COD: a channel-oriented debuggerfor concurrent logic programsSteve GregoryDepartment of Computer ScienceUniversity of BristolBristol BS8 1TR, Englandsteve@cs.bris.ac.ukhttp://star.cs.bris.ac.ukWe present a debugger for concurrent logic programs that works on thechannel-oriented principle: it allows program bugs to be diagnosed by probingvalues of variables, rather than by the more traditional method of tracing theexecution of processes. A key feature of our debugger is that, like Shapiro�salgorithmic debugging technique, it searches for a fault in an �intelligent�manner, asking the user pertinent questions about the program�s correctness.Whereas algorithmic debugging searches for a faulty node in a proof tree, ourdebugger searches for a faulty node in the program�s process graph. We claimthat this allows an observed bug to be rapidly traced back to the fault of whichit is a symptom. A prototype implementation has been developed for theKLIC dialect of KL1.1Introduction1.1Process-oriented debuggingMost debugging tools for logic programs are process-oriented: they allow the user to tracethe execution of a program while observing enough information about the execution to locatea bug that has been observed. For example, Prolog�s four-port debugger provides facilitiesfor the user to traverse the proof tree and the search tree defined by the program, in the usualtop-down left-right order of Prolog.Prolog�s debugger essentially allows the user to manually search the proof tree for abuggy node: for example, one that produces a runtime error, unexpectedly fails, or succeedswith incorrect output bindings. A typical search strategy is as follows:1.Select a subtree to search: either the entire tree or a subtree rooted at a spypoint,preferably near the buggy node.2.Starting from the root, skip each of the offspring nodes until a buggy node is found.3.Use the retry option to enter the subtree rooted at the buggy node.4.Repeat from step 2 until a buggy node is found that has no buggy offsprings.Many concurrent logic programming systems, including PC-Parlog (PLP, 1989), ParallelParlog (Crammond et al., 1989), and KLIC (Chikayama, 1994), include debugging tools thatwork in a similar way, but which are tailored to the different operational semantics of the language. The basic debugging strategy, manually traversing a proof tree to locate a buggynode, is the same as in Prolog. However, experience suggests that this technique is lesssuitable for concurrent logic programs than for Prolog programs, for the following reasons:1.The retry command, which is very useful in debugging Prolog programs, cannot beimplemented directly because there is no built-in backtracking facility. If a skipped goalis found to be buggy, the user has to restart the computation and skip to the same pointagain before entering the buggy node.2.In concurrent logic programs, a skipped goal does not necessarily terminate before thenext one is started. The user may need to skip several goals before any of them exhibitsan error, and it can be hard to keep track of the current status.3.Many debuggers for concurrent logic programs do not report the termination of each goal,because recording this information can be very expensive in memory consumption. Thismakes it even harder to keep track of a skipped goal.4.A Prolog debugger allows the user to step through a single execution sequence but, forconcurrent logic programs, the user may need to interact with many goals simultaneously.A multi-window display facility is virtually essential for this; interleaving concurrenttrace output would be hopelessly confusing. Moreover, a window created to trace a goalmust be deleted when it terminates, which requires the feature of (3) above.A fundamental feature of process-oriented debugging is that a buggy node located bytracing is not necessarily the one that is the real cause of the bug. A goal often behaveswrongly simply because its input arguments are incorrect, and these may be produced in acompletely different part of the proof tree.For example, consider a compiler1 defined by the following clause:c o m p i l e r ( S o u r c e , O b j e c t ) : - (*)c a n o n i c a l i z e ( S o u r c e , C a n o n i c a l F o r m ) , g e n e r a t e ( C a n o n i c a l F o r m , N a i v e O b j e c t ) , a n a l y z e ( C a n o n i c a l F o r m , O p t I n f o ) , o p t i m i z e ( N a i v e O b j e c t , O p t I n f o , O b j e c t ) . If the output of the compilation, O b j e c t , is incorrect, the user will most probably enter theproof tree subtree representing the goal o p t i m i z e ( N a i v e O b j e c t , O p t I n f o , O b j e c t ) , andeventually find the buggy node that incorrectly bound O b j e c t . However, this incorrectbinding may well have been caused by an incorrect value for O p t I n f o , which was producedby a n a l y z e ( C a n o n i c a l F o r m , O p t I n f o ) : the cause of the bug was in a n a l y z e / 2 , but it wasonly noticed in o p t i m i z e / 3 .In general, after finding a node that is �buggy� only because of its input values, the userhas to start again to search for the proof tree node that produced the incorrect bindings; thismay need to be repeated many times until the cause of the bug is located. We shall refer tothe proof tree node that is ultimately responsible for the bug as the faulty node.1.2Algorithmic debuggingAlgorithmic, or declarative, debugging was originally proposed by Shapiro (1983) and hasalso been adapted to concurrent logic programming languages (Huntbach, 1987; Takeuchi,1992).The overall aim of algorithmic debugging is the same as that of the process-orienteddebugging approach described above: to locate a faulty node in the proof tree. However, itdoes so in a completely different way, ignoring the operational semantics and focusing on the1This example was suggested by Takashi Chikayama (personal communication).

