Deadlock Detection and Resolution for Discrete Event Simulation: Multiple-Unit Seizes

S. Venkatesh, J. Smith, B. Deuermeyer, and G. Curry Department of Industrial Engineering Texas A&M University College Station, Texas 77843-3131 Abstract This paper develops an automatic scheme todetect and resolve deadlocks in discrete-event simulation systems with entities capable of requesting multiple units of a resource. The research extends earlierdeadlock work on discrete simulation systems with unit resource requests.The purpose of the deadlock handling scheme is to provide for additional capabilities in discrete simulation systems. This is accomplished by endowing the simulation system with appropriate data structures and algorithms. The algorithms presented are based on a graph model of deadlocks in the simulation system. The proposed algorithms identify different categories of permanent and transient deadlocks in the simulation system. A deadlock resolution scheme is also developed in the case of group-processing for permanent deadlocks.

1. Introduction Simulation modeling and analysis has long been a major tool in the operational analysis of manufacturing systems. Asubtle and often problematic aspect of simulationthat has not been adequately addressed is deadlocking(Jun and Perros [11], Pierce and Drevna [17], Krishnaswamy and Ghiya [13]). Currently available commercial simulation systems provide no tools for detecting or resolving deadlocks. In response,Deuermeyer et al. [5] present procedures to detect and resolve simulation deadlocks under conditions of single-unit resource requests, and provide implementation and computational experience with the MOR/DS (Curryet al. [4]) simulation package. The intent of this paper is to present an extension to the original detectionand resolution procedures that will facilitate its use under more general multiple-unit request conditions. A preliminary version of the conceptual approach of this paper is given inVenkateshet al. [21].

The effects of a deadlock are usually noticeable in thesimulation output, but the effects can be difficult to detect in certain circumstances. Typically, the effects of a deadlock show up ashighly under-utilized resources associated with excessively long waiting lines and/or high resource

utilization without a correspondingly high quantity of completed products. Informally, deadlock occurs when a set of two or more entities request resources held by other entities in the same set, and cannot return the resources they hold until they are granted the requested resources. For example, consider the simulation of a manufacturing systemwhere two jobs, each controlling a different machine, request access to themachine held by the other. This situation leads to an interminable waitsince neither job can relinquish control ofits machine without being granted the access to the requested machine. As a consequence, both machines are highly utilized without a corresponding number of products being completed.Wysk et al. [23] have identified this problem in the context of real-time control of unmanned manufacturing systems. Similar deadlock situations have been studied in computer operating systems, databases, and communication systems (Coffmanet al.[3], Knapp [12], Natarajan [15]).

Deadlock occurs in simulation systems dueto the dynamic interaction of entities and resources in the course of the simulation. Deuermeyeret al. [5] use a graph formalism that represents this dynamic interaction to define deadlock characteristics in discrete simulation systems. The procedure presented detects and resolves deadlocks under the condition that entities are restricted to single-unit resource requests. A distinction is made between self-resolvable andnonself-resolvable deadlocks in simulation systems. Self-resolvable deadlocks are calledtransient deadlocks, whereas non self-resolvable deadlocks are calledpermanent deadlocks.

Transient deadlocks have the potential to resolve themselves over time. Such a situation can occur when an entity currently using amulti-unit resource returns the resource unit(s) in its possession.

The re-introduction of additional resource units into the simulation can allow other deadlocked entities to use the freed resource and, consequently, relieve the blockage situation in the simulation.

Although transient deadlocks have the potential for self-resolution, they cause a loss of processing time and consequent degradation in the simulation generated statistics. In the case of permanent deadlocks, external intervention is required in order for the deadlocked resources to be freed and the entities to continue through the simulation.

In the multiple-unit resource request case, there is a similar distinction between self-resolvable and non self-resolvable deadlocks. However, unlike the single-unit request case, we must also distinguish between two categories of permanent deadlocks. These are calledpending deadlock and total deadlock. Pending deadlock occurs when some of the deadlocked resources are currently

processing entities and can have additional waiting entities that can be processed without external intervention. However, the deadlock will never resolve itself and will eventually degrade into total deadlock.

A transition diagram of the simulation deadlock states under a multiple-unit request condition is shown in Figure1. The vertices in the figure represent possible deadlock states in the natural evolution of a simulation realization and the edges define feasible state transitions. The simulation starts in a deadlock-free state and can move through the different deadlock states as resource requests and assignments are made during the course of the simulation. Note that once the simulation enters thenonself-resolvable states of either pending or total deadlock, external intervention is required for the deadlocked resources and entities to be freed.

The objective of this paper is the development ofalgorithms that are capable of detecting, categorizing, and resolving deadlocks under the multiple-unit request condition. In the next section, we present a brief literature review and motivational examples of deadlock. These are followed by the necessary graph-theoretic notions and the evolution of deadlock in simulation. Finally, the paper develops the characterization of the occurrence, detection, and resolution of deadlocks

2. Literature Review Deadlock studies have been reported in various areas of computer science where conflicts arise due to the allocation of resources, such as data objects in database systems (Knapp [12], Singhal [20]), printers and other devices in operating systems (Habermann [8], Coffmanet al. [3], Holt [10]), and messages in communication systems (Natarajan [15]). Wysk et al. [23] also identify resource contentions due to conflicting part-routings in the context of automated manufacturing systems. The typical approach for modeling deadlocks involves the use of a graph-based representation to model the relationship between contending entities, and to control and manage deadlocks. Throughout this section we will use the termentity to represent the agent that requests a resource, such as a transaction in a database, a process in an operating system, or a part in a manufacturing system.

Researchers have identified three standard approaches to manage deadlock situations: prevention, avoidance, and detection and resolution. While the first two approaches ensure that deadlock will

never occur, the last approach allows deadlock to occur and resolves it appropriately. Deadlock prevention averts deadlock by imposing constraints on how the resource requests are made, ensuring that the necessary conditions for deadlock can not occur. Examples of prevention strategies include allocating all of the resource requests before each entity begins execution or a waiting entity returns resources requested by an active entity (Singhal [20]). Examples of preventive measures in manufacturing systems control include providing a large number of inprocess buffers and uni-directionalbatching of jobs (Wysk et al. [23]). In the case of simulation, such an approach could potentially restrict the level of realism that can be implemented in the simulation model. For example, in a simulation of a manufacturing situation, this would mandate acquiring both the operator and the machine during a routine setup, even if the machine is not required for the setup.

Deadlock avoidance works by ensuring that the sufficient conditions for deadlock are not met. In deadlock avoidance, every resource request is analyzed prior to execution, and only allowed to occur if it does not cause a deadlock. This analysis requires knowledge of future events of the current system realization.Habermann [8] presents a deadlock avoidance algorithm in which each entity declares the maximum possible number of units of each resource it may need. Given this information, as each resource request is made, an assignment is authorized only if there exists at least one sequence of executions that does not evolve to a deadlock.Wysk et al. [23], and Cho et al. [2] present related approaches for avoiding deadlocks in the context of automated manufacturing system control. The stochastic nature of simulation, however,makes it impossible to analyze the effects of future events. Furthermore, the general deadlock avoidance problem has been shown to be NP-Complete even when times are known with certainty[6].

In the deadlock detection and resolution strategy, resource requests are granted without considering the potential for deadlock. At appropriately chosen times, a deadlock detection procedure is invoked. If the procedure identifies a deadlock, the deadlock is resolved. Given that deadlock prevention can be restrictive and deadlock avoidance isinfeasible in most simulations, we adopt the detection and resolution strategy for handling deadlocks. The deadlock detection problem has been studied extensively by previous researchers (Cho et al. [2], Coffmanet al. [3], Holt [9,10],

Natarajan [15], Wysk [23]). Knapp [12] and Singhal [20] present comprehensive surveys of deadlock detection procedures in distributed systems. In the context of the real-time control of

manufacturing systems with no alternate part-routings, deadlock detection reduces to the detection of cycles in the graph model (Cho et al. [2], Wysk et al. [23]).

