Object-Oriented Programming and Protected 1 Objects in Ada 95^� 2 A.J. Wellings Department of Computer Science, University of York, UK Email: andy@cs.york.ac.uk

B. Johnson and B. Sanden Department of Computer Science, Colorado Technical University, USA Email: bjohnson@cos.colotechu.edu, bsanden@acm.org

J. Kienzle and T. Wolf Software Engineering Laboratory Swiss Federal Institute of Technology in Lausanne, Switzerland Email: Joerg.Kienzle@epfl.ch, twolf@acm.org

S. Michell Maurya Software, Ontario, Canada Email: steve@maurya.on.ca 3

Abstract 4 Integrating concurrent and object-oriented programming has been an 5 active research topic since the late 1980s. There is now a plethora of 6 methods for achieving this integration. The majority of approaches have 7 taken a sequential object-oriented language and made it concurrent. A few 8 approaches have taken a concurrent language and made it object-oriented. 9 The most important of this latter class is the Ada 95 language which is 10 an extension to the object-based concurrent programming language Ada 11 83. 12 Arguably, Ada 95 does not fully integrate its models of concurrency 13 and object-oriented programming. For example, neither tasks nor pro- 14 tected objects are extensible. This paper discusses ways in which pro- 15 tected objects can be made more extensible. 16 Keywords: concurrent object-oriented programming, inheritance ano- 17 maly, Ada 95. 18 ∗This paper extends and unifies the approaches described in (Kiddle and Wellings, 1998) and (Michell and Lundqvist, to appear).

1 Introduction 19 Arguably, Ada 95 does not fully integrate its models of concurrent and object- 20 oriented programming (Wellings et al., 1996; Burns and Wellings, 1998). For 21 example, neither tasks nor protected objects are extensible. When Ada 95 was 22 designed, the extensions to Ada 83 for object-oriented programming were, for 23 the most part, considered separate to extensions to the concurrency model. Al- 24 though some consideration was given to abandoning protected types and instead 25 using Java-like synchronised methods in their place, there was no public debate 26 of this issue. Similarly, there was no public debate on the issues associated with 27 allowing protected types or tasks to be extended. 28 The purpose of this paper is to discuss ways in which the Ada 95 concurrency 29 model can be better integrated with object-oriented programming. Section 2 30 introduces the main problems associated with the integration of object-oriented 31 and concurrent programming. Sections 3 and 4 argue that Ada 95 does not 32 have a well-integrated object-oriented concurrency model. To achieve better 33 integration, Section 5 proposes that Ada’s protected type mechanism be made 34 extensible and discusses the main syntactic and semantic issues. Sections 6 35 discusses how the proposals address the inheritance anomaly. Section 7 presents 36 an extended example, and Section 8 draws conclusions from this work. 37 2 Concurrent Object-Oriented Programming 38 Integrating concurrent and object-oriented programming has been an active 39 research topic since the late 1980s. There is now a plethora of methods for 40 achieving this integration. The majority of approaches have taken a sequential 41 object-oriented language and made it concurrent. A few approaches have taken 42 a concurrent language and made it object-oriented. The most important of this 43 latter class is the Ada 95 language which is an extension to the object-based 44 concurrent programming language Ada 83. 45 In general, there are two main issues for concurrent object-oriented program- 46 ming: 47 ffl the relationship between concurrent activities and objects – here the dis- 48 tinction is often between the concept of an active object (which by defi- 49 nition will execute concurrently with other active objects, and where con- 50 current execution is created by the use of asynchronous method calls (or 51 early returns from method calls) 52 ffl the way in which concurrent activities communicate and synchronise (and 53 yet avoid the so-called inheritance anomaly (Matsuoka and Yonezawa, 54 1993)). 55 Perhaps the most interesting recent development in concurrent object-oriented 56 programming is Java (Lea, 1997). Here we have, notionally, a new language 57 which is able to design a concurrency model within an object-oriented frame- 58 work without worrying about backward compatibility issues. The Java model 59 integrates concurrency into the object-oriented framework by the combination 60 of the active object concept and asynchronous method calls. 61