declarative reading of a program. By asking the user a succession of questions about thecorrectness of the substitution at each proof tree node, it can automatically zoom in on afaulty node. Roughly, a node (representing a clause instance) is considered faulty if itssubstitution is incorrect but those of its offspring nodes are all correct. In the compilerexample (*), an algorithmic debugger would discover that the output of thea n a l y z e ( C a n o n i c a l F o r m , O p t I n f o ) goal is incorrect and thereby deduce that the faultynode lies in the subtree rooted at that goal. By checking the output substitution of eachsubgoal of a n a l y z e ( C a n o n i c a l F o r m , O p t I n f o ) , the exact faulty node can be located.The main differences between algorithmic debugging and conventional process-orienteddebugging are:¥Algorithmic debugging is independent of the language�s operational semantics. Thisavoids some of the problems enumerated in Section˚1.1: for example, no interactivemulti-window display is needed.¥Algorithmic debugging directly locates a faulty node without the need to search for it viaa chain of (symptomatic) buggy nodes. In some ways, this is an advantage. On the otherhand, since the search for a faulty node is completely unguided by knowledge of anyobserved bug, the user may need to answer many, seemingly irrelevant, questions. Thefaulty node that is found may even be unrelated to the observed bug; this can becounterintuitive.Perhaps the most serious drawback of algorithmic debugging is that it relies on the�oracle� (usually the user) to verify the correctness of the substitution generated at each node.Although this is possible in principle, the arguments of the goal may be so large or complexthat it is impractical. If the user fails to identify the incorrectness of a substitution,declarative debugging will not be able to locate the bug. With the manual approach todebugging, if a bug is accidentally missed, at least the user can obtain some informationabout it before starting again.1.3Channel-oriented debuggingIn (Conlon and Gregory, 1992) two kinds of debugging tools for concurrent logic programswere discussed: �process-oriented� and �channel-oriented� debugging. Whereas process-oriented debugging is based on the traversal of a proof tree, channel-oriented debuggingviews a program as a graph, in which nodes represent goals and arcs represent sharedvariables. It was argued that channel-oriented debugging can be a much more natural way todebug concurrent logic programs than the process-oriented method.The basic idea behind channel-oriented debugging is to search for a bug by observingvalues of variables. If the output of a goal is incorrect, then either one or more of the inputsare incorrect, in which case the producers of those incorrect values must be investigated, orthe inputs are correct, in which case the fault lies in this goal. The user can �look inside� theclause body (subgraph) to which a faulty goal expands, and then locate the faulty subgoal byexamining the variables in that clause body, and so on.PC-Parlog and MacParlog (PLP, 1989) allows the user to set �channel spypoints� on anyvariables in a program before it is run. When such a variable is created at runtime (i.e., whenthe clause to which it belongs is invoked) its value is displayed in its own window, and isfrequently updated as the variable becomes further instantiated. One problem with this is thatthe user has to decide (before running the program) which variables to spy. PIMOS(Chikayama, 1992) provides a more interactive facility whereby the user can select thevariables to view during process tracing. All existing facilities for channel-orienteddebugging suffer from the drawback that the user has to decide which variables to view inorder to diagnose a bug.

