The GOMS Family of Analysis Techniques:Tools for Design and EvaluationBonnie E. John & David E. Kieras*24 August 1994 CMU-CS-94-181School of Computer ScienceCarnegie Mellon UniversityPittsburgh, PA 15213*Department of Electrical Engineering and Computer ScienceUniversity of MichiganAlso appears as Human-Computer Interaction Institute Technical ReportCMU-HCII-94-106Work on this paper by Bonnie John was supported by the Office of Naval Research, CognitiveScience Program, Contract Number N00014-89-J-1975N158, and the Advanced ResearchProjects Agency, DoD, and monitored by the Office of Naval Research under contract N00014-93-1-0934. Work on this paper by David Kieras was supported by the Office of Naval ResearchCognitive Science Program, under Grant Number N00014-92-J-1173 NR 4422574, and theAdvanced Research Projects Agency, DoD, and monitored by the NCCOSC under contractN66001-94-C-6036. The views and conclusions contained in this document are those of theauthor and should not be interpreted as representing the official policies, either expressed orimplied, of the Office of Naval Research, NCCOSC, the Advanced Research Projects Agency, orthe U. S. Government.Bonnie John is associated with the Departments of Computer Science and Psychology and theHuman-Computer Interaction Institute at Carnegie Mellon University.

Keywords: GOMS, cognitive modeling, usability engineering

1AbstractSince the seminal Card, Moran, & Newell (1983) book, The psychology of human-computerinteraction, the concept of the GOMS model has been one of the few widely known theoreticalconcepts in human-computer interaction. This concept has spawned much research to verify andextend the original concept and has been used in real-world design and evaluation situations.The original presentation of the GOMS concept left substantial room for interpretation andsubsequent researchers and practitioners have applied the idea in a variety of ways. While thisvariety shows that the GOMS concept is fruitful, there is some confusion about the GOMSconcept and the various approaches that share this label yet appear to be radically different. Thispaper synthesizes the previous work on GOMS to provide an integrated view of GOMS modelsand how they can be used in design. The major variants of GOMS that have matured sufficientlyto be used in real-world design and evaluation situations are described and related to the originalGOMS proposal and to each other. A single example is used to illustrate all of the techniques.Guidance is provided to practitioners who wish to use GOMS for their design and evaluationproblems, and examples of actual applications of GOMS techniques are presented.1. Introduction1.1. Purpose of this PaperSince the seminal Card, Moran, & Newell (1983) book, The Psychology of Human-ComputerInteraction, (hereafter, CMN) the concept of the GOMS Model has been one of the few widelyknown theoretical concepts in human-computer interaction (HCI). This concept has spawnedmuch research to verify and extend the original concept. In 1990, Olson and Olson reviewed thestate of the art of cognitive modeling in the GOMS tradition, discussing several extensions to thebasic framework in the research stage of development and pointing the way to several moreplausible and useful extensions that could be explored. They also outlined several significantgaps in cognitive theory that prevent cognitive modeling in general from addressing someimportant aspects of HCI (e.g., fatigue) and argued that cognitive models are essentially thewrong granularity or form to address certain other aspects of computer systems design, such asuser acceptance and fit to organizational life (but see Carley & Prietula, 1994, for an opposingview).This paper, coming several years later in the history of HCI cognitive modeling, has differentgoals from the Olson & Olson paper. The major goal is to clarify the relationships between thedifferent variants of GOMS models that have appeared since the CMN work. There appears tobe confusion about the relationship of these seemingly different ideas to the original concept andto each other, and also about which GOMS variant is suitable for which design and evaluationtasks. Thus, the first goal of this paper is to provide a synthesis of the GOMS models in theliterature to clear up these points of confusion,A second goal of this paper is to provide guidance to practitioners wishing to select a GOMSvariant for their design or evaluation task, and to briefly demonstrate the value of GOMStechniques in real-world design and evaluation tasks. Thus, this paper focuses on that subset ofGOMS research that has reached sufficient maturity to be tools in the engineer’s toolbox ofdesign. The techniques we survey are all variants of the original GOMS concept that have beensufficiently tested and codified to leave the research laboratory, to be taught to practitioners, andto be used in real-world design and evaluation situations. We present some examples ofapplying GOMS techniques to design situations, ranging from small design issues to wholesystems, and with payoffs ranging from informally positive to actual dollar figures. We hope