Many algorithms presented to detect/prevent deadlocks reorder the waiting entities into a nondecreasing list of entities by their request size. The algorithms then attempt to find at least one possible sequence of executions that does not result in deadlock (Habermann [8], Coffmanet al. [3], Holt [10]). In the case of simulation systems, re-ordering of the waiting entities may violate the reallocation rule of the resource. The reallocation rule decides whether the resource queue allows (or disallows) late arrivals in the queue to pass (or not pass) stalled entities. In the case of multiple-unit requests, such a policy can alter the outcome of the deadlock detection by erroneously designating a deadlocked simulation to be free from deadlock. This will be demonstrated by examples in the following section. In this paper, we present a mechanism by which we can model different reallocation policies in a general simulation system. This transformation allows the use of existing procedures for deadlock detection and, further, allows for developing a generic deadlock detection procedure ignoring nuances due to different resource allocation rules.

Resolution is the second half of the detection/resolution strategy. The problem ofoptimally resolving deadlocks is known to be NP-hard (Gray[7], Leung and Lai [14]). In the case of realtime control of manufacturing systems, resolution consists of removing a deadlocked entity from the resource (machine) it holds, placing it in a temporary buffer, and reallocating the released resource to a waiting entity (Cho et al.[2], Wysk et al. [23]). The resolution procedure in computer applications typically chooses a set of entities to be aborted and restarted or partially rolled-back in order to break the deadlock. For example, an operating system would resubmit a job to start all over again or a database system would abort a set of transactions to be restarted.

Due to the varied nature of deadlocks in a general simulation system, such removal or roll-back of entities are not directly applicable in the context of modeling manufacturing systems. Deuermeyer et al. [5] present two situation-based deadlock resolution schemes that enable the simulation to automatically recover from deadlock situations without any additional burden on the simulation modeler. Later in this paper we present a resolution scheme for multiple-unit requests.

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 6

3. Assumptions and Deadlock Examples

We are primarily concerned with entity and resource relationshipsthat are modeled using the timedependent graph described by Deuermeyeret al. [5]. Attention isrestricted to the seize and release statements that generate these relationships in a general simulation model. Other aspects of the simulation model are not germane to this analysis and aretherefore not considered. In this section we will present three examples of deadlocks in simulation. The first example demonstrates the evolution of a simulation that leads to a total deadlock with entities restricted to single-unit resource requests. The details of the detection and resolution procedures under these conditions are described in Deuermeyeret al. [5]. The next two examples demonstrate the effects of multiple unit resource requests and the reallocation rule used by the resource to refill unassigned units on the classification of the deadlock.

The MOR/DS simulation paradigm (Curry et al. [4]) that we employ is similar to the approaches taken in both SIMAN (Pegden et al. [16]) and GPSS (Schriber [18, 19]). Under this paradigm, entities acquire necessary units of a resource through a simulation structure called theseize statement, and return the acquired resource units through a simulation structure called therelease statement. Entities can request one resource type at a time in the simulation and, thus, entities requiring more than one type of resource simultaneously must acquire them sequentially.

Resources can have a capacity greater thanone and there is a unique queue associatedwith each resource. Furthermore, we assume that the totalnumber of units simultaneously held and/or requested by a single entitynever exceeds the total capacity of the resource.

The seize statement maintains the number of available units and the prioritized queue of entities waiting for a resource. If a sufficient number ofresource units are available when an entity makes a request, theseize statement assigns the appropriate number of resource units to the requesting entity and updates the available capacity. If the requested number of unitsis not available, the requesting entity is inserted in the queue according to the user-specified queue discipline (e.g., firstin, first-out (FIFO), last-in, first-out (LIFO), priority number, etc.). Therelease statement manages the number of available resource units and the resource queue as entities relinquish control of the resource. As resource units are returned by an entity, the release statement reallocates the resource to waiting entities using aresource fill rule.

The fill rule, designated as eitherpass or no-pass, determines whether entities waiting in a resource queue can pass other entities in the same queue. Passing of entities can be a significant factor in the multiple-unit seize case where the first entity in the queue requests more units than are currently unassigned. Obviously, under these conditions the first entity will be forced to wait in the queue. However, in some cases, requests from entities further back in the queue could be satisfied if those entities were allowed to �pass� the stalled entity. The SIMAN language uses a no-pass fill rule, while GPSS uses the pass fill rule. In the MOR/DS simulation language, the fill rule for each queue is specified by the analyst when developing the model.

3.1 Examples In the illustrations that follow,we use rectangles to represent resources and circles to represent entities.Notationally we represent the i^{th} entity bye_i and the j^{th} resource byr_j. A resource assignment ofk units to an entity is depicted with a directed edge labeledk from the resource to the entity (Figure2a), while a resource request ofk units is depicted with a directed edge labeledk from the entity to the resource (Figure2b).

Note that we drop the labeling on the edges with unit requests or unit assignments without ambiguity. We assume that a request for a resource that can be satisfied changes immediately to an assignment edge. Hence, there is no need to represent a request from an entity to a resource that can be satisfied. In text, we use the notation(e,r,k) to represent a request ofk units of resourcer by entitye, and (r,e,k) to represent an assignment ofk units of resourcer to entitye.

Example 1. Consider a manufacturing process with a unit capacity machine (r_2) that requires an operator (r_1) for loading and unloading of jobs. Figure 3 shows the evolution ofa simulation that leads toa deadlock. The simulation of the manufacturing process assumes that a part in control of either of the resources will not relinquish control of the resource it is holding until its request has been granted.

In Figure3a, job 1 (e_1) has control of the operator(r_1) so that it can be loaded on the machine (r_2), while job 2 (e_2) is being processed onthe machine.In Figure3b, job 1 has requestedthe machine (r_2), which creates a new edge frome_1 to r_2. In Figure3c, job 2 has finished processing onthe machine and requeststhe operator to unload themachine.This eventcreates an edge from toe_2 to r_1. Since neither entitywill relinquish the resource that it controls until its respective request has

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 8

been granted, the simulation is deadlocked, andthe two jobs will wait indefinitely. Furthermore, any other entities requesting either resource will also wait indefinitely. The simulation system as shown in Figure3c is said to be in total deadlock.

Example 2. Consider the situation depicted in Figure 4. The system consists of two resources (r^1 and r^2) each having two units of capacity. The current state of the system is shown in Figure4a, which gives the ordering of the different entities in the resource queues. Figure 4b displays the entity-resource graph for the situation depicted in Figure 4a.

In Figure 4b entitiese^1 and e^2 hold one unit of resources r^1 and r^2, respectively, and are currently requesting two units of resources r^2 and r^1, respectively.By assumption, entitiese^1 and e^2 will not relinquish the resources they hold until they acquire the requested resource units.Additionally, entitiese^3 and e^4 control one unit of resources r^1 and r^2, respectively. Entitiese^5 and e^6 are waiting for a single unit of resources r^1 and r^2, respectively.

