8tttttttttttentry_T2_3entry_T2_12Fig 4.1 (a) Original Ada Net of Example 4.1 begin_2_T11492356781110begin_6_T2begin_11_T3entry_ex_7_3entry_ex_7_12end_T2end_T3end_T1tttttttttttFig 4.1 (b) The Reduced Net of Fig 4.1 (a)4tend_accept_8 p (an accept-place)q (another accept-place)qqqtttO1 O2Fig 4.2 Redundancy of an Accept-Place begin_2_T11492356781 1 1 0 begin_6_T2begin_11_T3end_T2end_T3end_T1ttttttttttt4tFig 4.3 Further Reduced Net of Example 4.1O1O2I2tI1I1qI2

3 01STATES:0: select_23,ack_entry_Operator_4, accept_131: ack_entry_Pump_25,accept_132: ack_entry_Pump_5,select_233: ack_entry_Customer_29TRANSITIONS:T1: t23,t24T2: t13,t25,t26,t4,t5,t32,t33,t21T3: t14,t6,t7,t16,t28,t29Fig 6.2 The Reachability Graph of the Reduced Net (Fig 2.3)023T1T2T3

accept_13begin_11_Pumpaccept_7ack_entry_Customer_29ack_entry_Pump_5select_23begin_21_Operatorbegin_2_Customerack_entry_Operator_4Fig 6.1 A Reduced Net Model From Fig 2.2 ack_entry_Pump_25t 2 3 , t 2 4 t 1 3 , t 2 5 , t 2 6 , t 4 , t 5 , t 3 2 , t 3 3 , t 2 1 t 1 4 , t 6 , t 7 , t 1 5 , t 1 6 , t 2 8 , t 2 9 t9,t30,t31,t10,t2,t3,t17,t18,t 8 , t 1 9 , t 1 2 , t 3 2 , t 3 3 , t 2 1 t 1 1 , t 1 2 t 2 0 , t 2 1 t 1 , t 2 , t 3