Attaching Interface Agent Software to ApplicationsHenry LiebermanMedia LaboratoryMassachusetts Institute of TechnologyCambridge, Mass. USAlieber@media.mit.eduAbstractThere has been much recent interest in the idea of "intelligentinterface agent" software. An intelligent agent is software thatcan take independent actions in the interface on behalf of auser’s goals, without explicit intervention by the user.Examples of such agents include Apple’s hypothetical"knowledge navigator" [Apple 89], programming bydemonstration systems [Cypher 93], mail and news filteringagents [Kozierok and Maes 93], and others.In most agent experiments to date, it has been necessary toimplement the application in whose domain the agent operatesfrom scratch, in order to enable the necessary application-agent communication. We would like to be able to "attach" anagent to a application that has been written more-or-lessconventionally, or at least be able to tell an applicationdeveloper what the agent may require. This paper explores therelation between agent software and more traditionalapplications whose interface is intended to be operated by ahuman user rather than a program.We’ve implemented some agentsIn our group at the MIT Media Lab, we have implementedseveral projects which provide "intelligent agents" for theinterfaces to common software packages. Mondrian[Lieberman 92] is an object-oriented graphical editor, similarto MacDraw, which has a learning agent. It records proceduresthat are visually demonstrated on concrete examples, and hassome ability to generalize so that the recorded procedures canoperate on examples other than those on which it wasoriginally taught. Mondrian is an example of an instructibleagent, one in which the user interacts with the agent in order toinfluence its future behavior. [Kozierok and Maes 93]implemented a meeting scheduling agent that detects patternsin users’ responses to meeting requests in order to respondautomatically or make suggestions in the future. [Sheth andMaes 93] has an agent that detects patterns of user interest inUsenet News messages.Our primary interest in these projects was experimenting withthe learning algorithms and learning interfaces. However, wewere forced in each case to implement our own versions of theapplication domain interface. Mondrian contains a home-brewgraphical editor, and the calendar and mail reader programswere largely implemented from scratch. As a result, ourversions of these programs have fewer features thancommercial versions, and this limits the extent to which wecould perform realistic user tests. We have talked to manyother researchers performing similar work in other places andfind most are also forced into the same choice.We would like to be able to appropriate a commercialgraphical editor like Canvas, a scheduling program likeMeeting Maker, or a mail reader like Eudora, [or all of them atonce!] and concentrate on developing our agent software. Yetthere is no currently adequate way to for another programwritten on the same machine to harness the same power thatthese programs bring to their end users through their interface.

AgentApplications

Calendar agentGraphic editor agentWhat’s the problem?There are two categories of problems that arise. The first is thefact that commercial applications are typically written so thatthey are not "callable" by another program, and their datastructures are not accessible by another program. The onlyaccess to their functionality is through a user interfaceintended to be operated by a human in real time, not by anautomated agent, which may be acting asynchronously.Finally, many kinds of interface extensions may require accessto the source code, which is typically not accessible to eitherthe end user, nor to an automated agent acting on his or herbehalf.Much of this is a historical consequence of the way thatcommercial computing environments have developed.Luckily, these problems are not conceptually serious, thoughthey may cause significant practical difficulty. Most of themcan be solved by the judicious application of object-orientedprogramming technology, though this has been slow to appearin commercial systems.The second kind of problem has to do with how to structurethe communication between application and agent. This is amore significant conceptual issue, involving a division of laborbetween the agent’s tasks and the application’s. It may involvedecisions about how the agent stores knowledge about theapplication’s functionality, negotiation between the agent andapplication, and parallelism issues.It is important to separate these two sets of issues because theyoften get confused in discussions about the problem. In thelong term, we can expect the next generation or two ofoperating systems to address the systems issues. In the shortterm, several proposed schemes for "inter-applicationcommunication" fall short of complete object integration, butmay prove adequate for limited experiments. The moreprofound issues about division of labor and cooperativeinterfaces are research questions that remain.What’s an application?The dominant paradigm in commercial software for personalcomputers has been that of an "application", a self-contained,shrink-wrapped product bought from a single supplier to do awell-defined task. The user of a computer chooses