3 The Ada 95 Programming Language 62 The Ada 83 language allowed programs to be constructed from several basic 63 building blocks: packages, subprograms (procedures and functions), and tasks. 64 Of these, only tasks were considered to be types and integrated with the typing 65 model of the language. 66 Ada 95 extends the facilities of Ada 83 in areas of the language where weak- 67 nesses were perceived. Two of the main innovations were the introduction of 68 data-oriented communication and synchronization through protected types an 69 the introduction of object-oriented programming facilities through tagged types. 70 Although task types and protected types are fully integrated into the typing 71 model of Ada 95, it is not possible to create a tagged protected type or a tagged 72 task type. The designers shied away from this possibility partly because they 73 felt that fully integrating object-oriented programming and concurrency was 74 not a well-understood topic and, therefore, not suitable for an ISO standard 75 professional programming language. Also, there were inevitable concerns that 76 the scope of potential language changes being proposed was too large for the 77 Ada community to accept. 78 In spite of this, there is some level of integration between tagged types and 79 tasks and protected objects. Tagged types after all are just part of the typing 80 mechanism and therefore can be used by protected types and tasks types in the 81 same way as other types. Indeed paradigms for their use have been developed 82 (see (Burns and Wellings, 1998) chapter 13). However, these approaches cannot 83 get around the basic limitation that protected types and task types cannot be 84 extended. 85 4 Making Concurrent Programming in Ada 95 86 more Object-Oriented 87 Now that the dust is beginning to settle around the Ada 95 standard, it is 88 important to begin to look to the future. The object-oriented paradigm has 89 largely been welcomed by the Ada community. Even the real-time community, 90 which was originally sceptical of the facilities and worried about the impact 91 they would have on predictability, is beginning to see some of the advantages. 92 Furthermore, as people become more proficient in the use of the language they 93 begin to realise that better integration between the concurrency and object- 94 oriented features would be beneficial. The goal of this paper is to continue 95 the debate on how best to achieve full integration in any future version of the 96 language. 97 There are the following classes of basic types in Ada: scalar types - such 98 as integer types, enumeration types, real types, etc, structured types - such 99 as record types and array types, protected types, task types, and access types. 100 Access types are special as they provide the mechanism by which pointers to the 101 other types can be created. Note that, although access types to subprograms 102 (procedures and functions) can be created, subprograms are not a basic type of 103 the language. 104 In providing tagged types, Ada 95 has provided a mechanism whereby a 105 structured type can be extended. It should be stressed, though, that only record 106 types can be extended, not array types. This is understandable as the record 107

is the primary mechanism for grouping together items which will represent the 108 heterogeneous attributes of the objects. Furthermore, variable length array 109 manipulation is already catered for in the language. Similarly, scalar types can 110 already be extended using subtypes and derived types. 111 Allowing records to be extended thus is consistent with allowing variable 112 length arrays, subtypes and derived types. 113 A protected type is similar to a record in that it groups items together. 114 (In the case of a protected type, these items must be accessed under mutual 115 exclusion.) It would be consistent, then, to allow a protected type to be extended 116 with additional items. The following sections will discuss some of the issues in 117 allowing extensible protected types. The issues associated with extensible task 118 types are the subject of on-going research. 119 5 Extensible Protected Types 120 The requirements for extensible protected types are easy to articulate. In par- 121 ticular, extensible (tagged) protected types should allow: 122 ffl new data fields to be added, 123 ffl new functions, procedures and entries to be added, 124 ffl functions, procedures and entries to be overridden, 125 ffl class-wide programming to be performed. 126 These simple requirements raise many complex semantic issues. Further- 127 more, any proposed extensions should be fully integrated with the Ada model 128 of object-oriented programming. 129 5.1 Declaration and Primitive Operations 130 For consistency with the usage elsewhere in Ada, the word ‘tagged’ indicates 131 that a protected type is extensible. A protected type encapsulates the opera- 132 tions that can be performed on its protected data. Consequently, the primitive 133 operations of a tagged protected type are, in effect, already defined. They are, 134 of course, similar to primitive operations of other tagged types in spirit but not 135 in syntax, since other primitive operations are defined by being declared in the 136 same package specification as a tagged type. 137 Consider the following example: 138

protected type T is tagged

139

procedure W (...);

140

function X (...) return ...;

141

entry Y (...);

142

private -- data attributes of T

143

end T;

144

O : T;

145

W, X, and Y can be viewed as primitive operations on T. Interestingly, the call

146

O.X takes a syntactic form similar to that in most object-oriented languages.