2these examples will help HCI practitioners to see value in GOMS for their own situations.The organization of this paper is as follows. First, in the remainder of this introduction, wediscuss the concept of engineering models for computer system design; GOMS models are a kindof engineering model. The second major section of the paper introduces the basic concept ofGOMS models that is common to all of the techniques we discuss. The third section defines thecurrent members of this GOMS family of models and discusses their similarities and differencesusing a single example task. The fourth section describes how the GOMS family can be appliedin design. The fifth section provides some brief case histories of how members of the GOMSfamily have been applied in actual software development situations.1.2. Engineering Models of Human-Computer InteractionBefore beginning the discussion of the GOMS concept and particular instantiations of thatconcept, it is useful to understand the motivation for developing such techniques. The overallphilosophy behind GOMS and other HCI cognitive modeling efforts is to provide engineeringmodels of human performance. Engineering models seek to optimize several criteria thatdistinguish them from traditional, psychologically-oriented cognitive models: (1) the ability tomake a priori predictions; (2) the ability to be learned and used by practitioners as well asresearchers; (3) coverage of relevant tasks; and (4) approximation. Card, Moran, & Newelldeveloped the concept of GOMS models with these criteria for useful engineering models inmind. GOMS models are usefully approximate, make a priori predictions, cover a range ofbehavior involved in many HCI tasks, and have been proven to be learnable and usable forcomputer system designers.A priori prediction. In a research environment, cognitive models are often evaluated byestimating their goodness of fit to empirical data, using some aspect of the data to estimate someof the parameters in the model. Appropriate statistical techniques can be applied to determinewhether the model essentially gives back more information about the data than it received in theform of parameter estimates. Such parameter estimation is clearly required to develop and testscientific models. However, to be useful, engineering models must be able to make predictionsin the absence of a working version, prototype, or mock-up of the system because the predictionsare needed early in the design process where they can be used to shape the specifications of thesystem. Thus, any parameters used to make the predictions must be set during the constructionof the model, not on the basis of behavioral data collected on the new system. Since a system isnot yet in existence, the model cannot require new experiments to be run in the new situation toset the parameters. This does not mean that parameters have to be fixed constants for everysituation, only that they must be determinable a priori. For example, tables of parameterscovering a wide range of tasks can be created based on previous research.Learnability and usability. It must be possible for engineering models to be learned and usedby computer system designers. Since the target users of HCI engineering models are not trainedpsychologists or human factors experts, they cannot be expected to bring psychological expertiseto the task. Thus, the basic psychology must be "built into" the models. An example is thattables of parameter values can replace detailed expertise in many situations. In addition, theprocedures for constructing and applying the model must be clearly defined and representativeexamples must be presented to allow the techniques to be taught and learned by the intendedmodel users. This does not mean that the procedures have to be as fixed and explicit as recipesin a cook book. However, there must be guidelines and rules about what to do in manyrepresentative situations so that a style of analysis can be developed that leads to usefulpredictions.Coverage. Engineering models must address a useful range of design issues. The problem inHCI is that the range of activities performed by people interacting with computer systems is quitevaried, ranging from simple perceptual-motor actions such as pointing with a mouse, to

3extremely complex activities such as comprehending textual or pictorial material, all the way tocreative problem-solving. Covering this entire span is not possible today with engineeringmodels, and some issues may never be addressable with engineering models (e.g. predictingcreativity). However, there are three general issues for which effective coverage is possibletoday and extremely important. First, the lower-level perceptual-motor issues, such as the effectsof layout on key stroking or mouse pointing, can be well captured by existing models, orextensions of them. Second, the complexity and efficiency of the interface procedures isaddressed very well by models in the GOMS family. Since at some point the user must alwaysacquire and execute a procedure in order to perform useful work with a computer system, it isespecially valuable that engineering models can address the procedural aspects of a userinterface. Third, it is essential that the whole task be considered when designing a system. Thatis, optimizing the various aspects or portions of an interface in isolation will not ensure that thesystem is more usable overall or that it will allow the whole task to be performed moreeffectively. GOMS models are especially useful for such analyses because one way tocharacterize a whole task is to describe the procedures entailed by the whole task; this allows theindividual aspects of the interface to be considered in the entire task context.Approximation. Engineering models in all disciplines of engineering are deliberatelyapproximate. They include just the level of detail necessary to do the design job. For example,when sizing a duct for an air-conditioning unit, fine variations in volume with respect totemperature are ignored if the air can be assumed to be in a certain range of temperature. If thisassumption holds, then the equations are very simple, relating the area of the duct to the rate ofair passing through it. However, when the same air is traveling through the pipes in the coolingchamber of the air-conditioner, where there is a substantial temperature change from hot to cool,this assumption no longer holds, and many other factors have to be incorporated, such as therelative humidity and compressibility. In the same way, engineering models for HCI must beapproximate in nature, attending to only those details necessary to analyze the design problemwhile keeping the modeling effort tractable.When engineers use approximate models, they do not do so blindly, but in the context ofknowledge of a more detailed theory. They know what terms exist in the detailed theory, howsensitive the predictions are to variations in those terms, and, therefore, which terms can bedropped to make calculations tractable without sacrificing the accuracy necessary for the designsituation. This can be done because the theory specifies the mechanism of the phenomenon itdescribes. Similarly, engineering models in HCI must be approximations to the processesinvolved in human behavior, not simply approximations to the behavior. In this way, thetheoretical foundations of the models allow the designer to choose the right model for therequired level of detail in the design problem, and to recognize when the design probleminvolves issues and factors not addressed by the models.A common engineering guideline is the "80/20 rule", which states that you get 80% of yourresults from 20% of your design effort, and the remaining 20% takes 80% of the effort.Engineering models in HCI should strive for that first 80% of coverage with 20% of the effort.For instance, if a computer system were designed and a prototype built, then the behavior ofscores of users could be observed and analyzed in detail and the "truth" would be known aboutthe system. Taking this as 100% knowledge and effort, engineering models in HCI should striveto for 80% accuracy with less than 20% of the effort of prototyping and testing. That is,engineering models should be able to predict various behavioral aspects, e.g., the sequence ofoperations, the execution time, the learning time, and the occurrence of errors, to within 80% ofwhat would be observed if the running system could be measured. Thus, less than perfectpredictions are acceptable, but engineering models must be simplified approximations of the realsituation in order to obtain such predictions with a small amount of effort.Although engineering models need not exceed the level of approximation necessary for designpurposes, as long as the other criteria are met, such models may be as detailed as their traditional