among theavailable applications on the machine, "enters" an application,does some focused work on a set of documents manipulatedby that application, then "leaves" the application and mayenter a new application. Each application has its own interface,and moving between applications means interacting with adifferent [but possibly overlapping] interface. Recentoperating systems have improved upon this slightly byallowing several applications to be "open" at once, short-circuiting the sometimes tedious leave-and-enter cycle.The paradigm of thinking of software in terms of self-contained and isolated applications is becoming rapidlyobsolete. Computing environments are getting more complex,and users are getting tired of the artificial barrier betweenapplications. Users want to work with text, graphics,communications, programming, etc. seamlessly in anintegrated environment.Agents are seen as a way of supplying software that acts as therepresentative of the user’s goals in the complex environment.Agent software can provide glue between the applications,freeing the user from the complexity of dealing with theseparate application environments.Curiously, several research computing environments thatappeared in the late 70’s and early 80’s were much better than current commercially popular systems from the integrationstandpoint. MIT and Xerox Lisp Machines, Smalltalk-80, andthe Japanese ICOT Inference Machines each provided asingle-language environment in which there was no real notionof an isolated "application". A graphics program that wantedtext-manipulation facilities could simply call the text functionswithout "leaving the graphics application and starting up a textapplication", or communicating via some cumbersome event,network, or shared-file protocol. Those systems wereultimately not commercially successful because they wereperceived to be inefficient, lacked attention to user interfaceissues, relied on specialized hardware, sold too expensively, orother reasons. But the kind of integration achieved by thesesystems needs to be looked at again as a goal for the nextsoftware generation.Object-oriented programming issuesMany difficulties in integrating applications are basicallyobject-oriented programming issues. That they arise at all is aconsequence of the fact that most commercial operatingsystems and applications are not fully written in an object-oriented fashion. The term "object-oriented" is sometimesapplied to applications because they are written in C++ orObjective-C, but these languages are, strictly speaking, object-like extensions to the procedural C language, and fall short ofachieving the required integration. We list a few of the issuesbelow.¥Independence of representation from implementation.Agent software should not have to depend upon details ofmemory storage formats for application data.¥Attachment of procedures to objects. Agents may wantto take action when a given data element is accessed,changed or processed.¥Inter-application object references. Agents may want tohold data that references objects or components acrossapplications. In the absence of an inter-application objectsystem, the agent may have to maintain shadow objectsthat duplicate application objects and worry about how tomaintain consistency.¥Dynamic extensions to the object environment. Manycurrent environments do not have the ability to create orprocess new kinds of objects once the application isstarted. The interface itself may need to be dynamicallyextended, as we discuss below.¥A persistent object store. Agents may take action thatpersists across multiple user sessions.We won’t discuss these issues further, as they are treated in theliterature on object-oriented programming. We simply notethat these are ultimately all requirements for writingapplication-independent agent software. We have confidencethat future generations of operating system and applicationsoftware will address these issues, though the transition periodmay be painful, and we will assume the existence of thesefacilities as a basis for long-term planning of agentprogramming environments.Commercial efforts at application integration:"Marionette strings"There are efforts now underway in the commercial arena atputting together some sort of inter-application communication.The intent of these efforts is primarily to support inter-application data-sharing, scripting, and simple macro-recording, but it is also envisioned that these might serve assupport for future interface agent software as well. Examplesof such efforts include AppleEvents, HP New Wave forMicrosoft Windows, Microsoft OLE, and others.These take advantage of the following observation. Althoughmost commercial applications are not written so that theirfunctionality is accessible by another program, they mustprovide some way for the user to access that functionalitythrough input, typically by selecting some item from a menu,clicking on some icon, or typing some command. Thus, ifanother program can fool the application into thinking that theuser typed or clicked something, it too could access thefunctionality of the application.I call this approach "marionette strings" because the agent isgiven a set of "strings" corresponding one-to-one with useractions in the interface, and can "tug" on the strings to makethe program perform.

