TkReplay: Record and Replay inTkCharles CrowleyComputer Science DepartmentUniversity of New Mexicocrowley@cs.unm.eduAbstractRecord and replay of user interactions with a GUI areuseful for regression testing and demonstrations.Recording is implemented by intercepting each useraction at some point in its processing and saving it in ascript file. During replay, the script is read and the useractions (or their effects) are emulated. In X windows,one program can intercept user input events before theyget to another program by putting a �wrapper� aroundthe program. This level of recording is sensitive tochanges in window position, fonts, etc. Recordingevents at the widget level is more robust and closer tothe semantics of the program than recording at the Xevent level. The TkReplay program does this for theTk toolkit. A number of factors have to be consideredwhen implementing record and replay and these arediscussed in the paper. Recording is implemented in Tkby modifying each binding to call a recording program.TkReplay operates as a separate program and uses sendto communicate with the Tk program being recorded.Hooks have recently been added to the X toolkit toallow implementation of record and replay at the Xtwidget level.IntroductionNormally a program with a GUI is operatedinteractively by a user who sits at a workstation andenters input using the mouse and keyboard. In thispaper we will consider a facility that allows you torecord a sequence of user inputs in a script file and toreplay them at a later time. During replay, it is notnecessary to have a user at the workstation enteringinput, instead the input that was recorded will bereplayed exactly as it was originally entered. Theprogram will receive this input and repeat the responsesit made to the original input. This is akin to running acharacter-based program in �batch� mode where all inputcomes from a file.There are (at least) three reasons why one would want torecord and replay a user interaction: for demonstrations,for regression testing and for scripting.We can record a demonstration of a program in a scriptand run the program from the script to show thecapabilities of the program. The demonstration mightbe used in a help system, in a tutorial or in a marketingpresentation.Regression testing involves running a set of tests on aprogram each time any change is made to make surethat the changes do not affect other functions that werealready working. Regression tests for a program shouldbe recorded so that it is easy to repeat the tests after eachchange to the program. Automated testing of GUIs isprobably the most important reason for record andreplay.A script automates the performance of a task with aprogram so that you do not have enter all the commandsinteractively each time you want to perform the task.But many programs can only be run interactively and donot have a scripting language. A record and replayfacility can act as a scripting language for such aprogram.In this paper I will look at the issues in implementingrecord and replay in GUI systems and then look at theimplementation of TkReplay, a tool for doing this inTcl/Tk programs. I will look at the problems that wereencountered and how they were handled, the things inTk that made it hard to implement record and replay andbriefly discuss implementing record and replay in the Xtoolkit.Some definitionsThe program doing the recording (or replaying) will becalled the replay application. The program beingrecorded (or replayed) will be called the targetapplication. User input takes the form of a sequence ofactions. A record of these actions is called a scriptwhich is stored in a file.There will be another use of the word �script� in thispaper. A Tk binding attaches a script of Tcl commandsto an event in a widget. We will always refer to this asa �Tcl script� to avoid confusion with a script ofactions.Issues in Record and ReplayTo implement record and replay, we must intercept andrecord user actions and then, when replaying, regenerate these actions and send them to the program as if theuser had taken the actions. It is necessary to recordenough information about the user�s action so that thereplay mechanism can regenerate the action and so thatit will produce exactly the same response in theprogram. The following diagram shows the parts of arecord and replay system.UserProgramActionsResponsesRecordPlayScriptCreate or EditOff-lineThe recording mechanism intercepts and records theevents and then sends them on to the program so thatthe user can see the results of these actions. Since thescript is a file, we could create the script directly insteadof recording an actual interaction or we could edit ascript so that the replayed interaction is similar to, butnot exactly the same as, the originally recorded actions.The issues to be considered are:• What to record• What to replay.