After entitiese^3 and e^4 have completed processing, entitiese^5 and e^6will be processed. However, entitiese^1 and e^2 are deadlocked, andcannot be processed since they each are requesting two resource units. The simulation system in the state as shown in Figure4b is said to be in pending deadlock. The distinction from the previous example is that some of the resource units can continue to process entities. In the present instance, entitiese^3 and e^4 are currently being processed, and entitiese^5 and e^6will be processed after these entities are completed. Furthermore, if either of the resource queues has a pass-fill rule, then that resource can continue to process newly arriving entities, so long as arriving entities request only a single unit of the resource. In large simulation models, such a situation may go undetected, and, thus, lead to a misinterpretation of the simulation output. The key factor is that, for the no-pass filling rule, if and when entitiese^1 and e^2 reach the front of their respective queues, the simulation will be in total deadlock.

Example 3. Reconsider the situation as shown in Figure4a but with the associatedentity-resource relationship graph as shown in Figure 4c. Here, entitiese^1 and e^2 are currently requesting one unit of resourcer^2 and r^1, respectively, and resources r^1 and r^2 allow passing of entities. Also, entities e^5 and e^6 are waitingfor two units ofresources r^1 and r^2, respectively. Now, because of the pass filling rule, all of the entitiesin the different resource queueswill eventually gain control of their requested resources. Consequently, the situation depicted in Figure 4c is in transient deadlock. It

should be noted that ifneither of the resources allows passing of entities, the simulation system would be in pending deadlock.

In the above examples deadlocks occurred as a result of the requesting entities being unable to relinquish the resources currently in their possession. This feature is the primary reason for the occurrence of deadlocks in simulation systems. The examplesclearly demonstrate the complications inherent in detecting deadlocks in simulation systems. These complications are due to the dynamic nature of the simulation, the multiplicity of request sizes by entities, and the filling rules of the resources.

4. Entity and Resource Relationship Graph A directed graphG = (V,E) has a vertex set V and an edge setE, where (u,v,k)∈ E implies there is an edge directed fromu∈ V to v∈ V with a labelk∈ N, whereN is the set of positive integers. A vertexv∈ V is called a root vertex (source) ofV, if there is nou∈ V for which (u,v,k)∈ E (i.e., the indegree ofv is zero). A vertexv∈ V is called a leaf vertex (sink) ofV, if there is nou∈ V such that (v,u,k)∈ E (i.e., the out-degree ofv is zero). A vertex is called aninterior vertex if both the indegree and out-degree are non-zero. A vertex is called anisolated vertex if both the in-degree and out-degree are zero.

A directed graphG’ is said to be a subgraph of directed graphG, if G’ = (V’,E’), whereV’ ⊆ V and E’ ⊆ E. Let V’ ⊆ V, and G’ be constructed by lettingE’ ⊆ E, where (u,v,k)∈ E’ for all u,v∈ V’ and (u,v,k)∈ E. The set V’ is called a strongly connected component (SCC) of V if for all verticesu and v ∈ V’, there is a directed path inG’ connectingu to v, and another path connectingv to u. In this case, the subgraph G’ is induced by V’. Let V’ be an SCC and G’ its inducedsubgraph; then we say V’ is a closed strongly connected component (CSCC) if there is no edge inG directed out of V’. In the formalism developed below, strongly connected components represent the circular wait relationships indicative of deadlock and are therefore critical to succeeding developments.

We represent the entity-resource (ER) relationship by the directed graphGt = (Vt,Et), for t≥0. Here, Gt denotes the ER graph at instantt, with vertex setVt and edge setEt. The vertex set contains all the resources of the system as well as those entities who own at least one resource unit

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 10

and/or are waiting for a resource at instantt. Let Gt, t≥0, denote the ER graph over time, beginning with the configurationG0, whereV0 consists of the set of all resources andE0 is empty.

Since setGt changes over time due to the execution of a series ofseize or release statements, only those entities that are waiting for a resource or possess a resource at timet will be included in the graph Gt. Idle resources are represented as isolated vertices. Hence the graph can change configuration only upon execution of aseizeor a release statement and we can completely describe the dynamic behavior of the ER graph by appropriately updatingGt after the execution of each seize or release statement. We take the convention that this update process is right continuous

(i.e., Gt denotes the ER graph immediately after the execution of aseizeor a release statement).

In the algorithms to follow, we use terminology and pseudo-code notation resembling common programming languages. Bold-face type is used to indicate reserved words within this pseudo-code language. We assume the language provides capabilities to work with arbitrary lists of objects, and provides facilities to modify these lists via the commandsinsert, delete, and get. The algorithms presented do not rely on the implementation details of these commands and, therefore, we do not explicitly describe an implementation mechanism. Theinsert command places a specified element at a specified position in the list. Thedelete command removes and destroys a specified element from the list. Theget command removes and returns a specified element from the list, so as to be able to manipulate the element in the algorithm. We useget(l,i) to access thei_{th} element from listl.

We use the following quantities in our descriptions: QUEUEt [r] represents the set of entities in the queue at resourcer, USESt [r] represents the set of resources owned by entitye, OWNSt [e] represents the set of entities that own units of resourcer, and WAITSt [e] represents the resource that entitye is waiting for. In addition, CAP[r] denotes the capacity of resourcer, REMt[r] denotes the unassigned capacity (remaining capacity) of resourcer, and REQt[e,r] denotes the number of requested units of resourcer by entitye. We drop the square brackets to represent a vector and the index (t) wherever appropriate.

Figure 5 illustrates theseize statement operation in the notation described above. Lines 1-2 add entitye to the vertex set of the graph if entitye currently owns no resource. Lines 3-8 check to see

if there is available capacity in resourcer to accommodate the request by entitye; if so, entitye is added to the ER graph with edge (r,e,k), else entitye is added with edge (e,r,k).

Figure 6 defines the operation of therelease statement. Lines 1-3 remove the assignment edge (r,e,k) from the graph and update the set USES[r] as entity e returns the units of the resourcer it is holding. Line 3 updates the available units of resourcer. Line 5 deletes entitye from the graph, if it no longer owns any other resource. Lines 6-14 perform the filling function to reallocate the available resource units to waiting entities. The functionfirstfit returns an entity that satisfies the capacity constraints of resourcer, or returns a null (�) if no such entity exists. Details of these functions are provided inVenkateshet al. [22].

5. Conditions for Deadlock and Deadlock Detection

5.1 Preliminaries The notion of an SCC (or CSCC) is important in the ER graphGt, since the existence of an SCC indicates the occurrence of a deadlock in the simulation. It was shown by Deuermeyeret al. [5] that with the simulation restricted to single-unit resource requests, total deadlock corresponds to the presence of at least one CSCC in the ER graph. In the multiple-unit request case, we define total deadlock similarly. However, for the multiple-unit request case, some resource units of the deadlocked resource can be idle. The presence of a total deadlock in thesimulation indicates the need forexternal intervention for the deadlocked entities and resources to be freed. Further, the presence of an SCC in the multiple-unit resource requests case can indicate pending deadlock, which also requires external intervention for the deadlock to be resolved. Here, the user can choose not to intervene at the instant of discovery to avoid penalizing non-deadlocked entities during resolution, since some units of the deadlocked resources continue to process entities.

Beginning withG0, which is free from deadlock, we track the evolution of the simulation after each execution ofseizeor release statements to identify the occurrence of deadlocks. The existence of an SCC at instant t in the ER graph implies that a deadlock is present. If the SCC is closed, this deadlock can only be resolved by external intervention (total deadlock). If the SCC is not closed then some entities will be delayed and some resource capacities not operational. This situation may be temporary however, and it may be acceptable to let the simulation proceed for a time. If it is

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 12

temporary and will eventually resolve itself, the deadlock is a transient deadlock. Otherwise, it is a pending deadlock.