Regardless of programminglanguage or implementation, mostmodern direct manipulationinterfaces are structured around aninterpreter called an "event loop"that accepts mouse and keyboardinput, tries to determine whatfunctionality the input isrequesting, changes theapplication data structures, andupdates the screen display. ManyUIMS systems supply at least arudimentary form of thisinterpreter. The marionette stringsare implemented by stuffing anobject representing user input intothe application’s input buffer. Theapplication then processes it "as if" the input was produced byuser interaction.This works. Because there is some degree of standardization ininterfaces for invocation of user-level commands, such as pull-down menus, or double-clicking on icons, it is easier to getdifferent applications to agree on a standard format for input than for how to invoke the underlying functions. [If there wereno interface standardization, the users would rebel!]But it is less effective for returning values from operations, foraccessing application data. From the user’s point of view, theresult of the operation is simply visible in the graphicalinterface. An agent program cannot "see" what the user sees[though see [Potter 93] for an approach that parses the screendisplay]. Other operations that are necessary for a program butdo not have direct correlates in the interface are also difficult.One approach is to provide more marionette strings bypermitting "virtual events" that have no direct counterpart inthe interface, but are treated as events in the input buffer. Thisintroduces some interpretation overhead, and may complicatethe operation of the interpreter.Granularity of the event protocolFor the marionette string approach to work, the applicationwriter must agree on a set of operations to "export" as events,which determines what is accessible to the agent, and the agentmust agree to "import" the events.There is the problem of deciding at how fine a level to do this.In the limiting case, every time the program does anything, itmust create an event corresponding to that action, and beprepared to execute that action in response to an eventrequesting it from the agent. In that case, the applicationeffectively becomes a program written in the event languagerather than the underlying programming language. The"application code" itself becomes nothing but an interpreterfor the code written in the event language. At worst, theinterpretation overhead would slow the application, and at bestthis would require two versions of everything, an interpretedand a compiled version.To take a concrete example, should we include mousemovements in the protocol that an agent should be able toreceive? If we say yes, then we are obligating everyapplication to report every time the mouse moves, which ispotentially inefficient, and wasteful in the case the agent doesnot need this information. If we say no, we are preventing allagents from ever tracking the mouse, and it seems like at leastsome agent might in fact want this ability.The moral is that there should be at least some provision fordynamic negotiation of a protocol between agent andapplication. It may not be possible to fix in advance anapplication protocol that will be satisfactory to every possibleagent, nor an agent protocol that will be acceptable to everyapplication.Sharing an interface between agent and applicationAnother issue is that the agent itself may need to interfacedirectly with the user, and most applications are not currentlyprepared to share their interface with another program whoseinterface they do not know in advance.Mondrian, for example, adds icons to the draw program’spalette, using the same "domino" icon style in which the drawprogram’s operations are represented. In the illustrationbelow, the New Command icon at the upper right is an iconthat operates the agent, the three icons below it are drawoperations provided by the draw program, and the Arch iconwas added by the agent to the interface as a result of userinteraction.Application and Agent-generated iconsKozierok’s Calendar Agent displays a cartoon face whoseexpression indicates the state of the agent and feedback aboutits predictions. Cypher’s Eager [Cypher 91] colors menuoperations for anticipatory feedback.Anthropomorphized calendar agentApplications should be able to accept as part of the protocolfor communication with agents, requests to extend theirinterface by adding or modifying user-accessible commandsand objects, reserving parts of the screen or modifying the program’s user interactions. Such requests are not typically apart of inter-application communication protocols.Parallelism between the agent and applicationParallelism is also an issue. Any user interface program