• How much to modify the target application.Levels of FeedbackIn order to answer the question of what to record andreplay we will discuss the types of feedback present inGUIs. It is not necessary to replay all of this feedback.It is useful to divide the processing of user input intothe three levels taken from linguistic analysis: lexical,syntactic and semantic.The following diagram shows these levels. Thedownward arrows are inputs to each level and the upwardarrows are the feedback from each level. Someexamples of each are given in the diagram.* keystrokes* mouse eventsLexical LevelUserSyntactic LevelSemantic Level* database changes* message is sent * echo chars* track mouse* object in reverse video* button �sinks�* menu item flashes* redraw display* object disappears* object rotates* select an object* push button* menu selectionExecute command:* scroll window* delete object* rotate objectThe lexical level consists of mouse button press andrelease events, mouse motion events and keyboard keypress and release events. The input processing at thislevel provides lexical feedback consisting of moving themouse pointer on the screen (feedback for mousemotion) and echoing characters (feedback forkeystrokes). There is generally no lexical level feedbackfor mouse button presses or releases (but they usuallyproduce some syntactic level feedback from the syntacticlevel inputs they generate). Lexical level input eventsare then processed at the syntactic level to generatesyntactic level input events.The syntactic level is tied to the widgets displayed onthe screen. Syntactic level inputs are things like:selecting an object, pushing a button, dragging ascrollbar slider or selecting from a menu. The syntacticfeedback from these events would be: the object isshown in reverse video, the button changes relief (itlooks as if it is pressed in), the scrollbar slider followsthe mouse pointer and the menu items change color tofollow the mouse pointer. Some syntactic level eventsgenerate calls to semantic level actions.The lexical and syntactic levels involve the specificationof the action to perform. At the semantic level, theaction is finally performed via calls to the application.These calls are called semantic actions and generally they modify the data the program is managing.Semantic actions are commands like delete a shape orrotate a shape. The semantic feedback from theseactions involves an update of the screen representationof the data, that is, the updated display with the objectdeleted or rotated. In addition, there are other semanticactions (updates to the program database, messages sentto other processes, etc.) that are not immediatelyrepresented on the displayOne or more lexical level input events generate asyntactic level input and one or more syntactic levelinputs generate a semantic action. The lexical andsyntactic events, and their feedback, occur before thesemantic action, which may generate its own semanticfeedback.The primary purpose of user actions is to causesemantic actions to be executed. The feedback allowsthe user to see what has been done, however a replaymechanism may not need to replicate all levels offeedback. It must, of course, replay the semanticactions and the semantic feedback is produced by theprogram as a side effect of the semantic actions. Thesyntactic feedback is not necessary for scripting or fortesting (unless we are testing the syntactic feedbackitself) but it is important in a demonstration so thepeople seeing the demonstration can follow what isgoing on. They will see the buttons get pressed andthen commands get executed. Lexical level feedback isnot strictly necessary, but it is nice for demonstrationssince it adds to the realism of the replay.Changing the Target ApplicationIdeally, the replay mechanism should not make anychanges in the target application and a single replayapplication should work with all programs.Unfortunately this is not always possible and so ourreplay mechanism will execute some code in the targetapplication. However, it will not be necessary to scanand modify the entire source code of the targetapplication in order to do record and replay. We willprovide a generic mechanism that we can add to a targetapplication that does not require changes in the code foreach widget or each event binding. We will require thetarget application to make a single call to the replayapplication to set things up.Infallible Record and Replay isImpossibleI should point out that perfect record and replay isimpossible. Up to now, I have been making animplicit assumption that the behavior of the program isdetermined by the user input. If that is the case, thenrecord and replay is possible, but, this is not always thecase. For example, suppose that a program displays amessage every hour on the hour. This occurs as a resultof the system clock ticking and is not related to anyspecific user input. The hourly display might happenduring recording but it will not happen during replayunless the recording and the