Suppose at instant t an SCC that is not closed has been found in the simulation ER graph. At this point, entities in the SCC are blocked becauseevery entity in the SCC is waiting for resources held by other entities in the SCC, andsome of the entities in the SCC are waiting for resources held by entities not in the SCC. However, it may be possible that some entity not in the SCC might return a resource that could initiate a sequence of events that would cause the SCC to collapse. An example would be the return to operation of a machine under repair or off-shift. This sequence of events might be realized in the near future, might be realized over the long term, or might never be realized, depending on the specific sequence of events within the simulation run.

We use the concept ofreduction (similar to that given inCoffmanet al. [3]) as a method to characterize the fortuitous events that may clear an SCC in the ER graph. Assume for current discussion purposes that the ER graph contains a single SCC. The reduction process is designed to distinguish between pending deadlock and transient deadlock. Basically, reduction attempts to return resource units from entities not waiting for any resource in the ER graph (i.e., sink vertices in Gt). As these entities are reduced, additional resource units will be freed, that in turn may allow the reduction of more waiting entities, and so on. The reduction process will eventually reduce entities that are not waiting for any resource in the SCC but holding resource units contained in the

SCC. The reduction of such entities return units of resources contained in the SCC, thereby either causing the SCC to clear (indicating transient deadlock), or become closed (indicating pending deadlock).

As an example, consider the situation depicted in Figure 4b. The reduction process would begin with the set of entities (e^1, e^2, e^3, and e^4). Initially, entitye^3 will return the unit of resourcer^1 in its possession. Next, entitye^4 will return the unit of resourcer^2 in its possession. Now, since neither entitye^1 nor entitye^2 can obtain their requested resource units, and, further, since neither entity will relinquish the resource that it holds until it obtains the requested resource, the reduction process will terminate. The reduction will terminate with both entities,e^1 and e^2 unable to satisfy their request, indicating a pending deadlock.

search procedure. This is accomplished by identifying the appropriate edges assearch traverses the ER graph during the depth-first search procedure.

Lemma 1: Let (u,v,k)∈ Et, whereu,v∈ Vt at instant t>0 in the ER graph Gt. Assume there is an

SCC in Gt such that u∈ SCC and v∉ SCC. Then u is a resource vertex andv is an entity vertex in Gt. Proof: We haveu∈ SCC and v∉ SCC. If u is an entity, then either an edge needs to be incident on more than two vertices or theoutdegree of an entity should be greater than one (a contradiction).

Thus every edge (u,v,k) in the ER graph such thatu∈ SCC and v∉ SCC must necessarily be a

(r,e,k) edge.

To detect pending deadlocks we need to execute thereduction function once we discover an SCC that is not closed in the ER graph. An unsuccessful resource request introduces an edge (e,r,k) in the ER graph and starts deadlock detection. Now thesearch function is called as a result of the invocation of deadlock detection, which creates a depth-first search tree rooted at resourcer. By the assumption of continuous detection and resolution, any pending deadlocks that occur are necessarily contained in the SCC created due to the unsuccessful resource request. Consequently, the SCC that contains the pending deadlock is rooted at resourcer, and by the definition of an SCC necessarily contains resource r. We call the SCC in the ER graph that contains resourcer as the principal strongly connected component (PSCC). Thus, it is sufficient to execute the reduction process exclusively on the PSCC, rather than on every existing SCC in the ER graph.

Again by the assumption of continuous deadlock detection and resolution, it can be argued that any

CSCC that is discovered in the ER graph necessarily has to be rooted at resourcer, and hence be the PSCC. As a result, it is sufficient to look for pending or total deadlocks exclusively in the

PSCC, which is established in the following theorem.

Theorem 1: Let Gs and Gt be the simulation ER graph at instantss>0 and t>0, respectively, such that s<t. Also, let (e,r,k)∉ Es and (e,r,k)∈ Et such that Es ∪ (e,r,k) = Et. If Gs is not in pending or total deadlock andGt is in pending or total deadlock, then resourcer is contained in the SCC∈ Gt that causes the total or pending deadlock (i.e.,r∈ PSCC).

Proof: Either entitye or resource r in edge (e,r,k) has to be contained in the SCC∈ Gt, otherwise either the edge is incident on more than two vertices in the ER graphGt, or the ER graph Gs is in total or pending deadlock before the introduction of the edge (e,r,k), which is a contradiction. Further, Lemma 1 establishes that it is not possible to havee∈ SCC and r∉ SCC in any ER graph.

Informally,search identifiesSCCs farther away from the root of the depth-first search tree before identifying theSCCs closer to the root. By construction, the PSCC is the last component identified by search since the depth-first search tree is rooted at resourcer. Further, notice that r∈ PSCC and e∉ PSCC occurs when the resource queue forr has a no-pass filling rule. If the resource queue has a pass filling rule then entitye can be eventually processed. This is because the ER graph without the request by entitye is not in pending deadlock, and hence all the entities in the resource queue can be processed. Now entitye can be processed unless the requested units (k) is greater than the capacity of resourcer (CAP[r]), which is a contradiction. Finally, note that if there exists a total deadlock thensearch identifies the CSCC, and by Theorem 1, this necessarily has to be the PSCC.

By the result of the preceding theorem we can afford the luxury of ignoring all but the PSCC for executing thereduction function. This implies that had we executed thereduction function on the entire ER graph, any pending deadlock that we discover necessarily has to be in the PSCC. We now establish the conditions necessary to execute the reduction process exclusively on the PSCC.

Entities in the PSCC may be in pending deadlock due to the fact that they may be waiting for resource(s) in the PSCC. Lemma 1 assures us that entities in the PSCC cannot be waiting for resource(s) outside of the PSCC. However, it is possible for some units of resources in the PSCC to be held by entities outside of the PSCC (Lemma 1). Also, Theorem 1 establishes that these resource units would be eventually returned during a reduction process, for any pending or total deadlocks are necessarily contained in the PSCC. Thus we need to find the effective available capacity of the resources in the PSCC as we invokereduction on the PSCC. The effective available capacity of resourcer∈ PSCC is obtained by incrementing the remaining capacity REM[r] by HOLDS[e,r] for all entitiese∉ PSCC such that (r,e,k)∈ E.

To compute the effective available capacity, we will show that it is sufficient to consider exclusively (r,e,k)∈ E edges such thatr∈ PSCC and e∉ PSCC, among all component (singleton or otherwise) interactions in the ER graph. It should be noted that all edges (u,v,k)∈ E such that u∉ PSCC and v∈ PSCC that are incident on the PSCC are irrelevant to the classification of the deadlock situation in the PSCC. An exception to this would be when a newly introduced edge

(e,r,k) causes a pending deadlock, such thate∉ PSCC and r∈ PSCC. Thus, we have established that it is sufficient to check for pending deadlock in the PSCC, implying that the classification of the pending deadlock situation in the simulation is the same as that of the PSCC.

Given that the depth-first search tree is rooted at resourcer, all edges incident on the PSCC necessarily have to be from a disconnected part of the ER graph. This follows from the fact that every vertex in a connected graph has to be a descendant of the root of the depth-first search tree.

Furthermore, any vertex that is a descendant of the root with a path to any vertex in the PSCC is also contained in the PSCC. In the following lemma we establish that all edges that are incident on the PSCC, with the exception of the one noted above, cannot alter the classification of the pending deadlock situation. Otherwise, this would imply that some entitye∈ PSCC is waiting for a resource outside of the PSCC or that the ER graph before the introduction of the edge (e,r,k) was already in pending deadlock.