2Systematic channel-oriented debuggingWe propose a debugger that will provide a systematic way to perform channel-orienteddebugging:¥Like the channel-oriented debugging tools described in Section˚1.3, our debugger aims tolocate a faulty node in the process graph representing the program.¥Like algorithmic debugging (Section˚1.2), our debugger attempts to locate an errorautomatically, by asking the user pertinent questions about correctness.2.1What is a bug?We define a bug to be any kind of unexpected behaviour observed by the user while runninga program. In a concurrent logic program, this could include any of the following:¥Failure. Failure is a fatal error in a flat concurrent logic programming language. For agoal to fail, at least one of its arguments must have an incorrect value.¥Perpetual suspension. KLIC (Chikayama, 1994) detects perpetually suspended goals:goals that are suspended on variables which will never be instantiated. Each such goalhas at least one argument that is incorrectly uninstantiated, i.e., unbound when it shouldbe bound.¥Deadlock. Deadlock is a special case of perpetual suspension in which all goals areperpetually suspended. If deadlock occurs, each of the deadlocked goals has at least oneargument that is incorrectly unbound.¥Run-time error. Other kinds of run-time error (e.g., �file not found�) may be caused by(a)an incorrect value for a goal�s argument (e.g., the filename), or(b)a problem with the environment (e.g., the file has been accidentally deleted).¥Incorrect answer. Interactive concurrent logic programming systems often display theanswer substitution for variables in a query. If this answer is incorrect, obviously one ormore of the query variables has an incorrect value.¥Incorrect output. Input and output in concurrent logic programs should ideally beperformed via a single long-lived goal, say i o , which takes a stream of I/O requests as itsargument. KLIC encourages this approach by providing only this form of I/O primitive.If a program produces incorrect output, this must be because the argument of the i o goalhas an incorrect value.This analysis shows that almost every bug is characterized by an incorrect binding, or alack of a binding, for a variable. The only exception is the �environmental� form of run-timeerror of 4(b) above. (We will assume in this paper that our language is flat and only allowsI/O to be done via streams.) Our debugger tracks down the cause of an incorrect variablebinding by traversing the process graph, as described below.2.2Searching the process graphAssume for now that the program�s process graph is static and directed. Debugging beginsby marking the arc representing the incorrectly bound variable. Now the system identifiesthe producer of this variable: the node from which the marked arc is output. The producergoal, with its arguments, is presented to the user, who decides whether the goal is correct:¥If the input arguments are correct, the selected node is identified as the faulty node.

¥If one or more of the goal�s input arguments is incorrect, the mark is moved to anincorrect input argument, and the search continues in a similar way, asking the user aboutthe correctness of the goals that produced those arguments. This continues until a faultynode � one with no incorrect inputs � is located.In general, process graphs are not static because concurrent logic programming languagesallow processes (goals) to be spawned dynamically. We handle this by viewing the graph as3-dimensional: At the lowest level, each node is a built-in goal or an unexecuted user-defined goal. A subgraph that corresponds to the body of a clause can be abstracted by asingle node corresponding to the clause head. For example, given the program of Figure˚1,Figure˚2 shows three alternative views of the process graph for the goalp a r t i t i o n ( [ 8 ] , 1 1 , L , X ) .p a r t i t i o n ( [ X | L ] , Y , X L 1 , L 2 ) : - X = < Y | X L 1 = [ X | L 1 ] , p a r t i t i o n ( L , Y , L 1 , L 2 ) . p a r t i t i o n ( [ X | L ] , Y , L 1 , X L 2 ) : - X > = Y | X L 2 = [ X | L 2 ] , p a r t i t i o n ( L , Y , L 1 , L 2 ) . p a r t i t i o n ( [ ] , _ , L 1 , L 2 ) : - t r u e | L 1 = [ ] , L 2 = [ ] . Figure 1: The p a r t i t i o n / 4 procedureL1=[]L=[8|L1]X=[]L1XLLowest level partition([],11,L1,X)L=[8|L1]L1XLIntermediatelevel