replay are executed atexactly the same times.A perverse (or very clever) program might look at theclock and create one kind of interface in the morning andanother kind of interface in the afternoon. We cannotreproduce this in a record and replay system unless wecan record and reproduce the system time. Normally aprogram gets the time from the system. We couldprobably intercept these calls and fool the program butit is not possible to control everything about theenvironment of a program.Let�s take a more common example. Suppose yourecord a script that calls up a file selection box andselects a file. During replay the file system might bedifferent and the file selected during recording mighthave been deleted. Replaying this script is no longerpossible.The lesson here is that you have to consider all theinputs the program uses (not just user inputs) andcontrol all of these which might affect the operation ofthe program.Record and Replay at the Lexical LevelOne can implement record and replay by recordingevents at any one of the lexical, syntactic or semanticlevels. Each of these options has advantages anddisadvantages. In this section we will look at record andreplay at the lexical level. In a later section we willlook at record and replay at the syntactic level. Finally,when we discuss record and replay in the X toolkit, wewill look at record and replay at the semantic level.Character Based ProgramsSome programs are character based (that is, their inputis just a stream of characters typed by the user). Theuser types and the program responds. A script for acharacter-based program is a file containing thecharacters typed. Replaying a script is done by runningthe program with the input taken from the script fileinstead of the keyboard. In UNIX, and most modernoperating systems, this is trivial to do with the inputredirection facility [11].

Recording is a little harder. The general solution is toput a �wrapper� around the program. A wrapper readsthe input, records it and passes it on to the real programyou are running. This is also easy to do in mostoperating systems and it can be done generically so thata single wrapper program will record keystrokes for anyprogram. The following diagram shows the wrapperstrategy.ProgramUserScriptWrapperRecordReplayThe wrapper approach is a little harder for full-screencharacter mode programs. Some programs will onlyrun when attached to a �real� terminal. Pseudo-ttyswere developed to deal with this problem [12,7].GUI ProgramsIn GUIs, the lexical level (for input) consists of thekeyboard and mouse events. This level deals withscreen pixels and low level user input actions. Thesyntactic level is the widget level and events are groupedby the widget to which they are directed. We can recordand replay at either of these two levels. The wrappermodel is restricted to the lexical level.The Wrapper Model in XThe wrapper model can be used in the X windowsystem. You must capture the stream of events goingto the application (there are hooks to allow you tointercept events), record the events in a file and laterreplay them. There is an X library procedure thatallows you to generate and send an event, so you cansimulate mouse and keyboard input.The basic X server allows you to do basic record andreplay of X events but there are several technicalproblems. As a consequence of these implementationproblems there have been several extensions to the Xserver that have been proposed and implemented overthe years that allow an easier and more completeimplementation. The XTest extension [4] is sufficientto implement a replay mechanism and the recordextension (still a proposed standard) [13] allows forrecording. These extensions are basically wrappersaround the X server that allow the interception andinjection of events. The diagram below shows thestructure of events in the X window system.UserKeyboardMouseScreenXServerkeyboardeventsmouseeventsdots andlinesXAppunifiedevent streamX ProtocolXTrap,XTest,& RecordX serverextensionsThe problem with the wrapper approach is that it isfragile [2,6]. The mouse events are based on absolutescreen coordinates. If the windows move, then thereplay may not work. It is also sensitive to otherchanges. For example, the size of the borders placedaround the window by the window manager can make adifference. Slight changes in the layout of the programmay cause the replay script to fail. Also, many userinterfaces are user customizable. The user can decidewhich fonts to use for example. A different size fontmight move things around.The wrapper approach works at the lexical level sincethat is the level of X events. The wrapper records amouse click at a certain screen location, not over acertain button. If the button moves, the location of theevent will not, because there is nothing to connect theevent and the button. Nevertheless, this approach doeswork if you are careful. There are testing tools based onthis approach.