Lemma 2: Let (e,r,k)∈ Et create a PSCC in pending deadlock in the ER graphGt at instant t>0. If

(u,v,k)∈ Et such that u∉ PSCC and v∈ PSCC, where u∈ Vt - {e} and v∈ Vt in Gt, then (u,v,k)∈ Et cannot alter the pending deadlock classification of the PSCC.

Proof: Clearly, u is not a descendant of eithere∈ Vt or r∈ Vt in the depth-first search tree. If so, this would imply either thatu∈ PSCC or the outdegree of entitye is greater than 1. Now, eitheru is a resource or u is an entity.

Case 1: Suppose u is a resource. Then the outcome of the pending deadlock classification is unaltered since entities in PSCC are not waiting for resourceu. If any of the entities in

PSCC were waiting for resourceu, then resourceu would be part of PSCC, and would not be in a disconnected part of the ER graph.

Case 2: Suppose u is an entity. Then by the fact that the ER graph was not in pending deadlock before edge (e,r,k) was introduced shows thatu cannot influence the deadlock classification. Otherwise, if any of the entities are waiting for resources held by entityu, then as before we have thatu would not be in a disconnected part of the ER graph.

Based on Lemma 2 we may ignore the edges incident on the PSCC without affecting the outcome of the reduction procedure. Furthermore, Lemma 1 established that all edges that emanate from the PSCC are (r,e,k) edges such thatr∈ PSCC and e∉ PSCC. This property is used to enhance search so that it may maintain the effective available capacity of the resources while processing (r,e,k) edges in the ER graph. The motivation to enhancesearch is to be able to provide the user the capability to switch thereduction procedure on or off, depending on single-unit or multipleunit resource requests, thereby improving the efficiency of the execution of the simulation.

Depth-first search traverses a directed graph in the forward direction as long as possible. The edge set is partitioned into tree edges, back edges, forward edges, and cross edges. Note: Ifu and v are nodes in a graph with the depth-first number given by DFNUMBER[u] and DFNUMBER[v], respectively, then (Ahoet al. [1])

(a) (u,v,k) is a tree edge if u is partially explored,v is newly visited, and DFNUMBER[u]<DFNUMBER[v];

(b) (u,v,k) is a back edge if u and v are partially explored and

DFNUMBER[u]>DFNUMBER[v];

(c) (u,v,k) is a forward edge if u is partially explored,v is fully explored, and DFNUMBER[u]<DFNUMBER[v]; and

(d) (u,v,k) is a cross edge if u is partially explored,v is fully explored, and DFNUMBER[u]>DFNUMBER[v].

In order to process the information properly we need to be able to distinguish between different types of (r,e,k)∈ E edges, withr∈ PSCC and e∉ PSCC, in search. By definition, any edge (r,e,k)∈ E cannot be either a back edge or a cross edge in the ER graph, otherwise we would have

entitye∈ PSCC. Thus we are only concerned with tree and forward (r,e,k) edges, withr∈ PSCC and e∉ PSCC, to calculate the effective available capacity of the resources.

This information is updated appropriately for trees and forward edges while invoking thesearch function. The total effective capacity is retained in EFF_CAP. Also,search naturally returns the entities in the PSCC in the process of detecting SCC (or CSCC) in the ER graph. Details of these functions are provided inVenkateshet al. [22]. Thus, at the conclusion of thesearch function we have the set of entities in the PSCC and the effective available capacities of the resources to execute thereduction function, ifsearch does not identify a CSCC in the ER graph.

Finally, if we choose to ignore the occurrence of pending deadlocks, but detect and resolve the occurrence of total deadlocks continuously, then we do not need to execute thereduction function on the ER graph. Now the deadlock detection procedure is simple and straightforward, and involves the detection and resolution of CSCC in the ER graph using thesearch function. In addition to invoking the deadlock detection routine at each unsuccessfulseize, we would also need to invoke detection if the filling rule fails to reassign the available resource units in therelease statement. Detection is required here since failure to reallocate available units of the resource may indicate the creation of a CSCC in the ER graph, possibly an evolution of an unresolved pending deadlock to a total deadlock situation.

Also, note that the depth-first search is rooted at the resourcer that is unable to reassign the available resource units in therelease statement. By construction, and assuming continuous detection and resolution of total deadlocks, the CSCC that we may discover is necessarily rooted at resourcer. By our definition this component is necessarily the PSCC. In the following subsection we will present the algorithms necessary to detect deadlock in simulation systems.

5.3 Deadlock Detection

The deadlock detection scheme works in two phases. Initially we invoke the depth-first based search function to detect the existence of an SCC (or CSCC). During the second phase, we execute the reduction scheme based on the information generated from the functionsearch.

Depending on whether or not we choose to ignore pending deadlocks, we need to execute the reduction function to characterize the SCC as a pending deadlock or transient deadlock

component. If we work under the premise that we detect and resolve pending and total deadlocks continuously, then it is sufficient to invoke deadlock detection after each unsuccessful resource request. The functiondeadlock is invoked by entitye in the edge (e,r,k) of the ER graph, and is shown in the definition of theenhanced seize statement in Line 8 of Figure8. The function deadlock is used to detect and categorize the different types of deadlocks in the simulation. It is an integer-valued function that returns 0 for deadlock-free states, 1 for transient deadlock states, and 2 for pending deadlock states, and 3 for deadlock free states.

If we choose to not resolve pending deadlocks in the simulation, we would also need to invoke deadlock after failing to reassign any returned resource units in therelease statement. This would be in addition to invoking deadlock detection through theseizestatement as mentioned above. The functiondeadlock invocation is shown in Figure9 (line 17) of the definition of the enhanced release statement. Here, PENDING_IGNORED is a globalboolean variable that is set to false if we choose to ignore pending deadlocks in the ER graph, and vice versa. The functiondeadlock in turn invokes thesearch function to detect the presence of an SCC (or CSCC) component in the ER graph.

The deadlock function characterizes the result ofsearch. If a CSCC is found then we report the existence of total deadlock, and appropriate action is taken. If we chose not to resolve pending deadlocks, then we do not need to invoke thereduction function. However, we invoke the reduction process if we find an SCC in the ER graph such thatr∈ SCC, and we chose to detect and resolve pending deadlocks. Of course, if no component is found we return indicating that the simulation is deadlock-free.

We use the boolean functionadditional_status to characterize the reduction status of the ER graph. If the functionadditional_status reports that the ER graph is reducible, we report that the ER graph is in transient deadlock. The list of entities in the PSCC (L) to be reduced and the effective available capacity of the resources (EFF_CAP) are initialized bysearch. The function additonal_status uses reduction to distinguish between transient deadlock and pending deadlock. The details ofadditonal_status are shown in Figure10.

The specific details ofreduction are shown in Figure11. The functionreduction chooses an entity to reduce from the listL, whose resource request can be satisfied from the effective available

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 21

capacity of the resources (lines 1-2). Failing this,reduction attempts to choose the next entity inL whose resource request can be satisfied, until all the entities inL are tested. Upon finding an entity that satisfies the resource constraints, all the resource units held by the entity are returned (line 3), and the entity is deleted fromL (line 4), and the process starts again (line 7).

More precisely, letG^{scc}⊆ Gt be an arbitrary SCC in the ER graph. Let L be a list of entities where e∈ L such that either [e∈ G^{scc}] or [e∉ G^{scc}, r∈ G^{scc}, (r e, k)∈ Et]. If G^{scc} is in transient deadlock then

L^f = ∅ , whereL^f is the final list of entities obtained by executingreduction on L. Likewise,G^{scc} is in pending deadlock if and only ifL^f≠ ∅ at the conclusion of executingreduction on L.