4psychology counterparts. In fact, quite detailed and exact models could be incorporated into aneasily used computer simulation of the user, or simple models could account for as muchperformance phenomena as more complex models. Either way, useful engineering modelsemphasize a priori quantitative predictions, usability, and coverage, usually, but not always, atthe expense of accuracy. The GOMS-family of engineering models satisfy these criteria formany important HCI tasks.2. Definition of GOMS ModelsThe starting point for our discussion of GOMS is to define the concept of a general GOMSmodel (subsequently referred to as the GOMS concept or just the GOMS model). This conceptis much weaker than any other proposal, even the original CMN proposal, but it serves to capturewhat all GOMS models have in common. The general GOMS concept is defined as follows:It is useful to analyze knowledge of how to do a task in terms of the components of goals,operators, methods, and selection rules.While similar to many other task decomposition strategies (e.g., Diaper, 1989; Gilbreth &Gilbreth, 1917; Newell & Simon, 1972; Van Cott & Kinkade, 1972), this concept has spawned afamily of task analysis and modeling techniques, the GOMS family. In this section of this paper,we define each of the components of the model (goals, operators, methods, and selection rules) inmore detail, and then in the next section, we describe the different kinds of models currently inthe GOMS family and their relation to underlying human information-processing architectures.This discussion is limited to approaches that have been presented in the literature in an explicitly"how-to" form, ready to use by practitioners.2.1. GoalsGoals are what the user has to accomplish. The common-sense meaning of the term applieshere; a goal is the "end towards which effort is directed" (Webster’s, 1977, p. 493). The classicexample presented in CMN is in the domain of text-editing, where the user is presented with ahard-copy manuscript marked-up with editing changes, and the user’s goal is to make all thosechanges in an on-line copy of that manuscript. Goals are often broken down into sub-goals; allof the subgoals must be accomplished in order to achieve the overall goal. For instance, in amanuscript marked with the four editing changes shown in Figure 1, the top-level goal would beEDIT-MANUSCRIPT and the sub-goals might be MOVE-TEXT, DELETE-PHRASE and INSERT-WORD.All of the subgoals must be accomplished to accomplish the higher-level goal.Goals and sub-goals are often arranged hierarchically, but a strict hierarchical goal structure isnot required. In particular, some versions of GOMS models allow several goals to be active atonce, and some versions encode extremely well-practiced behavior in a "flattened" structure thatdoes not seem to require a hierarchy of subgoals.2.2. OperatorsAn operator is an action performed in service of a goal. Operators can be perceptual, cognitive,or motor acts, or a composite of these. Operators can change the user’s internal mental stateand/or physically change the state of the external environment. The important parameters ofoperators, in particular execution time, are assumed to be independent of how the user or thesystem got into the current state (i.e., independent of the history of operators). Execution timemay be approximated by a constant, by a probability distribution, or by a function of someparameter. For instance, the time to type a word might be approximated by a constant (e.g., theaverage time for an average word by an average typist), or a statistical distribution, or by afunction involving the number of letters in the word and the time to type a single character(which could, in turn be approximated by a constant or a distribution). The accuracy of

5In order to understand GOMS models that have arisen in the last decade and the relationships between them, an analyst must understand each of the components of the model (goals, operators, methods, and selection rules), the concept of level of detail, and the different computational forms that GOMS models take. In this section, we will each of these concepts; in subsequent sections we will categorize existing GOMS models according to these concepts.

Figure 1. A set of simple text-editing tasks illustrating several different text editing goals.predictions obtained from a GOMS model depends on the accuracy of this assumption and on theaccuracy of the duration estimates.2.4. MethodsMethods are sequences of operators and subgoal invocations that accomplish a goal. If thegoals have a hierarchical form, then there is a corresponding hierarchy of methods. Clearly thecontent of the methods depends on the set of possible operators and on the nature of the tasksrepresented.For instance, in our text-editing example, if DELETE-PHRASE was defined as a goal, and MOVE-MOUSE, CLICK-MOUSE-BUTTON, SHIFT-CLICK-MOUSE-BUTTON and HIT-DELETE-KEY weredefined as operators, one method for accomplishing DELETE-PHRASE (in the text-editor we areusing to write this paper) would be to MOVE-MOUSE to the beginning of the phrase, CLICK-MOUSE-BUTTON, MOVE-MOUSE to the end of the phrase, SHIFT-CLICK-MOUSE-BUTTON, andfinally, HIT-DELETE-KEY (the mark-and-delete method).2.5. Selection Rules.There is often more than one method to accomplish a goal. Instead of the above mark-and-delete method just described, another method for accomplishing the DELETE-PHRASE goal inFigure 1 would be MOVE-MOUSE to the end of the phrase, CLICK-MOUSE-BUTTON, and HIT-DELETE-KEY 11 times (the delete-characters method). If there is more than one methodapplicable to a goal, then selection rules are necessary to represent the user’s knowledge of whichmethod should be applied. Typically such rules are based on specific properties of the taskinstance. Selection rules can arise through a user’s personal experience with the interface or fromexplicit training. Continuing our text-editing example, a user may have a rule for the delete-phrase goal that says if the phrase is more than 8 characters long, then use the mark-and-deletemethod, otherwise use the delete-characters method.2.3. Level of DetailIt is important to clarify a common point of confusion about goals and operators. Thedistinction is strictly one of the required level of detail:

6The difference between a goal and an operator in a GOMS analysis is merely a matter of thelevel of detail chosen by the analyst; for a goal, the analyst provides a method that uses lower-level operators to specify the details of how it is to be accomplished; in contrast, operators arenot broken down any further.That is, an analyst will decide that certain user activities do not need to be "unpacked" into anymore detail, and thus will represent them as operators, while other activities do need to beconsidered in more detail, and so will represent these in terms of goals with their associatedmethods. Thus, any particular GOMS analysis assumes a certain grain of analysis, a "stoppingpoint" in the level of detail, chosen to suit the needs of the analysis. Continuing the text-editingexample given above, a GOMS analysis could have only one goal (EDIT-MANUSCRIPT) and a fewhigh-level operators (e.g., MOVE-TEXT, DELETE-PHRASE and INSERT-WORD). Or, if the designsituation required a finer level of detail, the analysis could have four goals (EDIT-MANUSCRIPT,with MOVE-TEXT, DELETE-PHRASE and INSERT-WORD as subgoals) and finer-grained operators likeMOVE-CURSOR, CLICK-MOUSE-BUTTON, DOUBLE-CLICK-MOUSE-BUTTON, SHIFT-CLICK-MOUSE-BUTTON and HIT-DELETE-KEY to accomplish these goals.In principle, the goals and operators of a task could be described at ever-deeper levels of detail,down to muscle group twitches. However, all GOMS methodologies stop at a much higher levelof detail, which is deemed adequate for the analysis problem at hand. The lowest-level operatorsin an analysis are termed primitive operators in this paper. As discussed above, at any stoppingpoint, the analyst must be sure that it is reasonable to assume that important properties of theoperators, in particular execution time, are constant (or are a constant function of some givenparameter) regardless of the surrounding context. These properties can then be estimated fromdata, either from the current task being analyzed or from previous similar tasks, and used topredict performance on new tasks.CMN demonstrated nine models at four levels of analysis, with the highest-level being theunit-task level, in which the operators represented a whole task unit lasting about 30 sec, and thelowest level being at the keystroke-level, in which the operators are at the level of singlekeystrokes, mouse moves, and so forth, with a duration of about a second or less. At a lowerlevel, Rosenbloom (Laird, Rosenbloom & Newell,1986) proposed GOMS models in which abasic operator corresponded to the cognitive cycle time of the Model Human Processor (about 50ms).An analyst must make the decision about which level of detail to use. That decision hingesprimarily on the demands of the design or evaluation task the model is meant to accomplish, butit also depends on the availability of data for operator time estimates. Some design andevaluation situations give the analyst opportunity to directly measure operators at a given levelon existing systems or prototypes, other situations may preclude such measurement and force theanalyst to choose a grain of analysis for which there are known operator estimates, such as thekeystroke level. In addition, although CMN’s worked examples show a uniform level of detailwithin the each analysis, it is not essential that all primitive operators be at the same level. Manydesign situations will call for some procedures to be examined in more detail than others. Forinstance, when designing a hypermedia system, the analyst may be especially interested in theprocedures for navigating through the system, but less interested in the understanding the detailsof how users will search and comprehend text, graphics, and movies to find specific information.Therefore, the analyst may chose to do a keystroke-level analysis of the navigation machanismsand define higher-level primitive operators for comprehension (e.g., FIND-INFORMATION-ON-SCREEN). If different levels of detail are used, the analyst should be aware that some aspects ofGOMS techniques may not apply uniformly within such an analysis. For example, predictingexecution times requires that the operators have known durations, and some of the analyst-defined higher-level operators might require empirical measurement before the execution timecan be predicted for the methods that use them. Likewise, as will be discussed more later,predictions of method learning time will generally not be possible if the analyst-defined high-