LX partition([8],11,L,X)Highest level

Figure 2: Process graphs for the goal p a r t i t i o n ( [ 8 ] , 1 1 , L 1 , X ) These alternative views mean that, in general, a variable X can have many producer goals:from the primitive goal that binds the variable (often �= �), through its ancestors, to the goalthat appears in the clause body where X was created. In the above example, three goals allact as producer of X :X = [ ] p a r t i t i o n ( [ ] , 1 1 , L 1 , X ) p a r t i t i o n ( [ 8 ] , 1 1 , L , X ) If X has an incorrect binding, our debugger presents each of these goals to the user to check whether any of them has incorrect input arguments.To illustrate the use of our debugger, we introduce a bug into the p a r t i t i o n / 4 procedureby adding an extra, third, clause, as in Figure˚3.m a i n : - l i s t 3 0 ( L ) , q s o r t ( L , S ) , i o ( [ p r i n t ( S ) , n l ] ) . l i s t 3 0 ( L ) : - t r u e | L = [ 2 7 , 7 4 , 1 7 , 3 3 , 9 4 , 1 8 , 4 6 , 8 3 , 9 9 , 2 , 3 2 , 1 1 , 2 8 , 8 5 , 9 9 , 4 7 , 2 8 , 8 2 , 6 , 5 3 , 1 1 , 2 8 , 6 1 , 7 4 , 1 8 , 9 2 , 4 0 , 5 3 , 5 9 , 8 ] . q s o r t ( L , R ) : - t r u e | q s o r t ( L , R , [ ] ) . q s o r t ( [ X | L ] , R , R 0 ) : - t r u e | p a r t i t i o n ( L , X , L 1 , L 2 ) , q s o r t ( L 2 , R 1 , R 0 ) , q s o r t ( L 1 , R , [ X | R 1 ] ) . q s o r t ( [ ] , R , R 0 ) : - t r u e | R = R 0 . p a r t i t i o n ( [ X | L ] , Y , X L 1 , L 2 ) : - X < Y | X L 1 = [ X | L 1 ] , p a r t i t i o n ( L , Y , L 1 , L 2 ) . p a r t i t i o n ( [ X | L ] , Y , L 1 , X L 2 ) : - X > Y | X L 2 = [ X | L 2 ] , p a r t i t i o n ( L , Y , L 1 , L 2 ) . p a r t i t i o n ( [ X | L ] , Y , L 1 , L 2 ) : - X = : = Y | p a r t i t i o n ( L , Y , L 1 , L 2 ) . p a r t i t i o n ( [ ] , _ , L 1 , L 2 ) : - t r u e | L 1 = [ ] , L 2 = [ ] . Figure 3: A buggy quicksort programThe m a i n / 0 procedure in Figure˚3 will print a sorted copy of a given list of numbers thaterroneously has duplicates removed so that, instead of the correct value[ 2 , 6 , 8 , 1 1 , 1 1 , 1 7 , 1 8 , 1 8 , 2 7 , 2 8 , 2 8 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 3 , 5 9 , 6 1 , 7 4 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 , 9 9 ] the program prints the list[ 2 , 6 , 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] . Figure˚4 shows the debugger in action: the single-character commands here are input bythe user; everything else (except the comments) is output by the system. First the argumentof the i o goal is displayed: this is a term containing the sorted list. The user notices that thefifth member of the sorted list is wrong (it is 17 instead of 11), so the sublist beginning with17 is selected in the next few steps. The user then asks to see the producer of the incorrectlist L , and the system displays the goal L ˚= ˚L . This is not very informative, so the parent goal,q s o r t ( [ ] , L , L ) , also a producer of L , is selected by the �u � (�up�) command. This goal iscorrect, but one of the input arguments is wrong. The user asks to see the producer of thefirst argument, an empty list, and the system displays the trivial goal [ ] ˚= ˚[ ] . The ancestorsof this goal, which are also producers of the offending empty list, are displayed in turn by the�u � command. Finally, the goal p a r t i t i o n ( [ 1 1 , 8 ] , 1 1 , [ 8 ] , [ ] ) is found, which is clearlyincorrect, signalling that the problem lies in the p a r t i t i o n / 4 procedure. It is then a simplematter to discover that the third p a r t i t i o n / 4 clause is responsible for the problem.In our compiler example (*), the user would notice that the final output variable, O b j e c t ,has an incorrect value, and select the subterm of O b j e c t that is incorrect. The system wouldthen locate the subgoal of o p t i m i z e ( N a i v e O b j e c t , O p t I n f o , O b j e c t ) that made theincorrect binding. That subgoal behaves incorrectly because of an incorrect value inside theO p t I n f o term: the system would then jump directly to the subgoal ofa n a l y z e ( C a n o n i c a l F o r m , O p t I n f o ) which incorrectly bound O p t I n f o , and rapidly locatethe cause of the problem.