is infact a parallel program, even if there is no parallelism going onin the functions implemented by the application. This isbecause there are always at least two processes that arerunning simultaneously: the computer and the user!This is a well-known problem in user interface programming,but it becomes worse when the actions of an autonomousinterface agent are added to the system. The application andagent program may be acting concurrently on the sameobjects, and synchronization must be provided for wherenecessary. Another merit of the marionette string approach isthat it achieves cheap synchronization for programs that arecompletely "event driven": only one event may be processed ata time. For more complex kinds of programs, such as thosewhich take background action while the user continues to usethe interface, this kind of synchronization will be inadequate.Agent meta-interpretersOne technique that we believe holds promise for achievingsome independence between agent and application coding isthe use of meta-interpreters. In traditional programminglanguage theory, a meta-interpreter is an interpreter for alanguage written in that language itself, and which allows thetarget language to be extended by extensions to the interpreter.The best-known modern example is the CLOS meta-objectprotocol [Kiczales and Bobrow 92], which shows thatjudicious implementation allows considerable latitude inextending the target language without penalizing theimplementation in terms of efficiency. Meta-interpreters havealso been in long use in the logic programming community,and meta-rules have been used to introduce agent-like controlinto expert systems. They have the property that the meta-interpreter may make significant decisions about control issueswithout any awareness on the part of a program written in thetarget language.We are not proposing that application code be run directlywith a meta-interpreter. That would probably introduce toomuch overhead, and is impractical given current applicationimplementation techniques. But many UIMS systems[Lieberman 85] provide an interface interpreter, whichoperate on menu and icon selections as functions, and direct-manipulation objects as arguments. We are exploring the ideaof embedding agent functions in an interface meta-interpreter.As we have noted, the event loop of a modern direct-manipulation interface effectively acts as an interpreter. Anapplication that is "recordable" using an event protocol such asApple Events, effectively writes a program written in the eventlanguage. An application that can be controlled by a script[e.g. Apple Script or TCL in Unix systems] is effectivelyacting like an interpreter for the event language. Suchinterpreters may be amenable to meta-interpreter techniques.An agent’s "mental model" of an application

Beyond these systems and interface issues are deeper issuesabout how agents represent what functionality is implementedby an application and act upon it for response to user requests,learning, detecting patterns in user behavior, and other agentfunctions. These questions fall into the domain of artificialintelligence rather than interface issues per se. The basicquestion is what is in the agent’s "mental model" of theapplication?In user interface research, a fundamental question is, "What isthe user’s mental model of an application?". Good interfacesare those that encourage the user to develop a mental modelof the application that is consonant with their model of theirworking domain, and that accurately reflects the objects andoperations that are implemented in the interface. The user canthen translate their needs into the application’s operations andinterpret results [Norman’s "gulf of execution" and "gulf ofevaluation"].An intelligent interface agent must also have a "mental model"of the application. For the agent to have utility to the user, theagent’s mental model of the application should have somecorrespondence to that of the user. To help the user bridgeNorman’s gulfs, it should be able to relieve the user of theburden of translating goals into operations in the interface.This does not necessarily mean that the agent need have anexplicitly represented or one-to-one mapping between goals and interface operations. Agents can also adopt behavior-based, case-based, or neural net approaches where goals andmethods are only implicitly represented.In current work, we are interested in categorizing therequirements of various agent learning, generalization, andaction strategies, so that we can determine how applicationsituations need to be described in order for the agent to carryout its functions.For example, Mondrian’s generalization strategy is driven byan object-oriented protocol that takes into account