147 Indeed, Ada’s protected object syntax is in conflict with the language’s usual 148 representation of an ‘object’. 149

5.2 Inheritance 150 Tagged protected types can be extended in the same manner as tagged types: 151

protected type T1 is new T with

152

procedure W (...); -- override T.W

153

procedure Z (...); -- a new method

154

private -- new attributes of T1

155

end T1;

156 The issue of overriding protected entries will be considered in section 5.4. 157 One consideration is whether or not private fields in the parent type (T) can 158 be seen in the child type (T1). In protected types, all data has to be declared as 159 private so that it can not be changed without first obtaining mutual exclusion. 160 There are four possible approaches to this visibility issue: 161 1. Prevent a child protected object from accessing the parent’s data. This 162 would limit the child’s power to modify the behaviour of its parent object, 163 it only being allowed to invoke operations in its parent. 164 2. Allow a child protected object full access to private data declared in its 165 parent. This would be more flexible but has the potential to compromise 166 the parent abstraction. 167 3. Provide an additional keyword to distinguish between data that is fully 168 private and data that is private but visible to child types. This keyword 169 would be used in a similar way to private (much like C++ uses its key- 170 word ‘protected’ to permit descendent classes direct access to inherited 171 data items). 172 4. Allow child protected types to access private components of their parent 173 protected type if they are declared in a child of the package in which their 174 parent protected type is declared. This would be slightly inconsistent with 175 the way protected types currently work in Ada because protected types 176 do not rely on using packages to provide encapsulation. 177 This paper will assume the second method, as it provides the most flexibility, 178 requires no new keywords and consistent with normal tagged types. 179 If a procedure in a child protected type calls a procedure or function in its 180 parent, it should not have to wait to obtain the lock on the protected object 181 before entering the parent, otherwise deadlock would occur. There is one lock 182 for each instance of a protected type and this lock is used when the protected 183 object is converted to a parent type. This is consistent with current Ada when 184 one procedure/function calls another in the same protected object. 185 5.3 Dispatching and re-dispatching 186 Given a hierarchy of tagged protected types, it is possible to create class-wide 187 types and accesses to class-wide types; for example: 188

type Pt is access protected type T’Class;

189

P: Pt := new . . .; -- some type in the hierarchy

190

P.W(...); -- dispatches to the appropriate projected object.

191

Of course from within P.W, it should be possible to convert back to the class-wide 192 type and re-dispatch to another primitive operation. Unfortunately, an opera- 193 tion inside a tagged protected type does not have the option of converting the 194 object (on which it was originally dispatched) to a class-wide type because this 195 object is passed implicitly to the operation. There are two possible strategies: 196 1. make all calls to other operations from within a tagged protected type 197 dispatching, or 198 2. use some form of syntactic change to make it possible to specify whether 199 to re-dispatch or not. 200 The first strategy is not ideal because it is often useful to be able to call an 201 operation in the same type or a parent type without re-dispatching. In addition, 202 the first strategy is inconsistent with ordinary tagged types where re-dispatching 203 is not automatic. 204 A solution according to the second strategy uses calls of the form type.operation, 205 where type is the type to which the implicit protected object should be con- 206 verted. The following is an example of this syntax for a re-dispatch: 207

protected body T is

208

...

209

procedure P (...) is

210

begin

211

. . .

212

T’Class.Q (...);

213

. . .

214

end P;

215

end T;

216

T’Class indicates the type to which the protected object (which is in the hi-

217 erarchy of type T’Class but which is being viewed as type T) that was passed 218 implicitly to P should be view converted. This allows it to define which Q pro- 219 cedure to call. This syntax is also necessary to allow an operation to call an 220 overridden operation in its parent, for example: 221

protected body T1 is -- an extension of T

222

...

223

procedure W (...) is -- overrides the W procedure of T

224

begin

225

. . .

226

T.W(...); -- calls the parent operation

227

. . .

228

end W;

229

end T1;

230 This new syntax does not conflict with any other part of the language because 231 it is strictly only a type that precedes the period. 232 Requeuing can also lead to situations where re-dispatching is desirable. Re- 233 queuing to a parent entry would require barrier re-evaluation. Requeues from 234 other protected objects or from accept statements in tasks could also involve 235 dispatching to the correct operation in a similar way. 236 5.4 Entry Calls 237 Allowing entries to be primitive operations of extensible protected types raises 238 many inter-related complex issues. These include: 239