7level operators require learning by the user.2.6. Form of a ModelThe different GOMS models in the literature differ substantially, and perhaps confusingly, inthe basic form and appearance of the models. GOMS models have taken two basic forms, theprogram form and the sequence form.A GOMS model in program form is analogous to a parameterized computer program. Themodel takes any admissible set of task parameters and will execute the corresponding instance ofthe described task correctly. For example, the mark-and-delete method described above, inprogram form, would take as task parameters the starting and ending locations of the to-be-deleted phrase, and when executed, would cause the mouse to be moved to the correspondinglocations. Thus, a GOMS model in program form describes how to accomplish a general class oftasks, with a specific instance of the class being represented by a set of values for the taskparameters. Typically, such a model will explicitly contain some form of conditional branchingand invocations of submethods to accomplish subgoals. The procedural knowledge representedin a program form model is fixed, but the execution pathway through the task, that is, thesequence of operators executed, will depend on the specific properties of the task instance. Thus,once the model is defined, all of the possible tasks can be covered by different executionpathways through the model. A program form model is a compact, generative description thatexplicitly represents the knowledge of what features of the task environment the user shouldattend to and how the user should operate the system to accomplish the task goals.GOMS models in the program form can be either hand-executable or machine executable.Machine-executable models have been expressed in terms of production systems (if-then rules).The program form has the advantage that each piece of knowledge is visible to the analystinspecting the model. However, they usually have two disadvantages. First, the only way todetermine the sequence of operators used in a task is to run the program (either by hand ormachine) and obtain a trace of the program’s execution. Second, the machine-executable modelshave the disadvantage that expressing knowledge in sufficient detail to produce a runnablecomputer program has been historically quite time-consuming.In contrast, the sequence form of GOMS model displays a fixed sequence of operators foraccomplishing a single goal in a particular task scenario. There may be some conditionality andparameters included in the sequence model. For instance, in the text-editing example above,listing the exact operators necessary to delete the phrase indicated in Figure 1 is a GOMS modelin sequence form (e.g., MOVE-MOUSE, CLICK-MOUSE-BUTTON, 11*HIT-DELETE-KEY). A moregeneral sequence model would take the number of characters in the phrase as a parameter andcontain an implicit iteration. For example, for the delete-characters method, there would be aMOVE-MOUSE operator, a CLICK-MOUSE-BUTTON operator, and then the HIT-DELETE-KEYoperator would be repeated until there were no more characters in the phrase. The advantagesand disadvantages of the sequence form are the inverse of the program form. That is, the analystdoes not have the difficult job of explicitly defining the knowledge necessary for every possibletask situation in program-like detail, and the sequence of operators is clearly visible to theanalyst. But there may be more knowledge available about the task methods that is not explicitlywritten out and therefore not inspectable. Also it is time-consuming to write sequence-formmodels by hand for a large set of tasks.We will discuss how an analyst might choose between program and sequence forms, dependingon design or evaluation needs, in Section 4.3. The Current GOMS FamilyThe concepts associated with GOMS are a mixture of several types: task analysis techniques

8based on different assumptions, models of human performance on specific tasks, computationalmodels of human cognitive architecture, and loosely-defined concepts about human cognitionand information processing. Figure 2 displays the relationships between these ideas. The figureis a lattice; at the top is the idea of task analysis, and at the bottom is the basic conceptualframework for human information processing, namely that of the stage model. Thus the GOMSfamily consists of ideas for analyzing and representing tasks in a way that is related to the stagemodel of human information processing. Perhaps this is the distinctive feature of the GOMSapproach compared to the many other concepts of task analysis in the human factors and systemdesign literature.Reading down from the top, the top layer consists of task analysis techniques, followed byexplicit computational cognitive architectures, and at the bottom, conceptual frameworks whichare informal statements about how humans can be modeled. As one reads down from the top, orup from the bottom, the ideas get more explicit and detailed; the middle contains approacheswhose instantiations are running computer simulation models.Three things should be noted about the diagram: (1) Since our primary purpose is to discussGOMS models that are currently described in "ready-to-use" form in the literature, Figure 2emphasizes these current techniques and the concepts directly related to them. (2) There areareas in the diagram, indicated with italics, which lack ready-to-use models or techniques, or arenot directly related to GOMS models. The final portion of this section discusses some currentresearch related to these issues. Thus, the diagram is certainly not exhaustive: many more nodesand arrows could be detailed; what is shown here is only what is central to our discussion ofcurrently documented GOMS models. (3) The diagram shows only generic ideas andapproaches, not specific instances of task modeling. Examples of specific instances of usingthese techniques will be summarized in Section 5.We will describe the entries in this lattice, starting with the conceptual frameworks, since theyform the basis for all GOMS analyses, working through the computational cognitivearchitectures, up to the task-analytic approaches which are the heart of the GOMS family.3.1. Conceptual FrameworksThe conceptual frameworks are conceptual in that they are informally stated assumptions aboutthe structure of human cognition. The conceptual frameworks shown are all based on a generalassertion that human cognition and behavior is usefully analyzed in terms of stages, such as theconventional notion that stimuli are first processed perceptually, the resulting information ispassed to a central cognitive process, which manipulates that information and eventually initiatessome motor activity.The stage idea immediately breaks out into two more specific forms. One is that the stages areperformed serially, which certainly has always seemed reasonable for many laboratory tasks.The other that the stages can be performed in parallel to some extent, since the different kinds ofprocessing are handled by separate mechanisms, or processors.The Card, Moran, & Newell (1983) Model Human Processor (MHP) is a parallel architecture.Perceptual, cognitive, and motor processing are done by separate processing mechanisms, eachwith their own distinctive types and timing of activities, and with associated principles ofoperation. CMN’s important insight was that the empirical human cognition and performanceliterature could be used to motivate and justify an engineering model of human information-processing that could be used to predict performance in HCI situations.Although the MHP is inherently parallel, only 1 of the 19 examples of reasoning from theMHP presented in CMN (1983, Example 7) depend on this fact. The parallel operation of theMHP was made clear in John�s model of transcription typing (John, 1988; John & Newell, 1989)