Implementing Record and Replay at theTk Widget LevelThe general X wrapper approach will work with any Xprogram including Tk programs. Alternatively wecould record and replay at the syntactic, or widget, level.The widget level is implemented inside the applicationwith libraries, so we must make changes to the programitself in order to implement record and replay at thislevel. The following figure shows the event handlingmodel for Tk. The �semantic routines� are Tcl scripts.X ServerTk Event andBinding ManagerBindings(action procedures)Semantic RoutineseventstreamTk ApplicationTk directs events to widgets. The basic mechanism forhandling events in Tk is the binding mechanism [9]. Abinding specifies an event sequence and a Tcl script torun when the event sequence occurs in the widget. SomeTk widgets also have callbacks (called commandoptions). We will discuss them later.In the next few sections I will examine various issuesin the implementation of record and replay in Tk.Rebinding Widget BindingsRecording at the widget level in Tk requires that weintercept each call generated by the binding mechanism.There is no way to do this centrally, so we have to do itby changing each binding to ensure that the recordingmechanism gets called. The following Tcl/Tk code willrebind all the widgets for recording.proc RebindAllWidgets {} { RebindWidgetAndChildren .}proc RebindWidgetAndChildren {w} { RebindEvents $w foreach child [winfo children $w] { RebindWidgetAndChildren $child }}proc RebindEvents {w} { global Bindings # find all the events that have an # associated binding foreach tag [bindtags $w] { foreach event [bind $tag] { # get the binding for this # tag and event set binding [bind $tag $event] # remember the binding for # later use set Bindings($tag,$event) \ $binding # find out which % fields are # used in �binding� set percentFields \ [FindPercentFields $binding] # rebind to the event to our # event handler which will # record the event, do the % # substitutions and call the # original script bind $tag $event �RecordEvent \ $tag $event $percentFields� } }}We start at the root and visit all the widgets in theinterface. For each widget, we find all the tags bound toit. Then we find each event that is bound to the tag andrebind it. For each binding, we save the original scriptin a table and rebind the event to call our recordingprocedure, which records the event and calls the originalscript.This process catches all the class bindings since they arefound in the bindtags list for widgets of that class.We remember what we have already rebound and onlyrebind each tag once. Widget bindings are just a tagwith the same name as the widget.Capturing X Event FieldsThe Tk event handling mechanism uses %-fields totransfer X event data into the binding. It looks forstrings of the form �%x� (where �x� is some letter) and replaces them with the appropriate field from the Xevent structure. We must duplicate this process whenwe call the event handler. In order to do this, we mustcapture any %-fields required in the binding. We do thisby scanning the binding and recording which %-fieldsare present. RecordEvent will substitute the %-fields in the binding before it is called.FindPercentFields returns a list of the form {{W$W} {x %x} {y %y}...} where each required %-field is represented. The binding mechanism will fill inthe values and the record or replay code will take care ofinserting the %-fields into the Tcl script of the binding.Capturing the �current� object on a canvasCanvases must be treated specially because canvasbindings often make use of the �current� object onthe canvas, that is, the object that is directly under themouse pointer. During recording we capture the objectid of the current object. It is not possible to set thecurrent object except by actually moving the mousepointer over the object. What we do during replay isreplace all instances of the string current in thebinding with the id of the current object capturedduring recording.Handling bindtagsIn Tk4 each widget can have a set of associated tags andeach tag can have events bound to it. So a single eventmight activate several bindings and several Tcl scriptsmay be executed. It is possible to break the chain ofTcl scripts by returning a break return code from a Tclscript called as an event handler. During recording weare executing the Tcl scripts ourselves so we have tocapture and pass on the return code so the program willwork as expected. During replay we execute the sameTcl scripts as we executed during replay and ignore thereturn codes. We do not give a Tcl script a chance tochange its mind and return a different error code onreplay than it returned during recording.CallbacksSeveral Tk widgets have command options or�callbacks� as they are called