1. Can a child entry call its parent’s entry? – This is how reuse is achieved in 240 an object-oriented framework. Unfortunately, from the protected object 241 perspective, calling an entry is a potentially suspending operation and 242 these are not allowed within the body of a protected operation. 243 2. What is the relationship, if any, between the parent’s barrier and the 244 child’s barrier? – There are three possibilities: no relationship, the child 245 can weaken the parent’s barrier, or the child can strengthen the parent’s 246 barrier. Frølund (Frølund, 1992) suggests that as the child method extends 247 the parent’s method, the child must have more restrictive synchronisation 248 constraints, in order to ensure that the parent’s state remains consistent^∗. 249 Alternatively, it can also be argued that the synchronisation constraints 250 of the child should weaken those of the parent, not strengthen them, in 251 order to avoid violating the substitutability property of subtypes (Liskov 252 and Wing, 1994). 253 3. How many queues does an implementation need to maintain for an over- 254 ridden entry? – If there is no relationship between the parent and the 255 child barrier, it is necessary to maintain a separate entry queue for each 256 overridden entry. If there is more than one queue, the ’Count attribute 257 should reflect this. Hence ’Count might give different values when called 258 from the parent or when called from the child. A problem with using 259 separate entry queues with different barriers for overridden and overrid- 260 ing entries is that it is harder to theorise about the order of entries being 261 serviced. Normally entries are serviced in FIFO order but with separate 262 queues, each with a separate barrier, this might not be possible. 263 4. What happens if a parent entry requeues to another entry? – When an 264 entry call requeues to another entry, control is not returned to the calling 265 entry but to the task which originally made the entry call. This means 266 that when a child entry calls its parent and the parent entry requeues, 267 control is not returned to the child. Given that the code of the parent is 268 invisible to the child, this would effectively prohibit the child entry from 269 undertaking any post-processing. 270 In order to reduce the number of options for discussion, it is assumed that 271 child entries must strengthen their parent’s barrier for the remainder of the 272 paper. The syntax and when is used to indicate this. To avoid having the 273 body of a child protected object depend on the body of its parent, it is necessary 274 to move the declaration of the barrier from the body to the specification of the 275 protected type (private part). Consider 276

protected type T is tagged

277

entry E ;

278

private

279

I: Integer := 0;

280

entry E when E’Count ¿ 1; -- barrier given in the private part

281

end T;

282

protected type T1 is new T with

283 ∗It perhaps should be noted that where the child has access to its parent’s state, barrier strengthening is not a sufficient condition to ensure the consistency of that state, as the child can make the barrier false before calling the entry. See also the discussion in section 5.4.1.

entry E ;

284

private

285

entry E and when I ¿ 0;

286

end T;

287

A: T1;

288 If a call was made to A.E, this would be statically defined as a call to T1.E and 289 would be subject to its barrier (E’Count > 1 and I > 0). The barrier would 290 be repeated in the entry body. 291 Even with barrier strengthening, the issue of barrier evaluation must be 292 addressed. Consider the case where a tagged protected object is converted to 293 its parent type (using a view conversion external to the protected type) and 294 then an entry is called on that type. It is not clear which barrier needs to be 295 passed. There are three possible strategies that can be taken: 296 1. Use the barrier associated with the exact entry which is being called, 297 ignoring any barrier associated with an entry which overrides this exact 298 entry. As the parent type does not know about new data added in the 299 child, it could be argued that allowing an entry in the parent to execute 300 when the child has strengthened the barrier for that entry should be safe. 301 Unfortunately, this is not the case. Consider a bounded buffer which 302 has been extended so that the Put and Get operations can be locked. 303 Here, if the lockable buffer is viewed converted to a normal buffer and 304

Get/Put called with only the buffer barriers evaluated, a locked buffer

305 will be accessible even if it is locked. Furthermore, this approach would 306 also mean that there would be separate entry queues for overridden entries. 307 2. Use the barrier associated with the entry to which dispatching would occur 308 if the object was converted to a class wide type (i.e., the barrier of the 309 entry of the object’s actual type). This is the strongest barrier and would 310 allow safe re-dispatching in the entry body. This method results in one 311 entry queue per entry instead of one for each entry and every overridden 312 entry. However, it is perhaps misleading as it is the parent’s code which 313 is executed but the child’s barrier expression that is evaluated. 314 3. Allow view conversions from inside the protected object but require that 315 all external calls are dispatching calls. Hence, there is only one entry 316 queue, and all external calls would always invoke the primitive operations 317 of the object’s actual type. The problem with this approach is that cur- 318 rently Ada does not dispatch by default. Consequently, this approach 319 would introduce an inconsistency between the way tagged types and ex- 320 tensible protected types are treated. 321 For the remainder of this paper, it is assumed that external calls to protected 322 objects always dispatch^†. 323 5.4.1 Calling the Parent Entry and Parent Requeues 324 So far this section has discussed the various issues associated with overridden 325 entry calls. However, details of how the child entry actually calls its parent 326 †To harmonize with regular tagged types a new pragma could be introduced called “External Calls Always Dispatch” which can be applied to regular tagged types.