C u r r e n t t e r m i s % This is the i o argument[ p r i n t ( [ 2 , 6 , 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] ) , n l ] 1 1 t h a r g u m e n t i s p r i n t ( [ 2 , 6 , 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] ) 1 1 t h a r g u m e n t i s % The argument of p r i n t is the sorted list[ 2 , 6 , 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] 2 2 t h a r g u m e n t i s % Move along the list to the first incorrect item[ 6 , 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] 2 2 t h a r g u m e n t i s [ 8 , 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] 2 2 t h a r g u m e n t i s [ 1 1 , 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] 2 2 t h a r g u m e n t i s % This list is wrong: it begins with 17[ 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] g P r o d u c e r i s % See who produced this list= ( [ 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] , [ 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] ) u P a r e n t g o a l i s % Look at parent goal (in proof tree)q s o r t ( [ ] , [ 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] , [ 1 7 , 1 8 , 2 7 , 2 8 , 3 2 , 3 3 , 4 0 , 4 6 , 4 7 , 5 3 , 5 9 , 6 1 , 7 4 , 8 2 , 8 3 , 8 5 , 9 2 , 9 4 , 9 9 ] ) 1 1 t h a r g u m e n t i s [ ] % q s o r t goal is correct but 1st argument is wrongg P r o d u c e r i s = ( [ ] , [ ] ) % See who produced this empty listu P a r e n t g o a l i s p a r t i t i o n ( [ ] , 1 1 , [ ] , [ ] ) % Look at parent goalu P a r e n t g o a l i s p a r t i t i o n ( [ 8 ] , 1 1 , [ 8 ] , [ ] ) % Look at parent goalu P a r e n t g o a l i s p a r t i t i o n ( [ 1 1 , 8 ] , 1 1 , [ 8 ] , [ ] ) % Look at parent goal% This is wrong!!!Figure 4: Debugging the quicksort program2.3ModesFor the sake of simplicity, we have assumed above that the process graph is directed: i.e.,each variable has a known producer goal. This is reasonable when all variables areinstantiated: whenever a variable is bound, the system records which goal bound it. If thevariable�s value proves to be incorrect, the recorded goal will be treated as the producer andinvestigated. However, in order to track down the cause of problems such as deadlock, ourdebugger also needs to locate bugs that cause a variable to be erroneously uninstantiated.Many concurrent logic programs enjoy the property that a compile-time analysis candetermine a single producer goal for each variable. If this is so, unbound variables can be treated in the same way as bound variables: if a variable is unbound when it should be bound,the goal that is responsible for binding it is known to be faulty and is investigated.Unfortunately, it is not possible to rely on programs having the single-producer property:even if programs were restricted to satisfy it, a buggy program may not. In the worst case, allgoals that share an uninstantiated variable must be considered potential producers of itsvalue: the user must investigate each of the potential producers in turn to discover the reasonfor a variable being erroneously unbound. Ideally, in order to minimize the search, thesystem should eliminate as many of the potential producers as possible.3Method of useOur debugger executes a program while recording information about producers of variables,as described in more detail in the next section. In principle, this information could becollected during every execution of the program. However, as this consumes memory space,it is more practical to invoke the debugger only when it is needed. The method of use thatwe envisage is that:1.a program is executed until unexpected behaviour is observed;2.the buggy execution is repeated with the debugger active;3.the variable that has an incorrect binding, or is incorrectly unbound, is selected and theninvestigated by the user.As with most debugging tools, it is necessary to repeat an execution in such a way thatthe incorrect behaviour is reproduced. The problem is that concurrent logic programs arenon-deterministic, especially when executed on parallel architectures, so bugs can be hard toreproduce. However, we have previously developed an Instant Replay tool (Shen andGregory, 1995) that cheaply records a program�s execution so that it can be replayed fordebugging purposes. We assume that the buggy execution observed in (1) above has beenrecorded in this way.When a bug is observed, the user must select the variable that has an incorrect value sothat its cause can be investigated. The way to do this depends on the type of bug, of thoseidentified in Section˚2.1:¥Incorrect answer. An incorrect answer substitution can only be seen after the query hassuccessfully terminated: the incorrect variable can then be selected and the queryreexecuted.¥Failing, perpetually suspending, deadlocked, or error goal. We assume that, whensuch an error occurs, the language system will invoke a process that allows the user toselect a variable from the offending goal�s arguments and begin debugging. Systemssuch as KLIC already perform a limited amount of error handling in these cases, even ifthis is only to display the offending goal.¥Incorrect output observed after successful termination. We assume that the i o goal,which performs the output, will continue running after normal termination of theprogram. If incorrect output was observed, the user can select the incorrect variable fromthe i o goal�s arguments.¥Incorrect output observed during execution. Incorrect output may be noticed during along or indefinite execution. In this case the user should interrupt the program. Weassume that the i o goal will continue running after interruption, so that debugging canbegin if required.