in X. The Tk widgets thathave command options are: button, checkbutton,menubutton, radiobutton, scrollbar, scale, menu(postcommand) and menu entries. All of thesecallbacks (except for postcommand) are implementedwith bindings so redefining the bindings automaticallyhandles the callbacks.The one exception is the postcommand option that iscalled just before a menu is posted. This gives theapplication a chance to modify the menu according tocurrent conditions. This callback is called as part of thepost subcommand to the menu widget. Since thepost command is almost always executed in a callbackwe do not have to worry about redefining it.Internal Widget BindingsThe canvas and text widgets each allow bindings tointernal objects and have their own separate bindingsystems. These internal binding systems are virtuallyidentical to the main binding system and are handled ina similar way. When we rebind a canvas or text widget,we first rebind the external bindings and then we gothrough all the internal bindings and rebind those also.One detail that makes this harder is that canvas widgetsallow bindings to both canvas objects and canvas tags.But there is no way to enumerate all the tags in acanvas. (This is done with �$text tag names� inthe text widget.) The workaround is to enumerate allthe objects and accumulate all the tags associated withthese objects.Handling Dynamic ChangesAny time Tcl code is executed it could change thebindings of any widget, create widgets or destroywidgets. Our recording mechanism is based on havingrebound all bindings of all widgets. If a bindingchanges or a widget is created then we have to redefinethe bindings before it gets called, so we have to detectthese changes and make the necessary rebindings. Thesimplest way to deal with this is the redefine the bindcommand and all the widget creation commands.The new widget creation commands will call theoriginal widget creation command and then call aprocedure to rebind all the tags of the new widget.There is one detail that we must consider. The frameand toplevel commands are implemented with thesame code which looks at the first letter of thecommand name. If this first letter is �t� then a toplevelis created, otherwise a frame is created. So we have tobe sure to rename toplevel to another name whichstarts with �t�.In order to catch any internal rebinding in canvas andtext widgets we have to rename the individual widgetcommand (whose name is the path name of the widget)also. When this command is called we see if it is abind subcommand and, if it is, redefine the binding.

Mouse Pointer WarpingIf you are replaying a demonstration, you may want themouse pointer to move just as it did when you did therecording. This involves two things, knowing where tomove the mouse pointer and actually moving it. Thereis an X library procedure called XWarpPointer thatmoves the mouse pointer, but pointer warping is acontroversial subject. Many human-computer interfaceexperts advise that a program should never warp thepointer because the pointer should be under the controlof the user. In fact, the documentation for theXWarpPointer command cautions that thiscommand can confuse the user and should only be usedin exceptional circumstances. As a consequence (ormaybe for other reasons), Tk does not have a commandto warp the mouse pointer. I had to add thatfunctionality as a new Tk command. The problem withthis is that the replay system will not work with theregular wish but needs a custom wish with pointerwarping added.One reason you want to move the mouse pointer is tocall attention to what is happening during the replay.There is a version of TkReplay that does not usepointer warping but instead has a small window with ared arrow in it that moves around and points to thewidget where the next event takes place.It is easy to know where to move the pointer becausethe X records the x and y coordinates of the mouse forall mouse events. We can capture these with %-fieldsand use them to know where to warp the mouse pointer.I should note that it is irritating to have the pointermoved around for you. During the debugging of theprogram I could not stop replays because I could not getcontrol of the pointer long enough to set the focus andkill the application. I had to put in a special binding tostop the replay when a mouse button is clicked.Name ConflictsTkReplay defines several new procedures and a globalarray in the target application and has to worry aboutname conflicts. It uses names that end in �__rd�. Thisstring must be changed in the file to be sourced if thereis a conflict with other names in the target application.It could try several names and see which ones are notbeing used but even this will not work in all cases. Aprogram might define new names at