Notice that in line 2 of functionreduction we use the entity attribute VREQ[e,r], the number of virtual requested units of resourcer by entitye to check for the resource constraint. Recall that in the case of a no-pass resource queue, the virtual request of an entity is the maximum request size of all entities ahead of it in the queue. This guarantees that whenever an entity is processed during reduction, all other entities ahead of the entity can also be processed, thereby preserving the nopass filling rule of the resource queue. The functionreduction essentially operates on the list of entities inL as if the entities are resident in a resource queue with a pass filling rule. Thus, we utilize VREQ[e,r] to transform a resource queue with a no-pass filling rule to one with a pass filling rule. We will present the formal definition of VREQ[e,r] in the next section; for now the reader may ignore the difference between the two filling policies (i.e., assume REQ[e,r] is equal to

VREQ[e,r]).

The reduction function determines if there exists a sequence of entity reductions that can satisfy the pending resource requests in the PSCC, given the current effective available capacity of the resources. If L is empty after executingreduction , the ER graph is in transient deadlock. IfL is not empty, the ER graph is in pending deadlock.

6. Modeling Filling Rules

In the previous section the functionreduction was used to detect pending deadlock in the PSCC of the ER graph. The function chooses an entity from the list of entities in the PSCC (L) whose resource request can be satisfied from the effective available capacity of the resources. Failing to reduce the entity, the functionreduction chooses the next entity inL and attempts to reduce the

newly chosen entity, until all the entities inL are tested. If some entity inL (with L ≠ �) can be reduced then the reduction procedure starts again with a new list formed by deleting the reduced entity from listL. Eventually, no more entities inL can be reduced even thoughL is not empty, and the PSCC is in pending deadlock. Otherwise,L is empty and the PSCC is in transient deadlock. Careful thought will reveal that thereduction function reduces the PSCC as if the waiting entities are resident on resource queues that allow passing of entities. Consequently, the reduction function will violate the no-pass filling rule of a resource queue if there exists more than one entity from the resource queue in the listL.

As was demonstrated in Example 3 of Section 3.1, the classification of the deadlock situation in the simulation depends on the filling rule with multiple-unit resource requests. To accommodate both filling policies by thereduction function we now present a scheme that transforms a resource queue with a no-pass filling rule to one with a pass-filling rule. It should be noted that we assume the following scheme for a resource queue in the simulation: entities are inserted into the queue at an appropriate position, based on a queue discipline specified by the user at the beginning of the simulation. Further, entities are always picked from the front (or head) of the queue to satisfy resource demands.

To preserve the no-pass filling rule of any of the resource queues, we use a transformation that is a function of the request size (REQ[e,r]), the resource filling rule (PASSATTR[r]), and the position of the entity in the resource queue. This information is retained in an entity attribute calledvirtual request. The virtual request, VREQ[e_i,r], of entitye_iwaiting for resourcer is defined as follows:

VREQ

REQ if filling rulefor is no pass REQ if filling rulefor is pass, t i j i t j t i e r e r r e r r

[ , ] max [ , ], ,

[ , ], , , = − =1 L

wheree_i, e_j∈ QUEUEt[r] and i, j are the ordinal numbers ofe_i, e_j in QUEUEt [r].

Using the size of the virtual request in the functionreduction , entity e_jcannot be reduced unless entitye_ican be reduced, if the entities are resident in a no-pass resource queue. Here, entitiese_i, e_j are the i^{th} and thej^{th}entities in the resource queue, withi<j. Thus, virtual request essentially orders the entities in a no-pass resource queue in a non-decreasing fashion, and thereby preserves the no-pass filling rule of the resource queue during the reduction process. The VREQ[e,r] value

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 23

is updated every time an entity is inserted in or removed from the resource queue. Additional details are provided inVenkateshet al. [22].

7. Deadlock Resolution

We next describe an approach that enables a simulation system to automatically recover from deadlock situations. The approach requires no additional language constructs and places no additional burden on themodeler. Deuermeyeret al. [5] distinguish between two types of deadlock situations that can occur in simulation systems with single-unit requests. The two configurations are termedpull-processing and group-processing deadlock.

Pull-processing occurs in the control of production systems using pull-control and flexible manufacturing systems. Deuermeyeret al. [5] suggest that the entities in deadlock need to exchange deadlocked resources to continue processing. For example, suppose entity 1 is finished with machine 1 and needs machine 2, while entity 2 is finished with machine 2 and needs machine

1; one way to model this situation is shown inFigure 12. Here, the deadlock should be resolved by the two entities exchanging the control of their resources. If this is accomplished, both the entities would proceed with the processing, and neither would be unnecessarily delayed. This type of pullprocessing deadlock occurs typically in the modeling of amachine-type resource.

In the context of modeling manufacturing systems, we take the view that pull-processing deadlocks are unlikely to occur under the multiple-unit request conditions. For example, consider the deadlock in Figure 4b, except now, without entitiese^3, e^4, e^5, and e^6. Suppose the deadlock represented a pull-processing situation; then an exchange of the resources held by entitiese^1 and e^2

(probably representing parts in the manufacturing system) would be an appropriate resolution scheme. However, by doing this we have the unlikely prospect of entitiese^1 and e^2changing size during the exchange procedure. This would occur because the number of resource units requested by entitye^1 and the number of resource units currently assigned to entitye^2are not the same. Such an occurrence is always imminent so long as any of the requested or assigned number of resource units (i.e., the valuekin the edge triple (u,v,k)) are different in a particular cycle. In order to avoid this situation, we consider only group-processing deadlock resolution for themulti-unit seize case.

It should be noted that if the requested and the assigned numbers of resource units match

throughout a cycle, then the pull-processing resolution procedure developed in Deuermeyeret al. [5] is sufficient to resolve the deadlock.

In group-processing, more than one type of recourse is required simultaneously to perform a particular task. For example, such a case occurs when an operator is needed to load and subsequently unload a machine (refer to Example 1, Section 3.1). In this case, both the operator and the machine are required during the loading and unloading steps, but only the machine is required during the processing step. In the case of group-processing, deadlock occurs when none of the relevant entities (i.e., those in the PSCC) can gain control of the required set of resources and are, therefore, blocked from further processing. Deuermeyeret al. [5] suggest that the only way to resolve such a deadlock is for one entity to gain control of the resource units it cannot obtain by displacing some entities holding units of these resources. When an entity is so displaced, it is prevented from becoming active until the displaced entity is returned the resource. In the case of multiple-unit resource requests we use the displacement mechanism developed in Deuermeyeret al. [5] to resolve group-processing deadlocks.

When resolving deadlock using displacement, each displaced entity incurs a time penalty due to the resource preemption. This time penalty is the time period for which the entity is displaced. Because of this time penalty, it does not make sense to resolve transient deadlocks with this mechanism, at least not immediately, because there is the potential for the transient deadlock to be naturally resolved over time. Furthermore, since the duration of the transient deadlock is not known at the time of detection, our resolution strategy cannot be based upon time trade-offs. Consequently, in the group-processing case, we ignore transient deadlocks and resolve total deadlocks by displacement.

In preparation for the development of the resolution procedure we present the assumptions concerning the operation of the simulation system and some additional notation. Suppose entitye displaces entitye″ from resourcer. Here, we assume that resourcer maintains a list of the entities that are displaced. Also, we assume that entities are displaced fromall the units ofall the resources they are holding. This is a reasonable assumption in the case of group processing, since an entity cannot begin processing until it obtains control of all the requested resources.

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 25

After displacing an entity, the fill-rule of therelease statement removes the first entity (saye’) of

QUEUE[r] and creates the edge (r, e’) in E. It is necessary to prevent the fill-rule from selecting the displaced entities from QUEUE[r], since the displaced entity cannot begin to process until it obtains control of all the requested resources. To facilitate this, we assume as in Deuermeyeret al.