4ImplementationA prototype implementation of our debugger has been developed for KLIC, which is an idealhost system because¥it is a flat language;¥input/output is done via a stream-oriented i o predicate (actually named k l i c i o ) ;¥it has a p o s t m o r t e m facility which allows any goal to be executed after normal orabnormal termination � this can be used to handle error goals and to execute the i o goalafter interruption, as explained in Section˚3.Our debugger begins by performing a source-to-source translation of the KLIC programto be debugged: a preprocessor analyses the program�s clauses to determine the produceroccurrence of every variable, and labels each variable with a term that represents its producergoal. Clauses are also modified so that these labels are ignored by matching and primitivegoals. The translated program is compiled and linked with the interactive debugger toproduce an executable program which, when executed, allows the user to check for errors inthe argument of the i o goal.4.1ModesFor our prototype implementation we assume that the I/O mode of each goal is fixed and canbe determined at compile time. As explained in Section˚2.3, this assumption is not generallytrue, but it simplifies the implementation: most of the work can be performed at compile timeby the preprocessor.As a further simplification to the prototype implementation, we require the I/O modes tobe declared by the programmer. This is not a safe approach because it is possible for theprogrammer to make mistakes with the mode declarations as well as (or instead of) the bugsin the program itself. A better method would be to perform an automatic mode analysis ofthe program wherever possible; we return to this point in Section˚5.2.4.2Naming goalsDuring a debugging execution, each variable is labelled with a term that represents itsproducer goal(s), so that the debugger can jump from the variable to its producer. We haveexperimented with two different representations for goals. In the first method, a goalp ( X , Y , Z ) is represented simply by the term p ( X , Y , Z ) . Unfortunately, this method has thedisadvantage that potentially the whole proof tree has to be stored in memory, including allvariables ever used throughout the computation, because these cannot be garbage collected.For example, for the goal p ( X , Y , Z ) , as long as Z is referenced, so also are X and Y .To reduce the memory overhead, a variable can be labelled by a unique identifier for aproducer goal, instead of the goal itself. This identifier allows the goal to be found later ifrequired. The only memory overhead is then the storage of goal identifiers; garbagecollection is not affected. The disadvantage is that it may take longer to jump from a variableto its producer: the system must automatically restart the computation and locate the producergoal from its identifier (using our Instant Replay tool to guarantee deterministic execution).One unique identifier of a goal is its �pathname� in the proof tree. For example, thepathname of the top-level goal m a i n is [ ] ; the pathname of the second subgoal of m a i n is[ 2 ] ; the first subgoal of this has pathname [ 1 , 2 ] ; and so on. The worst-case memoryrequirement for storing the pathnames of all goals is proportional to the size of the proof tree(the number of reductions); the memory occupied by each individual pathname isproportional to its depth in the tree, which has a similar worst case.

Both of these schemes have been implemented. Figure˚1 compares the memoryrequirements for the original program and for the preprocessed program using each of thetwo recording methods. The example used was the bug-free quicksort benchmark, to sortlists of length ranging from 100 to 500. Each row of the table shows a different problemsize, given in the first column. The second column shows the heap size (to the nearest 100words) required by the original quicksort program; the third and fourth columns show theheap size (to the nearest 1000 words) required for the versions which annotate variables withproducer goals and pathnames, respectively.sizeoriginalgoalspathnames1003003500050002005008200080003007001430001200040090021500016000500110030000020000Figure 5: Comparison of recording schemes for channel-oriented debuggerAs expected, storing pathnames rather than goals results in much better memoryperformance. Although the storage of pathnames incurs an overhead, the memory usedincreases with the size of the problem at the same rate as in the original program, whereas thememory required for the naive scheme increases much more rapidly.5Conclusions5.1Current statusAs outlined above, a prototype implementation of our debugger has been developed forKLIC. This comprises a preprocessor, which translates a KLIC program to an annotatedversion, and a run-time system, which is linked with the annotated program. The run-timesystem defines the procedures introduced by the preprocessor and, in particular, provides aspecial version of the k l i c i o primitive which allows the user to identify and diagnose anyerrors in its argument. The only kind of bug that the current prototype can handle is incorrectoutput produced (by k l i c i o ) after successful termination.Our prototype has served to demonstrate the value of the channel-oriented debuggingscheme and to test its feasibility. If the pathname method is used to identify producer goals,we believe that the system should be practical for quite large programs.5.2Future workThere are several ways in which our current implementation could be improved:¥To allow the diagnosis of incorrect output produced during execution, the execution ofthe k l i c i o goal needs to be continued after interruption by the user. This can be done byusing the p o s t m o r t e m facility of KLIC.¥To allow failing, perpetually suspending, and error goals to be diagnosed, we need tomodify KLIC�s error handler so that the offending goal�s arguments are displayed fordebugging purposes. KLIC�s p o s t m o r t e m facility should allow this to be done.