any time and thesemight conflict with any name you choose, even if therewas no conflict when you first defined the name.Potential DeadlocksWindow systems are event oriented and work by callingapplication code when user events are detected.Sometimes it is necessary for user code to wait for aspecific event to occur, usually the answer to a questionin a dialog box. Tk provides this facility with thetkwait command that allows a you to wait for anevent inside a Tcl script. This is implemented byrunning a local event loop.The tkwait facility can interact badly with a replayfacility. if you are not careful it is easy to get intodeadlocks.The replay application replays an action by sending it tothe target application using the Tk send command.The send command sends the command given in itsarguments and blocks while it waits for a reply. If thecommand it sends executes a tkwait then it will notreturn and the send command will not complete.Because of this problem we cannot execute the bindingdirectly but instead use the after command so that thesend can complete. But then the completion of thesend command no longer indicates that the binding�sTcl script has completed so we have to send a responseback to the replay program when the Tcl script hascompleted. But we have observed that the binding maynot complete because it calls a tkwait. To solve thisproblem we have to set a timeout that will send a replyback after some time delay if the script has notcompleted. It is easiest to have both the timeout andthe command send replies. The replay program acceptsthe first reply as signal to move on the next event toreplay and ignores the second reply.Here is the sequence of events when an action isreplayed.1. Get the next user action to replay.2. Send the action to the target application.3. The target application schedules the action usingthe after command, starts a timer (also using theafter command) and completes the send.4. When the action is complete a completion messageis sent to the replay application.5. When the timeout occurs another completionmessage is sent to the replay application.6. The replay application continues after it gets thefirst completion message. It will ignore the secondcompletion message that it will get later.

Let�s look at the code to handle this. When an action isbeing replayed the replay program sends a command thatcalls the ReplayAction procedure:proc ReplayAction {uid evid subs} { after $timeout send $replayApp \ [list ActionEnd $uid] after 1 DoAction $uid \ $Bindings($evid) $subs}The uid is a unique identifier assigned to the actiondynamically by the replay application. It is used toidentify the action in the �action completed or time out�messages that will be returned. The evid is thesubscript in the Binding table where the code for thebinding was saved. The subs are the %-fieldsubstitutions to make.First we set up the timeout and then we schedule theaction itself. Then the procedure returns and releases thesend. The replay application then waits for the actionto end or the timeout (whichever comes first). TheDoAction procedure looks like this:proc DoAction {uid action subs} { RealDoAction $action $subs send $replayApp \ [list ActionEnd $uid]}So two ActionEnds are sent for every action andthree sends are required for each action. The replayapplication looks at the uid in the ActionEnd,ignores old replies and waits for an ActionEnd for thecurrent action.The TkReplay ProgramI have implemented record and replay for Tk4.0 in aprogram called TkReplay (there is also an older Tk3.6version). It takes into account all of the considerationsdescribed in the previous section. It records user actionsin a script which can be saved in a file. The script canbe later read in and replayed. You can load an existingscript file, record additional actions (which are added tothe script), delete actions and save the modified script.Scripts are in a simple ASCII format and can be editedand combined with a text editorThe first step in recording a script is to start the targetapplication and �connect� to it. When TkReplayconnects to an application it sends it a command tosource a file of Tcl procedures and commands thatredefine all the bindings and rename the commandsTkReplay must monitor. Both loading and connectingcan be made part of the script so that replaying thescript will automatically load and connect to the targetapplication.It is possible to connect to several applications at thesame time and record a combined script that includesuser actions from two or more target applications.Once you are connected to an application you can startrecording. Actions show up in a list box as they arerecorded. After you stop recording you can rewind thescript and play it. You can start from any place in