the actionsand objects being generalized, and the graphic context. Objectinheritance is used to share knowledge about how togeneralize related kinds of actions and objects. A case-basedreasoning agent might have a protocol that involves situationdescriptions, indexing according to a set of features, matchingcriteria to tell when two situations are considered similar,metrics that say how similar, and adaptation criteria forsolutions.The foreign object problemMany programs must deal with foreign objects - objects thatare not in a program�s immediate address space and that theprogram therefore cannot handle directly. Foreign objects maybe written in a language different from the language of theoriginal program, they may be in another process, or they maybe stored on another machine on a network.The foreign object interface is a facility that allows a callingprogram to access foreign objects more or less transparently,as if the objects were local to the calling program. It works bykeeping a table of objects in each local program that arereferenced by foreigners, managing that table on an as-neededbasis.The foreign object interface is intended to be complementaryto foreign function interfaces, which are typically found inimplementations of Lisp and other languages. Remoteprocedure calls are another species of foreign functioninterface, one in which the foreign call involves networkcommunication.Such interfaces allow programs to call functions that areoutside its own address space relatively transparently. Butthey provide no help for management of the objects that arepassed as arguments to those functions. Some foreign functioninterfaces do provide translation of basic data types such asnumbers and sstrings, but complex objects that may point toother objects are not typically provided for. Leaving objectmanagment up to the applications programmer is typically toogreat a burden, aand effectively discourages routine use ofmulti-language or multi-process programs.The prototype foreign object interfaceWe have implementd a prototype foreign object interface forMacintosh Common Lisp, which supports foreign objectsusing CLOS, the Common Lisp Object System. The foreignobject interface permits a client program to create objectinstances that "live" on another machine [the server]. Thedefinition of the object’s class need only be loaded on theserver machine.The client program gets back a foreign object, which it cantreat as a representative of the object living on the servermachine. Functions applied to the foreign object, and requeststo access the components [slots] of the foreign object result inforwarding the request to the server, which returns the answer.Thus, the foreign object can be treated transparently as if itwere local to the client program."Create a FOO objectwhose X is 2 and Y is 3"Definitionof FOOa FOO X: 2 Y: 3"What is the X? Y?""Print it"ForeignObjectIt is important that foreign objects are created in a lazy or on-demand manner. The client progam need not have a foreignobject corresponding to every object in the server. Foreignobjects for compound objects on the server are created on theclient only to the depth to which they are referenced, and notin their entirety. This property is essential for making theforeign object interface efficient enough to be practical.Remote interfacesTo show one way in which the foreign object interface can beused, we show that the foreign object interface could be usedto couple two user interfaces running on different machines.

How the foreign object interface worksObjects called CONNECTIONs represent remote hosts. Thereare CLIENT-CONNECTIONs and SERVER-CONNECTIONs, and these are further specialized by thecommunication mechanism, in our case APPLE-EVENT-CLIENT and -SERVER-CONNECTIONs. To initiate sharing,client and server connections sharing the samecommunications mechanism and the same identifying nameare created.A request to create a new object on the server is handled by aprocess analogous to what is called interning in interpretivesystems. Interning is a process that appears in most Lispsystems for translating strings into references to objects [inLisp’s case, symbols]. It involves keeping a table of objects,usually in the form of a hash table. The first time a string isencountered, a new object is created and stored in the table.The next time a string containing the same sequence ofcharacters is encountered, the original object corresponding tothat string will be returned.Each server maintains a registry, a table of objects that arereferenced from outside. When a server receives a request tocreate a new object, it makes a new entry into the registry, andreturns an index into the registry. The foreign object on theclient contains the