have been left unspecified. The main problem is that Ada forbids an entry from 327 explicitly calling another entry. There are several approaches to this problem. 328 1. Use requeue. – Although Ada forbids nested entry calls, it does allow an 329 entry call to be requeued. Hence, the child can only requeue to the parent. 330 Requeue gives the impression of calling the parent but it is not possible for 331 the child to do any post-processing once the parent entry has executed (as 332 the call returns to the caller of the child entry). As a requeue, the parent’s 333 barrier would have to be re-evaluated. Given that the child barrier has 334 strengthened the parent’s barrier, the parent’s barrier would normally be 335 open. If this is not the case, an exception is raised (to queue the call 336 would require more than one entry queue). Furthermore, if atomicity is to 337 be maintained and the parent requeue is to be part of the same protected 338 action, the parent entry must be serviced before any other entries whose 339 barriers also happen to be open. Hence, this requeue has slightly different 340 semantics from a requeue between unrelated entries. 341 2. Allow the child entry to call the parent entry and treat that call as a pro- 342 cedure call. – It is clear that calling the parent entry is different from a 343 normal entry call; special syntax has already been introduced to facilitate 344 it (see section 5.3). In this approach, the parent call is viewed as a proce- 345 dure call and therefore not a potentially suspending operation. However, 346 the parent’s barrier is still a potential cause for concern. One option is to 347 view the barrier as an assertion and raise an exception if it is not true. 348 ‡ The other option is not to test the barrier at all, based on the premise 349 that the barrier was true when the child was called and, therefore, need 350 not be re-evaluated until the whole protected action is completed. 351 With either of these approaches, there is still the problem that control is 352 not returned to the child if the parent entry requeues requests to other entries 353 for servicing. This, of course, could be made illegal and an exception raised. 354 However, requeue is an essential part of the Ada 95 model and to effectively 355 forbid its use with extensible protected types would be a severe restriction. 356 The remainder of this paper will assume a model where parent calls are 357 treated as procedure calls (the issue of the assertion is left open) and requeue 358 in the parent is allowed. A consequence of this is that no post-processing is 359 allowed after a parent call. 360 5.5 Integration into the Full Ada 95 Model 361 The above has considered the basic extensible protected type model. Of course, 362 any proposal for the introduction of such a facility must also consider the full 363 implications of its introduction. It is beyond the scope of this paper to address 364 these issues - see (Wellings et al., 1999). 365 6 Inheritance Anomaly 366 The combination of the object-oriented paradigm with mechanisms for concur- 367 rent programming may give rise to the so-called “inheritance anomaly” (Matsuoka 368 ‡Special consideration would need to be given to barriers which use the ’Count attribute in the parent, since these will clearly change when the child begins execution.

and Yonezawa, 1993). An inheritance anomaly exists if the synchronization be- 369 tween operations of a class is not local but may depend on the whole set of 370 operations present for the class. When a subclass adds new operations, it may 371 therefore become necessary to change the synchronization defined in the parent 372 class to account for these new operations. This section examines how extensible 373 protected types can deal with this inheritance anomaly. 374 Synchronization for extensible protected types is done via entry barriers. An 375 entry barrier can be interpreted in two slightly different ways: 376 ffl as a precondition (which must become a guard when concurrency is in- 377 troduced in an object-oriented programming language, as (Meyer, 1997) 378 argues). In this sense, entries are the equivalent of partial operations. 379 ffl as a synchronization constraint. 380 The use of entry barriers (i.e., guards) for synchronization makes extended pro- 381 tected types immune against one of the kinds of inheritance anomalies identi- 382 fied by (Matsuoka and Yonezawa, 1993): guards are not subject to inheritance 383 anomalies caused by a partitioning of states. 384 To avoid a major break of encapsulation, it is mandatory for a concurrent 385 object-oriented programming language to have a way to re-use existing syn- 386 chronization code defined for a parent class and to incrementally modify this 387 inherited synchronization in a child class. In our proposal, this is given by the 388 and when clause, which incrementally modifies an inherited entry barrier and 389 hence the inherited synchronization code. 390 Inheritance anomalies in Ada 95 with extended protected types can still 391 occur, though. As (Mitchell and Wellings, 1996) argue, the root cause of inher- 392 itance anomalies lies in a lack of expressive power of concurrent object-oriented 393 programming languages: if not all five criteria identified by (Bloom, 1979) are 394 fulfilled, inheritance anomalies may occur. Ada 95 satisfies only three of these 395 criteria; synchronization based on history information cannot be expressed di- 396 rectly using entry barriers (local state must instead be used to record execution 397 history), and synchronization based on request parameter values also is not 398 possible directly in Ada 95. The example for the resource controller shown 399 in section 7 exhibits both of these inheritance anomalies. Because the barrier 400 of entry Allocate N cannot depend on the parameter N itself, an internal re- 401 queue to Wait For N must be used instead. The synchronization constraint for 402