¥Our current prototype only works for programs that are well-moded, in the sense of(Ueda and Morita, 1994). However, our system should also handle programs that are notwell-moded: even if the language requires programs to be well-moded, the program to beanalysed may not be because it presumably contains bugs. More complex run-timesupport is required to handle non-well-moded programs: the producer goal for eachvariable must be determined and stored dynamically.¥In our current prototype, I/O modes must be declared by the programmer. However,these modes should ideally be inferred automatically. For well-moded programs, weshould be able to adapt Ueda and Morita�s mode analysis algorithm for Moded FGHC,which is already being modified for KL1: this algorithm seems to be able to find theinformation that we require about the producer of each variable.¥Ueda and Morita�s mode analysis algorithm only works for well-moded programs.However, it is desirable to extract as much mode information as possible even from non-well-moded programs, as suggested in Section˚2.3. This may require many changes toUeda and Morita�s algorithm.¥The method for naming producer goals by pathnames (Section˚4.2) could probably befurther optimized: for example, a pathname could extend its parent�s by just log N bits,where N is the number of goals in the clause body.5.3Related workOur channel-oriented debugging scheme is, in some respects, a reinvention of Pereira�s(1986) �rational debugging� for Prolog programs: both systems record dependencies betweenvariables and their producers so that the cause of incorrect variable bindings can bedetermined. One difference is that our system is intended for concurrent logic programsrather than Prolog: this means that the view of a computation is somewhat different, as is thedebugger�s method of use. Our implementation is also very different from Pereira�sdebugger, which employs a modified unification algorithm that records term dependenciesentirely dynamically.AcknowledgementsI am grateful to Takashi Chikayama for his comments on the subject of this paper, and toKish Shen for general discussions on debugging concurrent logic programs.This work has been supported by ICOT as part of the Fifth Generation Computer SystemsFollow-on Project.ReferencesT. Chikayama. 1992. Operating system PIMOS and kernel language KL1. In Proceedingsof the International Conference on Fifth Generation Computer Systems (Tokyo, June1992), H.˚Tanaka (Ed.). Tokyo: ICOT, pp. 73—88.T. Chikayama. 1994. KLIC User�s Manual. Tokyo: ICOT.T. Conlon and S. Gregory. 1992. Debugging Tools for Concurrent Logic Programming.Computer Journal 35, 2, pp. 157—169.J. Crammond et al. 1989. The Parallel Parlog User Manual. Department of Computing,Imperial College, London.

M.M. Huntbach. 1987. Algorithmic Parlog debugging. In Proceedings of the Symposium onLogic Programming (San Francisco, August), S.˚Haridi (Ed.). IEEE Computer SocietyPress, pp. 288—297.L.M. Pereira. 1986. Rational debugging in logic programming. In Proceedings of the 3rdInternational Logic Programming Conference (London, July), E.Y.˚Shapiro (Ed.). NewYork: Springer-Verlag, pp. 203—210.PLP. 1989. Hands on PC-Parlog. Twickenham, UK: Parallel Logic Programming Ltd.E. Shapiro. 1983. Algorithmic Program Debugging. Cambridge, Mass.: MIT Press.K. Shen and S. Gregory. 1995. Instant Replay debugging of concurrent logic programs.New Generation Computing 13, 4, to appear.A. Takeuchi. 1992. Parallel Logic Programming. John Wiley and Sons.K. Ueda and M. Morita. 1994. Moded Flat GHC and its message-oriented implementationtechnique. New Generation Computing 13, 1, pp. 3—43.