9 Task AnalysisGeneral GOMSKLMCMN-GOMSNGOMSLCPM-GOMSCCTMHPSerial Stage ModelsParallel Multi-Processor Stage ModelsStage Models of HumanInformation ProcessingOtherarchitecures (e.g., ACT-R, Soar, Construction-Integration, EPIC)

Task AnalysisTechniques

ComputationalCognitive Architectures

ConceptualFrameworks other approaches

Figure 2. The GOMS family consists of task analysis techniques that are related to models of humaninformation processing. Current research involves additional computational cognitive architectures,but only CCT is shown as a "ready-to-use" technique. See text for more discussion.in which the processors could operate in a sort of "pipeline" mode, with information movingthrough perceptual, cognitive, and motor stages continuously. This model accounted forimportant properties of skilled typing performance and shows that parallelism can greatlyinfluence the structure and performance of a task.While CMN provide many examples of how the MHP can be applied to predict performance insome well-understood simple task situations similar to the experimental paradigms in the humanperformance literature, and simple real-world analogs of these tasks, they did not provide anexplicit method for applying the MHP to complex, realistic tasks (the CPM-GOMS methodology

10to be discussed later provides this explication). In Figure 2, the MHP is shown at the borderbetween conceptual architectures and computational cognitive architectures because while it iscertainly more specified than the simple stage concepts, it is not as fully explicit andcomputationally represented as the ideas in the next level up in the diagram.3.2. Computational Cognitive ArchitecturesThe level of computational cognitive architectures in Figure 2 are proposals for how torepresent human information processing in terms explicit enough to run as a computer program.This representation as a computer simulation is a preferred research tactic in cognitivepsychology based on the assumption that a computational model has "empirical content" � thatis, a properly constructed and interpreted model can make predictions of human performance,and these predictions can be empirically confirmed. There are several such architectures underdevelopment in cognitive psychology and artificial intelligence, several of which have beenapplied to topics in HCI, such as Cognitive Complexity Theory (CCT, Kieras & Polson, 1985;Bovair, Kieras, & Polson, 1988, 1990), ACT-R and its predecessors (Anderson, 1976, 1983,1993), Construction-Integration (Kintsch, 1988, 1992), Soar (Newell, 1990), and EPIC (Kieras &Meyer, 1994; Meyer & Kieras, 1994). Each of these architectures makes different assumptionsabout how cognitive processes such as working memory management, flow of control, learning,and problem-solving are handled by the architecture, and testing the empirical content of theseassumptions is an active area of psychological research. In principle, all of these architecturescould be used to implement a particular GOMS task analysis in a computational model (e.g.,John & Vera 1992; Peck & John, 1992; Gray & Sabnani, 1994). However, only CCT, aproduction-rule architecture based on the serial stage model, has been used as the basis for aspecific GOMS technique, NGOMSL, which incorporates CCT’s assumptions about workingmemory management, flow of control, and other architectural mechanisms. For brevity, CCTwill not be discussed further, since its contributions are well represented by the NGOMSLtechnique that will be discussed in the next section.3.3. Task Analysis TechniquesAt the top of the GOMS family tree in Figure 2, under the overall node of Task Analysis, thenode labeled General GOMS represents the concept stated earlier that it is useful to analyzeknowledge of how to do a task in terms of goals, operators, methods, and selection rules. Thus,it is a form of task analysis that describes the procedural, "how-to-do-it" knowledge involved in atask. The result of a GOMS-based task analysis will be some form of description of thecomponents of GOMS, the goals, operators, methods, and selection rules. As described above,GOMS admits a variety of definitions and representations of these components.There are three critical restrictions on the kinds of task knowledge that GOMS models can beused for. The first is that the task in question must be usefully analyzed in terms of the "how todo it," or procedural knowledge required rather than other aspects of knowledge about thesystem, like mental simulations of an internalized device model, or analogical reasoning (seeKieras and Polson, 1985, for more discussion). The italicized area to the right under TaskAnalysis represents other existing and potential approaches to task analysis that capture otherforms of task knowledge. For example, current work on electronics troubleshooting (see Gott,1988) incorporates the person’s knowledge of electronic components and the structure andfunction of the system under investigation, in addition to various kinds of procedural knowledge,and current work in analogical reasoning has been applied to understanding consistency inoperating systems (Rieman, Lewis, Young & Polson, 1994).The second restriction is that the GOMS family can only represent routine cognitive skills,which consist of procedural knowledge that originally was derived from problem-solvingactivity, but with practice has taken the form of a routinely invocable sequence of activities thataccomplishes the goals (see CMN, 1983, Ch. 11). Of course, users often engage in problem-