Wait For N itself is history-sensitive: the operation should be allowed only after

403 a call to Deallocate has freed some resources. As a result, Deallocate must 404 be overridden to record this history information in local state, although both 405 the synchronization constraints for Deallocate itself as well as its functionality 406 remain unchanged. 407 In addition to that, extensible protected types may suffer from an Ada- 408 specific inheritance anomaly. As synchronization is done via barriers, only 409 entries can be synchronised, but not procedures. If the synchronization con- 410 straints of a subtype should restrict an inherited primitive operation that was 411 implemented as a procedure in the parent type, the subtype would have to over- 412 ride this procedure by an entry. However, when using class-wide programming, 413 a task may assume that a protected operation is implemented as a procedure 414 (as that is what the base type indicates) and is therefore non-blocking. At 415 run-time the call might dispatch to an entry and block on the barrier, which 416

would make the call illegal if it occurred within a protected action. For these 417 reasons, overriding procedures with entries should not be allowed for extensible 418 protected types. 419 7 Example – Advanced Resource Control 420 Resource allocation is a fundamental problem in all aspects of concurrent pro- 421 gramming. Its consideration exercises all Bloom’s criteria (see section 6) and 422 forms an appropriate basis for assessing the synchronisation mechanisms of con- 423 current languages, such as Ada. 424 Consider the problem of constructing a resource controller that allocates 425 some resource to a group of client agents. There are a number of instances of 426 the resource but the number is bounded; contention is possible and must be 427 catered for in the design of the program. (Mitchell and Wellings, 1996) propose 428 the following resource controller problem as a benchmark for concurrent object- 429 oriented programming languages. 430 Implement a resource controller with 4 operations: 431 ffl Allocate: to allocate one resource, 432 ffl Deallocate: to deallocate a resource (which thus becomes 433 available again for allocation) 434 ffl Hold: to inhibit allocation until a call to 435 ffl Resume: which allows allocation again. 436 There are the following constraints on these operations: 437 1. Allocate is accepted when resources are available and the con- 438 troller is not held (synchronization on local state and history) 439 2. Deallocate is accepted when resources have been allocated 440 (synchronization on local state) 441 3. calls to Hold must be serviced before calls to Allocate (syn- 442 chronization on type of request) 443 4. calls to Resume are accepted only when the controller is held 444 (synchronization on history information). 445 As Ada 95 has no deontic logic operators, not all history information can be 446 expressed directly in barriers. However, it is possible to use local state variables 447 to record execution history. 448 The following solution simplifies the presentation by modelling the resources 449 by a counter indicating the number of free resources. Requirement 2 is inter- 450 preted as meaning that an exception can be raised if an attempt is made to 451 deallocate resources which have not yet been allocated. 452

package Rsc˙Controller is

453

Max˙Resources˙Available : constant Natural := 100; -- For example

454

No˙Resources˙Allocated : exception; -- raised by deallocate

455

protected type Simple˙Resource˙Controller is tagged

456

entry Allocate;

457

procedure Deallocate;

458

entry Hold;

459

entry Resume;

460

private

461

Free : Natural := Max˙Resources˙Available;

462

Taken : Natural := 0;

463

Locked : Boolean := False;

464

entry Allocate when Free ¿ 0 and not Locked and -- req. 1

465

Hold’Count = 0; -- req. 3

466

entry Hold when not Locked;

467

entry Resume when Locked; -- req. 4

468

end Simple˙Resource˙Controller;

469

end Rsc˙Controller;

470 The body of this package simply keeps track of the resources taken and freed, 471 and sets and resets the Locked variable. 472

package body Rsc˙Controller is

473

protected body Simple˙Resource˙Controller is

474

entry Allocate when Free ¿ 0 and not Locked and

475

Hold’Count = 0 is

476

begin ... end Allocate;

477

procedure Deallocate is

478

begin ... end Deallocate;

479

entry Hold when not Locked is

480

begin ... end Hold;

481

entry Resume when Locked is

482

begin ... end Resume;

483

end Simple˙Resource˙Controller;

484

end Rsc˙Controller

485 (Mitchell and Wellings, 1996) then extend the problem to consider the impact 486 of inheritance: 487 Extend this resource controller to add a method: Allocate N which 488 takes an integer parameter N and then allocates N resources. The 489 extension is subject to the following additional requirements: 490 5. Calls to Allocate N are accepted only when there are at least 491

N available resources.