thescript by selecting that action in the list box.Adding Comments and PausesIf you are recording a demonstration then you may wantto display comments on what is happening in thedemonstration. You might want comments forregression testing as well to inform the tested what tolook for during replay.TkReplay has a facility to display a comment after anyevent in the demonstration and remove it after somelater event. The comment is in a popup text window.There is also a command to add a pause in the replay.Megawidgets and New WidgetsMegawidgets that are built up from existing Tk widgetswork automatically with TkReplay but the scripts willnot reflect the megawidget structure. The Tix widgets,for example, work with TkReplay.TkReplay depends on redefining each binding and so itmust know when widgets are created and when bindingsare redefined. So new widgets must be added toTkReplay by hand. For widgets with no internalbindings, this consists of adding their name to a list.For widgets with internal bindings, custom code mustbe added to handle the internal bindings. The pad widget[3] is an example of this.Problems with TkReplayThere are a few problems with the timing of thereplays. TkReplay records the time delay betweenevents and delays for that period when replaying theactions. But the replay mechanism itself takes timewhich cannot be easily predicted and so the replay isalways slower than the recording. The replay will beaffected if there are parts of the program that depend ontimings. For example, suppose you have a button thatautorepeats as you hold it down. The down time is the elapsed time between the button down event and thebutton up event. This elapsed time will be longer inthe replay and the button will autorepeat more times inthe replay. This could affect scrolling.Since we only record mouse positions when events (likeenter, exit, button down, button up) occur the mousemotion seems a little jerky.Record and Replay with Xt WidgetsMost X widget toolkits, like Motif, are built on anintermediate layer called the X toolkit (or Xt) layer.This is a layer of routines to support theimplementation of widgets. The Xt layer has amechanism for binding user actions to application codethat is based on action procedures and translation tables.A translation table is a text description that binds inputevents to action procedures [1]. It is very similar to theTk bind mechanism. An action procedure is a Cprocedure that the application or widget has packaged sothat it can be called from a translation tableGiven these close analogies between Xt/Motif and Tk,we could use the same strategy we used in Tk toimplement record and replay. This requires the sameintrospection facilities and hooks available in Tk. Thatis, we have to be able to traverse the widget tree andchange all the bindings and we have to detect whenbindings are added or changed and when new widgets arecreated. These facilities have recently been added to Xtin an extension to X11R6 called the Remote AccessProtocol (RAP).The Xt level also offers a facility to allow and easyimplementation of record and replay at the semanticlevel. There is a specific hook that is exactly what youneed, a procedure called XtAppAddActionHook.You pass it the name of a procedure that will be calledjust before any action procedure is called. Thus we donot need to rebind individual bindings, a single call doesit all. Of course, recording at the semantic level ofaction procedures will not allow you to record or replayand lexical and syntactic feedback that occurs before theaction procedures is called.Another problem in Xt is the existence of eventhandlers. Event handlers are the X level mechanism forresponding to user events. All other mechanisms (suchas translation tables and Tk bindings) are implementedusing event handlers. Programmers are discouragedfrom using event handlers directly and most Xt levelapplications do not use them. But if a program doesuse event handlers, any hope of recording all events islost because there is no hook to get control before eventhandlers and there is no way to find out what eventhandlers are in effect or to override them.Other Uses of Recording HooksThe same hooks needed for record and replay can be usedto create an alternative interface to a program, forexample, an alternative interface to a GUI program forblind users [5].The user interface of a program is an external model thatis a reflection of an internal model that the programimplements. The internal model is the important oneand the user interface is a way of presenting that internalmodel to the user. The user interface is a way toinspect the internal model and to perform operations onit [10].The widgets we normally use are appropriate for an idealuser with good vision and the ability to