11solving, exploration, and other non-routine activities while using a computer and other cognitivemodeling approaches and task analysis techniques can be used to investigate these behaviors(e.g., the Cognitive Walkthrough technique (Wharton, Rieman, Lewis & Polson, 1994) applies toexploratory behavior by novice users). These issues, symbolized by the italicized area at the topof Figure 2, will be discussed further below, and some related research directions will be touchedon very briefly. But at this point GOMS would be recommended as a form of task analysis onlyfor tasks in which routine operating procedures are an important aspect of the interaction.We emphasize, however, that most tasks have some element of routine cognitive skill.Composing a research paper requires the skill of text-editing, charting data requires the skill ofentering information into spreadsheets, interactive programming requires text-editing,architectural design with a CAD system requires routine window manipulation, etc. Even if theprimary task is not routine, those aspects of the task that are routine are amenable to analysiswith GOMS techniques. Applying GOMS to improve the routine aspects of a complex task willreduce the effort necessary to master and perform those routine aspects, getting them out of theway of the primary creative task.The third restriction is that in all GOMS analysis techniques, the designer or analyst must startwith a list of top-level tasks or user goals. GOMS analyses and methods do not provide this list;it must come from sources external to GOMS (see also Olson and Olson, 1990, Karat & Bennett1989). Typically, this list of goals can be obtained from other task analysis approaches (e.g., seeDiaper, 1989), such as interviews with potential users, observations of users of similar or existingsystems, or in the worst case, simple intuitions on the part of the analyst. Once this list isassembled, GOMS analyses can help guide the design of the system so that the user canaccomplish the given tasks in an efficient and learnable way. However, except for possiblystimulating the analyst’s intuitions, the subsequent analysis will not identify any new top-leveluser goals or tasks that the analyst overlooked, or correct a misformulation of the user goals.The next level down in the diagram consists of specific proposals for how to carry out a taskanalysis within a GOMS orientation. It is at this level that the differences appear between thedifferent versions of GOMS analysis. Note that the general GOMS concept merely asserts that itis useful to analyze a task in terms of the user’s goals, methods, operators, and selection rules. Itdoes not specify any particular technique for doing such an analysis. A particular techniquerequires (1) more specific definitions of the GOMS components, especially the operators, and (2)guidance and a procedure for constructing the methods in terms of these more specificdefinitions.In the discussion that follows, each technique will be summarized, and examples presented,and the relative advantages and disadvantages mentioned.KLM. The Keystroke-Level Model (KLM) is the simplest GOMS technique, and wasoriginally described in Card, Moran, & Newell (1980a) and later in CMN (Ch. 8). The KLMmakes several simplifying assumptions that make it a restricted version of GOMS. In particular,the analyst must specify the method used to accomplish the particular task of interest, whichtypically entails choosing specific task instances. Other GOMS techniques discussed belowpredict the method given the task situation and the knowledge of methods and selection rules, butthe KLM does not. Furthermore, the specified method is limited to being in sequence form andcontaining only keystroke-level primitive operators. Given the task and the method, the KLMuses the preestablished keystroke-level primitive operators to predict the time to execute the task.The original KLM included six types of operators: K to press a key or button, P to point with amouse to a target on a display, H to home hands on the keyboard or other device, D to draw aline segment on a grid, M to mentally prepare to do an action or a closely-related series ofprimitive actions, and R to symbolize the system response time during which the user has to waitfor the system. Each of these operators has an estimate of execution time, either a single value, a

12parameterized estimate (e.g., K is dependent on typing speed and whether a key or mouse buttonclick, press, or release is involved), or a simple approximating function. The KLM also includesa set of five heuristic rules for placing mental operators to account for mental preparation timeduring a task that requires several physical operators.Subsequent research has refined these six primitive operators, improving the time estimates ordifferentiating between different types of mental operations (Olson & Olson, 1990) andpractitioners often tailor these operators to suit their particular user group and interfacerequirements (e.g., Haunold & Kuhn, 1994). In addition, the heuristics for placing mentaloperators have been refined for specific types of subtasks (e.g., for making a fixed series of menuchoices, Lane, Napier, Batsell & Naman, 1993). In particular, since the original heuristic ruleswere created primarily for command-based interfaces, they need to be updated for directmanipulation interfaces. Thus, Heuristic Rule 0 should be expanded to read, "Insert M’s in frontof all K’s that are not part of argument strings proper (e.g., text or numbers). Place M’s in frontof all P’s that select commands (not arguments) or that begin a sequence of direct-manipulationoperations that belong to a cognitive unit." Figure 3 provides a sample KLMs with computation of execution time for moving the phrasein the word processing example in Figure 1, using the operator times supplied in CMN (p. 264).In terms of underlying architecture, KLM does not need a computational representationbecause the methods are supplied by the analyst and are expressed in sequence form; all theinformation-processing activity is assumed to be contained in the primitive operators, includingMoving text with the MENU-METHODDescriptionOperatorDuration (sec)Mentally prepare by Heuristic Rule 0M1.35Move cursor to beginning of phraseP1.10 (no M by Heuristic Rule 1)Click mouse buttonK0.20 (no M by Heuristic Rule 0)Move cursor to end of phraseP1.10 (no M by Heuristic Rule 1)Shift-click mouse button (one average typing K)K0.28 (one mouse button click K)K0.20Mentally prepare by Heuristic Rule 0M1.35Move cursor to Edit menuP1.10 (no M by Heuristic Rule 1)Press mouse buttonK0.10Move cursor to Cut menu itemP1.10 (no M by Heuristic Rule 1)Release mouse buttonK0.10Mentally prepare by Heuristic Rule 0M1.35Move cursor to insertion pointP1.10Click mouse buttonK0.20Mentally prepare by Heuristic Rule 0M1.35Move cursor to Edit menuP1.10 (no M by Heuristic Rule 1)Press mouse buttonK0.10Move cursor to Paste menu itemP1.10 (no M by Heuristic Rule 1)Release mouse buttonK0.10TOTAL PREDICTED TIME14.38Figure 3. A keystroke-level model for moving the text in Figure 1.