492 6. Calls to Deallocate must be serviced before calls to Allocate 493 or Allocate N. 494 The additional constraint that calls must be serviced in a FIFO Within Priorities 495 fashion is ignored here. (Mitchell and Wellings, 1996) also do not implement 496 this, and in Ada 95, it would be done through pragmas. 497 Note that this specification is flawed, and the implementation shown in 498 (Mitchell and Wellings, 1996) also exhibits this flaw: if Deallocate is called 499 when no resources are allocated, the resource controller will deadlock and not 500 service any calls to Deallocate, Allocate, or Allocate N. In this implemen- 501 tation, this has been corrected implicitly, because calling Deallocate when no 502 resources are allocated is viewed as an error and an exception is raised. 503

Requirement 5 is implemented by requeueing to Wait For N if not enough 504 resources are available. 505 Requirement 6 is implicitly fulfilled because calls to Deallocate are never 506 queued since Deallocate is implemented as a procedure. 507

with Rsc˙Controller; use Rsc˙Controller;

508

package Advanced˙Controller is

509

protected type Advanced˙Resource˙Controller is

510

new Simple˙Resource˙Controller with

511

entry Allocate˙N (N : in Natural);

512

procedure Deallocate;

513

-- Ada-specific anomaly: because barriers cannot access parameters,

514

-- we must also override this method so that we can set ’Changed’

515

-- (see below).

516

private

517

entry Allocate˙N when

518

Free ¿ 0 and not Locked and -- req. 1

519

Hold’Count = 0; -- req. 3

520

-- Note: Ada does not allow access to parameters in a barrier (purely

521

-- for efficiency reasons). Such cases must in Ada always be imple-

522

-- mented by using internal suspension of the method through a

523

-- requeue statement. Everything below is just necessary overhead

524

-- in Ada 95 to implement the equivalent of having access to

525

-- parameters in barriers.

526

Current˙Queue : Boolean := False;

527

-- Indicates which of the two ’Wait˙For˙N’ entry queues is the one

528

-- that currently shall be used. (Two queues are used: one queue

529

-- is used when trying to satisfy requests, requests that cannot

530

-- be satisfied are requeued to the other. Then, the roles of the

531

-- two queues are swapped. This avoids problems when the calling

532

-- tasks have different priorities.)

533

Changed : Boolean := False;

534

-- Set whenever something is deallocated. Needed for correct

535

-- implementation of ’Allocate˙N’ and ’Wait˙For˙N’. Reset each

536

-- time outstanding calls to these routines have been serviced.

537

-- ’Changed’ actually encodes the history information ”Wait˙For˙N”

538

-- is only accepted after a call to ’Deallocate’.

539

entry Wait˙For˙N (for Queue in Boolean) (N : in Natural);

540

entry Wait˙For˙N (for Queue in Boolean) when

541

not Locked and Hold’Count = 0 and

542

(Queue = Current˙Queue) and Changed;

543

-- This private entry is used by ’Allocate˙N’ to requeue to if

544

-- less than N resources are currently available.

545

end Advanced˙Resource˙Controller;

546

end Advanced˙Controller;

547

package body Advanced˙Controller

548

protected body Advanced˙Resource˙Controller is

549

procedure Deallocate is

550

-- Overridden to account for new history information encoding

551

-- needed for access to parameter in the barrier of Allocate˙N.