[5] that each entity carries avisibility index that is initialized to zero. This index is incremented each time the entity is displaced from a resource anddecremented each time the entity is restored on a resource queue. When the visibility index is zero, the entity is visible in the queue, otherwise the fill-rule will skip this entity. Thus, as entitye″ is displaced from resourcer, it is inserted into the displacement list maintained by resourcer. As resource units become available, the displaced entity (e″) is reassigned the returned units, barring capacity constraints. The additional required extensions torelease the statement are provided in Figure13.

The enhancements to therelease statement are shown in lines 6-14 in Figure13. As entitye releaseskunits of resourcer, in line 6 we check if there is an entitye″ in the displaced list of resourcer that should be given control. If so, lines 7-14 restore the displaced entitye″, decrementing the visibility index ofe″. When the index reaches zero, entitye″ will be selected by the fill-rule (lines 15-23) in the resource for which the entity is waiting. In addition, line 12 checks if a deadlock has been created due to the reassignment of entitye″ to resource r. If no displaced entity is detected then lines 15-23 fill the resource as usual, from among the waiting entities in the resource queue.

We are now ready to present the deadlock resolution procedure. We work under the premise that functionresolution is invoked as we detect pending or total deadlock in the simulation. The functionresolution (Figure 14) is adapted fromCoffmanet al. [3]and Leung andLai [14] for our purposes, and works in principle similar to functionreduction . The function resolution begins with a list of entities (L) that need to be resolved (line 1). This listL is initialized with two classes of entities: entities that are in the PSCC; and entities that are not in the PSCC but that hold resources that are in the PSCC (i.e.,e∈ L such that either [e∈ PSCC] or [ e∉ PSCC, r∈ PSCC, (r, e, k)∈ Et ]). The effective capacity vector, EFF_CAP, is assigned the actual unassigned capacity of the resources inGt at instant t (line 3). The set of entities to be displaced during the resolution is maintained in listD. This is identified by the functiondissolution (Figure 15).

In the functiondissolution, we choose an entity from listL and displace (Figure 16) all the resources it is holding. The displaced entity is removed from the listL and inserted in listD, and the resource units held by the displaced entity are added to the EFF_CAP (lines 2-4, function dissolution). The addition of the resources may help resolve the deadlock. To check if the addition of these resource units to EFF_CAP is sufficient to resolve the deadlock, we execute reduction on the remaining set of entities in the listL (line 5). If reduction does not resolve the deadlock (i.e., emptiesL) we displacean additional entity from the listL, and executereduction again. This process is repeated until listL is empty, which indicates that the deadlock is resolved. The set of entities to be displaced is retained inD as the procedure is executed (line 4). Note that it is sufficient to displace the resources units held by the displaced entity within the PSCC. However, we choose the definition of the functiondisplace identical to that of functionreduce for the sake of simplicity.

We now present the rationale for the correctness of the resolution procedure. ListL is initialized with the entities in the PSCC and entities holding resource units in the PSCC. SinceG_{scc}is in permanent deadlock, we know that at the conclusion of executingreduction on G_{scc} , L_f≠ ∅ . Thus to begin resolving the deadlock, wedisplace an entity inL (lines 2-3, functiondissolution (Figure 15)). The effect ofdisplace is similar toreduce, i.e., it strictly increases the vector EFF_CAP. This increase may help resolve the deadlock. It is possible in each iteration of the while loop (line 1, functiondissolution) that we may not findany entity such that REQ[ei,r] ≤ EFF_CAP[r] (i.e., the effective capacity will not be sufficient to satisfy the requested resource units forany entity in the list). In the worst case we woulddisplace all but one entity in the listL, for if not, then REQ[e, r] > CAP[r] where entitye is the last entity in listL, thus leading to a contradiction. Note that by definition we have that VREQ[e,r] ≤ CAP[r] for all e,r ∈ Gt, in the case of the no-pass resource filling-rule. Therefore, we are always assured of a resolution of deadlock, since in the worst case we could always displace all the entities in the listL except the last entity. This displacement of all but the last entity would satisfy the resource request of the last entity. Thusresolution always resolves the deadlock inG_{scc}.

The functionresolution works with the entities in the listL in any order; however, the order of entities inL can have an impact on the entities that are chosen for displacement (Leung andLai [14]). For example, if the set of entities at the front of listL are such that e∉ G_{scc}, r∈ G_{scc}, and (r e,

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 27

k)∈ Et (as in a pending deadlock situation), then the displaced entities will be those entities that are currently processing. Thus, the sequence of entities in listL is critical, and requires further study and should be the subject of future research. The list of entitiesL can be initialized in a particular sequence providing the user some control over the outcome. For example, the list of entities inL can be ordered based on the number of times an entity has been displaced, a user-declared attribute

(the attribute can be used to distinguish between different types of job priority, job processing times, etc.), or the number of resources and resource units an entity is holding.

It should be noted that it is possible that an entity may be displaced again and again during the resolution process (Deuermeyeret al. [5]). To prevent this from occurring, we use a priority level, initialized to 1 at the creation of the entity (or entry into the ER graph), and this priority level is used to order the entity in the listL. Each time an entity is displaced to resolve a deadlock, the priority level is multiplied by 0.5. This guarantees that the priority level of an entity (low numbers indicate high priority) would eventually reach a high enough value for the entity to proceed.

8. Conclusions

A graph theoretic model is used to automatically handle deadlocks in a general discrete simulation system. The graph model is based on the dynamic evolution of the entity-resource relationship that is developed by enhancing theseizeand release statements of the simulation language. A key feature of the automatic scheme is that deadlock handling is accomplished by providing appropriate data structures to a simulation system, thereby using the information that already exists in the simulation system. Deuermeyeret al. [5] presented an automatic deadlock detection and resolution scheme with entities restricted to a single-unit of a resource. This paper is a generalization of the above approach extended for multiple-unit resource requests.

Sufficient conditions to identify three categories of deadlocks in a general simulation system based on the conditions of the ER graph have been presented. Initially, a depth-first search based algorithm identifies the existence of an SCC (or a CSCC) in the ER graph. A SCC that is closed in the ER graph represents a permanent deadlock in the simulation system requiring immediate intervention. However, the existence of an SCC that is not closed can represent either a transient or a pending deadlock. Once an SCC that is not closed is discovered, additional processing is required to distinguish between the transient and pending deadlock categories. A procedure based

[13] Krishnaswamy, S. and N.Ghiya, �Design Optimization of Spin Apply Clusters using

Simulation at the Packaging Plant in IBM, EastFishkill, NY,�Sematech 7_{th} Operational

Modeling Workshop, Austin, TX (May 1993).

[14] Leung, J.Y.-T. and E.K. Lai, �On Minimum Cost Recovery from System Deadlocks,�IEEE

Transactions on Computers, 28, 9, 671-677 (1979).

[15] Natarajan, N., �A Distributed Deadlock Scheme for Detecting Communication Deadlock,�

IEEE Transactions on Software Engineering, 12, 4, 531-537 (1986).

[16] Pegden, C.D.,R.P. Sadowski, andR.E. Shannon, Introduction to Simulation Using SIMAN,

Systems Modeling Corporation,Sewickley, PA (1990).

[17] Pierce, N.G. and M.J. Drevna, �Development of Generic Simulation Models to Evaluate

Wafer Fabrication Cluster Tools,�Proceedings of the 1992 Winter Simulation Conference,

874-878, Arlington, VA (December 1992).