use a keyboardand a mouse easily. If a user does not fit this profilethen the normal widgets might not be appropriate.What is important is to provide an interface to the userthat reflects the internal model of the program.Suppose we had a blind user. It would be possible toredesign the user interface of a program to use sound andtouch and to effectively present the internal model of theprogram.But there are a range of possible disabilities and it is notfeasible to change all programs to best suit a wide rangeof users. The best compromise is to provide genericmethods of translating the normal Tk interface to oneappropriate for a particular class of users, such as blindusers. The generic mechanism can transform theinterface into one based on, for example, sound andtouch. There are many ways to do this andexperimentation about the best way to do it isappropriate.Implications for TkIt was fairly easy to implement record and replay in Tkbecause two important features of Tcl/Tk. First, Tk isintrospective and allows us to ask just about anythingabout the current state of the interface. Second, Tcl isdynamic and allows us to redefine the procedures wewant to monitor and add the hooks we need. We canrebind existing widgets easily because Tk will tell youthe current bindings. This means that we do not haveto get control when an application first starts but canconnect to it at any time. Because we can redefine keyprocedures we can find out when important events occur

(that is, widget creations and new bindings) and dealwith them.It would be useful if Tk added a function that isequivalent to the Xt functionXtAppAddActionHook. This would allow a verysimple implementation of record and replay at thesemantic level. It would allow you to define a functionthat is called just before a binding script is about to becalled. It should pass you the necessary information,like what the event is, what widget it was in, what thebinding is, and have a way to get the X event fields.The return value of the procedure would determinewhether the binding was called.It would be a good idea to implement frame and toplevelwith two different C procedures so that people would befree to rename toplevel to whatever name they want.A few additional features would be handy. Theseinclude: the ability to enumerate tags in a canvas, theability to set the current object in a canvas, and theability to warp the mouse pointer.Other WorkThere has been work on record and replay at the X levelfor several years and this has resulted in the X serverextensions to support record and replay. There areseveral tools for testing GUIs that use these extensions(e.g., XRunner).Record and replay at the widget level are just starting toget attention. Jan Newmark [8] has implemented areplay mechanism for Tk and has recently extended it todo recording (using XtAppAddActionHook).SummaryIn this paper I have examined at the general issue ofrecord and replay in GUIs, looked at the various levelsat which record and replay can be done, and looked at theissues that must be addressed when implementing thisfacility in Tk. In the course of the discussion I haveidentified a few changes to Tk that would makeimplementing record and replay simpler.AvailabilityTkReplay is available fromftp://ftp.cs.unm.edu and from the Tcl/Tkarchive.AcknowledgmentsSome of this work was supported by a contract fromSandia National Laboratories. I want to thank GeneHertel of Sandia National Laboratories for supportingthe work and giving me the original idea to work ofrecord and replay.References [1] Asente, P. and Swick, R. with McCormack, J, XWindow System Toolkit: A CompleteProgrammer�s Guide and Specification, DigitalPress, 1990.[2] Azulay, A. Automated Testing for X Applications,X Journal, May-June 1993.[3] Bederson, B. B. and Hollan, J. D. Pad++: AZooming Graphical Interface for Exploring AlternateInterface Physics, Proc. ACM User InterfaceSoftware and Technology (UIST�94), 17-26.[4] Drake, K. X11 XTest Extension.ftp://ftp.x.org/pub/R6untarred/xc/doc/hardcopy/Xext/xtest.PS.Z[5] Edwards, W. K., Mynatt, E. D. and Stock, K.Access to Graphical Interfaces for Blind Users,Interactions, 2, 1, January 1995, 54-67.[6] Kepple, L. R. Testing GUI Applications, XJournal, July-August, 1993.[7] Libes, D. Exploring Expect. O�Reilly &Associates, 1995.[8] Newmarch, J. Using Tcl to Replay Xt Applications.AUUG94Conference, Melbourne, Australia, Sept.1994,[9] Ousterhout, J. Tcl and the Tk Toolkit. AddisonWesley, 1994.[10] Preece, J. Human Computer Interaction AddisonWesley, 1994, chapters 6 and 7.[11] UNIX shell manual page (man 1 sh).[12] UNIX pty manual page (man 4 pty).[13] Zimet, M. Extending X for Recording (publicreview draft, 10 Feb 1995).ftp://ftp.x.org/pub/R6untarred/xc/doc/hardcopy/Xext/record.PS.Z