552

begin ... end Deallocate;

553

entry Allocate˙N (N : in Natural) when

554

Free ¿ 0 and

555

not Locked and

556

Hold’Count = 0 is

557

begin ... end Allocate˙N;

558

entry Wait˙For˙N (for Queue in Boolean)(N : in Natural) when

559

not Locked and Hold’Count = 0 and

560

(Queue = Current˙Queue) and Changed is

561

begin ... end Wait˙For˙N;

562

end Advanced˙Resource˙Controller;

563

end Advanced˙Controller;

564 8 Conclusions 565 This paper has argued that Ada 95’s model of concurrency is not well integrated 566 with its object-oriented model. It has focussed on the issue of how to make 567 protected types extensible and yet avoid the pitfalls of the inheritance anomaly. 568 The approach adopted has been to introduce the notion of a tagged protected 569 type which has the same underlying philosophy as normal tagged types. 570 Although the requirements for extensible protected types are easily articu- 571 lated, there are many potential solutions. The paper has explored the major 572 issues and, where appropriate, has made concrete proposals. Ada is an ex- 573 tremely expressive language with many orthogonal features. The paper has 574 shown that the introduction of extensible protected types does not undermine 575 that orthogonality, and that the proposal fits in well with limited private types, 576 generics and normal tagged types. 577 The work presented here, however, has not been without its difficulties. The 578 major one is associated with overridden entries. It is a fundamental principle 579 of object-oriented programming that a child object can build upon the func- 580 tionality provided by its parent. The child can call its parent to access that 581 functionality, and therefore extend it. In Ada, calling an entry is a potentially 582 suspending operation and this is not allowed from within a protected object. 583 Hence, overriding entries gives a conflict between the object-oriented and the 584 protected type models. Furthermore, Ada allows an entry to requeue a call to 585 another entry. When the requeued entry is serviced, control is not returned 586 to the entry which issued the requeue request. Consequently, if a parent entry 587 issues a requeue, control is never returned to the child. This again causes a 588 conflict with the object-oriented programming model, where a child is allowed 589 to undertake post-processing after a parent call. The paper has discussed these 590 conflicts in detail and has proposed a range of potential compromise solutions. 591 Ada 95 is an important language – the only international standard for object- 592 oriented real-time distributed programming. It is important that it continues to 593 evolve. This paper has tried to contribute to the growing debate of how best to 594 fully integrate the protected type model of Ada into the object-oriented model. 595 It is clear that introducing extensible protected types is a large change to Ada 596 and one that is only acceptable at the next major revision of the language. Many 597 of the complications come from the ability to override entries. One possible 598 major simplification of the proposal made here would be not to allow these 599

facilities. Entries would be considered ‘final’ (using Java terminology). Such a 600 simplification might lead to an early transition path between current Ada and 601 a more fully integrated version. 602 Acknowledgements 603 The authors gratefully acknowledge the participants at the 9th International 604 Workshop on Real-Time Ada Issues who gave us some feedback on some of our 605 initial ideas. 606 References 607 Bloom, T. (1979). Evaluating synchronisation mechanisms, Proceedings of the 608 Seventh ACM Symposium on Operating System Principles, Pacific Grove, 609 pp. 24–32. 610 Burns, A. and Wellings, A. J. (1998). Concurrency in Ada, second edn, Cam- 611 bridge University Press. 612 Frølund, S. (1992). Inheritance of synchronization constraints in cocur- 613 rent object-oriented programming languages, Proceedings of ECOOP ’92, 614 LNCS, Vol. 615, Springer, pp. 185–196. 615 Kiddle, O. P. and Wellings, A. J. (1998). Extended protected types, Proceedings 616 of ACM SIGAda Annual International Conference (SIGAda 98), pp. 229– 617 239. 618 Lea, D. (1997). Concurrent Programming in Java, Addison Wesley. 619 Liskov, B. and Wing, J. (1994). A behavioral notion of subtyping, ACM Trans- 620 actions on Programming Languages and Systems 16(6): 1811–1841. 621 Matsuoka, S. and Yonezawa, A. (1993). Analysis of inheritance anomaly in 622 object-oriented concurrent programming languages, Research Directions in 623 Concurrent Object-Oriented Programming, MIT Press, pp. 107–150. 624 Meyer, B. (1997). Object-Oriented Software Construction, second edn, Prentice 625 Hall. 626 Michell, S. and Lundqvist, K. (to appear). Extendable dispatchable task com- 627 munication mechanisms, Proceedings of IRTAW9, Ada Letters. 628 Mitchell, S. E. and Wellings, A. J. (1996). Synchronisation, concurrent object- 629 oriented programming and the inheritance anomaly, Computer Languages 630 22(1). 631 Wellings, A. J., Mitchell, S. and Burns, A. (1996). Object-oriented programming 632 with protected types in Ada 95, International Journal of Mini and Micro 633 Computers 18(3): 130–136. 634 Wellings, A., Johnson, B., Sanden, B., Kienzle, J., Wolf, T. and Michell, S. 635 (1999). Integrating object-oriented programming and protected types in 636 ada 95, YCS 316, Department of Computer Science, University of York, 637 UK. 638