[18] Schriber, T.J., Simulation Using GPSS, John Wiley, NY (1974).

[19] Schriber, T.J., An Introduction to Simulation Using GPSS/H, John Wiley, NY (1990).

[20] Singhal, M. �Deadlock Detection in Distributed Systems,�IEEE Computer, 22, 12, 37-48

(1989).

[21] Venkatesh, S., J. Smith, B.L. Deuermeyer, and G. L. Curry, �Deadlock Properties in Discrete

Simulation Systems,�Proceedings of the 1994 IEEE International Conference on Robotics and Automation, 2563-2569, San Diego, CA (May 1994).

[22] Venkatesh, S., J. Smith, B.L. Deuermeyer, and G. L. Curry, �Deadlock Detection and

Resolution for Discrete Event Simulation: Details and Algorithms,� Technical Paper,

Industrial Engineering Department, Texas A&M University (1994).

[23] Wysk, R.A., N.S. Yang, and S. Joshi, �Detection of Deadlocks in Flexible Manufacturing

Systems,�IEEE Transactions on Robotics and Automation, 7, 6, 853-859 (1991).

11. Figures

Total- Deadlock

Transient- Deadlock

Deadlock Free

Pending- Deadlock

Self-resolvable Deadlock State

Nonself-resolvable Deadlock States

Deadlock Free State

Figure 1. Transition diagram for simulation deadlock states.

(a) (b) r r e e k k entity waiting for k resource units k resource units assigned to entity Figure 2. Entity-resource relationship scheme - (a) assignment edge, (b) request or queue edge.

r_1 r2 e_1 e_2 (a)

r_1 r2 e_1 e_2 (b)

r_1 r2 e_1 e_2 (c)

Figure 3. Sequence of events in Example 1 that leads to deadlock.

(a) (b)

e^1 e^2

e^3 e^4

e^5 e^6 r^2

r^1 e^2

e^2 e^1 e^5 e^3 e^4

e^6

queue queue r^1 r^2

2

2 e^1 e^1 e^2

e^3 e^4

e^5 e^6 r^2

r^1

2

2

(c) Figure 4. (a) System simulated in Examples 2 and 3; (b) Entity-resource relationship for Example

2; (c) Entity-resource relationship for Example 3.

seize(e,r,k) - entitye requests k units of resourcer

1. if e ∉ V then

2. insert(V,e);

3. if REQ[e,r] ≤ REM[r] then

4. insert(E,(r,e,k));

5. REM[r] = REM[r] - REQ[e,r];

6. else

7. insert(E,(e,r,k));

8. endif

Figure 5. Definition of theseize statement.

release(e,r,k) - entitye releasesk units of resourcer 1. delete(E,(r,e,k)); 2. delete(USES[r], e); 3. REM[r] = REM[r] + k; 4. if OWNS[e] = � then 5. delete(V,e); 6. if QUEUE[r] ≠ � then � resource fill-rule � 7. e’= firstfit(r); 8. dowhile(e’ ≠ �) 9. delete(E,(e’,r,REQ[e’,r])); 10. insert(E,(r,e’,REQ[e’,r])); 11. REM[r] = REM[r] - REQ[e’,r]; 12. e’ = firstfit(r); 13. endwhile 14. endif Figure 6. Definition of therelease statement.

reduce(e) 1. for each r such that (r,e,HOLDS[e,r]) ∈ E do 2. EFF_CAP[r] = EFF_CAP[r] + HOLDS[e,r];

Figure 7. Definition of functionreduce.

seize(e,r,k) - entitye requests k units of resourcer 1. if e ∉ V then 2. insert(V,e); 3. if REQ[e,r] ≤ REM[r] then 4. insert(E,(r,e,k)); 5. REM[r] = REM[r] - REQ[e,r]; 6. else 7. insert(E,(e,r,k)); 8. if deadlock(r) ≠ 0 then 9. �Deadlock Detected� 10. endif Figure 8. Definition of the enhancedseize statement.

release(e,r,k) - entitye releasesk units of resourcer

1. delete(E,(r,e,k));

2. delete(USES[r], e);

3. REM[r] = REM[r] + k;

4. if OWNS[e] = � then

5. delete(V,e);

6. if QUEUE[r] ≠ � then

7. e’ = firstfit(r);

8. if e’ ≠ � then

9. dowhile(e’ ≠ �)

10. delete(E,(e’,r,REQ[e’,r]));

11. insert(E,(r,e’,REQ[e’,r]));

12. REM[r] = REM[r] - REQ[e’,r];

13. e’ = firstfit(r);

14. endwhile

15. else

16. if PENDING_IGNORED then

17. if deadlock(r) = 3 then � total deadlock �

18. �Deadlcok Detected�

19. endif

20. endif

Figure 9. Definition of the enhancedrelease statement.

booleanadditional_status (L, EFF_CAP)

1. reduction (L, EFF_CAP)

2. if |L| ≠ 0 then

3. for each r such that r ∈ SCC

4. if EFF_CAP[r] ≠ CAP[r] then

5. RESSTATE[r] = true;

6. endfor

7. return(true); � pending deadlock �

8. else

9. return(false); � transient deadlock �

10. endif

Figure 10. Details of functionadditional_status .

booleanreduction (L, EFF_CAP) 1. for ( i = 1; i ≤ |L|, |L| ≠ 0; i++) 2. if VREQ[ei,r] ≤ EFF_CAP[r] then 3. reduce(ei); 4. delete(L,ei); 5. i = 1; 6. endif 7. endfor

Figure 11. Details of thereduction function.

Entity 1 Logic 1. seizemach_1 2. wait 3. seizemach_2 4. release mach_1

Entity 2 Logic 1. seizemach_2 2. wait 3. seizemach_1 4. release mach_2

Figure 12. Example entity logic for pull-processing resolution.

Multi Unit - Revision.doc; JSS; 07/15/96 8:12 AM 36

release (e, r, k) - entitye releasesk units of resourcer

1. delete(E,(r,e,k));

2. delete(USES[r], e);

3. REM[r] = REM[r] + k;

4. if OWNS[e] = � then

5. delete(V,e);

6. if there is an (r, e″) contained inr→ displace then

7. if REQ[e″ , r] ≤ REM[r] then

8. REM[r] = REM[r] + k;

9. delete (r→ displace, (r, e″));

10. decrement (e″→ visible);

11. insert (E, (r, e″));

12. if deadlock(e″, r) then

13. �Resolve Deadlock�;

14. endif

15. else if QUEUE[r] ≠ � then � resource fill-rule �

16. e’ = firstfit(r);

17. dowhile(e’ ≠ �)

18. delete(E,(e’,r,REQ[e’,r]));

19. insert(E,(r,e’,REQ[e’,r]));

20. REM[r] = REM[r] - REQ[e’,r];

21. e’ = firstfit(r);

22. endwhile

23. endif

Figure 13. Details of therelease statement with extensions to prevent filling of a displaced entity.

resolution()

1. initializeL;

2. D = ∅ ;

3. EFF_CAP = REM;

4. dissolution(L, D, EFF_CAP);

Figure 14. Details of theresolution function.

dissolution (L, D, EFF_CAP)

1. while L ≠ ∅ do

2. e = get(L, 1);

3. displace(e);

4. insert(D, e);

5. reduction (L,EFF_CAP);

6. endwhile

7. return(D);

Figure 15. Details of thedissolution function.

displace (e) 1. for each r such that (r,e,HOLDS[e,r]) ∈ E do 2. EFF_CAP[r] = EFF_CAP[r] + HOLDS[e,r];

Figure 16. Details of thedisplace function.