server connection and the index into theregistry. FOREIGN-INTERN translates a foreign object to anobject on the server. FOREIGN-EXTERN performs theopposite transformation.The metaobject protocol [Kiczales and Bobrow 92] can beused to achieve transparency between the use of foreign andlocal objects. MAKE-INSTANCE, SLOT-VALUE andFUNCALL are defined on foreign objects to perform theirrespective operations on the remote objects they represent.Implementing the foreign object interfaceThe system exchanges objects with a Lisp running on anothermachine using the Apple Events [Apple 93] inter-applicationcommunication protocol. We used an Eval Server [a servertask which evaluates textual expressions sent to it by a client]implemented in Apple Events. The Eval Server is much morepowerful than is necessary to implement a foreign objectinterface. Some might even accuse us of "cheating" for usingit, in view of the fact that such a thing would be hard toimplement in C/C++. But in fact, the use is fairly restricted,limited to either calls to functions within the foreign objectinterface itself, functions that are implemented by the serverprogram, and primitive data types such as strings and numbers.A C/C++ version of the foreign object interface could bewritten, and the server program could make its functionsknown to the client by a mechanism like the AETE resource inApple Events. Thus, C++ and Lisp programs could co-existon either side of the network barrier.We have not dealt with the problems of garbage collectionacross multiple address spaces; once an object is entered intothe registry it remains forever. There are several proposals foralgorithms for network garbage collection in the literature.Inter-language garbage collection, also desirable in the generalcase, is also not handled in our implementation.ConclusionWe have surveyed a number of issues that arise in consideringthe problem of how to write interface agent software that canlearn from user interface actions, take action independently inthe user interface and interact with the user about how toperform these tasks. We have also considered what kind ofsupport is needed from operating systems and applications tosupport agent software. The issues divide themselves intosystems-level issues, including support for inter-applicationobjects, and artificial intelligence issues, such as how the agentmodels the application’s functionality and the division of laborbetween application and agent. We have based this analysison experience with several agent-based applications, and arenow working on generalizing our experience to produce moregeneral software tools for application independent agents.AcknowledgmentsThanks to Pattie Maes for her insights concerning intelligentagents. Max Metral has provided valuable insights intoapplication/agent communicaiton. Thanks to Jim Miller, TomBonura, Allen Cypher, Ike Nassi and Steve Strassman atApple.All names of commercial products mentioned herein aretrademarked by their respective manufacturers.Support for this work comes from research grants from AppleComputer and the National Science Foundation. Additionalsupport is provided by Alenia Corp., and ARPA/JNIDS.Bibliography[Apple 89]Knowledge Navigator (Video)[Apple 93]Inside Macintosh: Inter-Application Communication,Apple Computer, Cupertino, CA, 1993.[Cypher 91]Allen Cypher, Eager: Programming Repetitive Tasks byDemonstration, in CHI ’91.[Cypher, ed. 93]Watch What I Do: Programming by Demonstration, MITPress, Cambridge, Mass. 1993.

[HP 91]HP New Wave 4.0: Desktop Manager for Windows,Hewlett-Packard, Palo Alto, CA, 1991.[Kiczales and Bobrow 92]Gregor Kiczales and Daniel Bobrow, The Art of the Meta-Object Protocol, MIT Press, 1992.[Kosbie and Myers 93]David Kosbie and Brad Myers, A System-Wide MacroFacility based on Aggregate Events, in [Cypher, ed. 93].[Lieberman 85]Henry Lieberman, There’s More to Menu Systems thanMeets the Screen, SigGraph 85.[Lieberman 92]Henry Lieberman, Mondrian: A Teachable GraphicalEditor, in [Cypher, ed. 93].[Kozierok and Maes 93]Robyn Kozierok and Pattie Maes, A Learning InterfaceAgent for Scheduling Meetings, Workshop on IntelligentUser Interfaces, 1993.[Maes and Kozierok 93]Pattie Maes and Robyn Kozierok, Learning InterfaceAgents, AAAI Conference, 1993.[Piernot and Yvon 92]Philippe Piernot and Marc Yvon, The Aide Project: AnApplication-Independent Demonstrational Environment,in [Cypher, ed. 93].[Potter 93]Richard Potter, Triggers: Guiding Automation with Pixelsto Achieve Data Access, in [Cypher, ed. 93].[Sheth and Maes 93]Beerud Sheth and Pattie Maes, Evolving Agents forPersonalized Information Filtering, IEEE Conference onArtificial Intelligence for Applications, 1993.__________________________________________________