13internal actions, which are subsumed by black-box Mental operators. Thus the underlyingconceptual framework is simply the serial stage model.The primary advantage of KLM technique is that it allows a rapid estimate of execution timewith an absolute minimum of theoretical and conceptual baggage. In this sense it is the most"practical" of the GOMS methodologies: it is the easiest to apply in actual interface designpractice, and by far the simplest to explain and justify to computer software developers. Thissimple estimate of execution times can be used to compare design ideas on benchmark tasks, todo parametric evaluation to explore the space defined by important variables (e.g., the length offilenames in a command language), and to do sensitivity analyses on the assumptions made (e.g.,user’s typing speed) (CMN; Card, Moran, & Newell, 1980a).CMN-GOMS. CMN-GOMS is the term we use to refer to the form of GOMS model presentedin CMN (1983, Ch. 5; Card, Moran, & Newell, 1980b). CMN-GOMS is slightly more specifiedthan general GOMS; there is a strict goal hierarchy, and methods are represented in an informalpseudo-code-like notation that can include submethods and conditionals. CMN-GOMSdescribes a task in terms of a hierarchical goal structure and set of methods in program form,each of which consists of a series of steps executed in a strictly sequential order.In the context of the CMN book, it would appear that the CMN-GOMS model is based on theModel Human Processor (MHP), but in fact CMN do not make a tight linkage. In particular, inpresenting the CMN-GOMS formulation, they provide no description of how the MHP wouldrepresent and execute CMN-GOMS methods. Furthermore, the GOMS concept itself cannot bederived from the MHP as presented in CMN, but is only loosely based on two of the MHPPrinciples of Operation, the Rationality Principle and Problem Space principle, both welldeveloped in the problem-solving theoretical literature (e.g., Newell & Simon, 1972; see CMNCh. 11). Thus, Figure 2 shows that the CMN-GOMS model is based only on the serial stagemodel.CMN do not describe the CMN-GOMS technique with an explicit "how-to" guide, but theirpresentation of nine models at different levels of detail illustrates a breadth-first expansion of agoal hierarchy until the desired level of detail is attained. CMN report results in which suchmodels predicted operator sequences and execution times for text editing tasks, operatingsystems tasks, and the routine aspects of computer-aided VLSI layout tasks. These examples aresufficiently detailed and extensive that researchers have been able to develop their own CMN-GOMS analyses (e.g., Lerch, Mantei, & Olson, 1989).Figure 4 is an example of a CMN-GOMS model at the keystroke-level for the text-editing taskin Figure 1, including details for the MOVE-TEXT goal. Moving is accomplishing by first cuttingthe text and then pasting it. Cutting is accomplished by first selecting the text, and then issuingthe CUT command. As specified by a selection rule set, selecting can be done in two differentways, depending on the nature of the text to be selected. Finally pasting requires selecting theinsertion point, and then issuing the PASTE command.Comparing Figure 4 with Figure 3, the relationship between the CMN-GOMS technique andthe KLM technique is evident. (Note that the expansion of the MOVE-TEXT goal in Figure 4represents the same behavior as the KLM in Figure 3.) For instance, there is a one-to-onemapping between the physical operators in the CMN-GOMS model and the Ks and Ps in theKLM, but the CMN-GOMS model has other operators at this level: VERIFY-LOCATION andVERIFY-HIGHLIGHT, which have no observable physical counterpart (they could perhaps beobserved with an eye-tracker, but this instrument is not used in any but the most detailed HCIresearch). The KLM has no explicit goals or choices between goals, whereas the CMN-GOMSmodel represents these explicitly. Roughly, the VERIFY operators, goal hierarchies and selectionrules of the CMN-GOMS model are represented as the M operators in the KLM. That is,operators such as VERIFY and goals and selections appear in the CMN-GOMS model in groups

14GOAL: EDIT-MANUSCRIPT.GOAL: EDIT-UNIT-TASK ...repeat until no more unit tasks..GOAL: ACQUIRE UNIT-TASK ...if task not remembered...GOAL: TURN-PAGE ...if at end of manuscript page...GOAL: GET-FROM-MANUSCRIPT..GOAL:EXECUTE-UNIT-TASK ...if a unit task was found...GOAL: MODIFY-TEXT....[select:GOAL:MOVE-TEXT* ...if text is to be moved....GOAL:DELETE-PHRASE ...if a phrase is to be deleted....GOAL:INSERT-WORD] ...if a word is to be inserted.... VERIFY-EDIT*Expansion of MOVE-TEXT goalGOAL: MOVE-TEXT.GOAL: CUT-TEXT..GOAL: HIGHLIGHT-TEXT...[select**:GOAL: HIGHLIGHT-WORD....MOVE-CURSOR-TO-WORD....DOUBLE-CLICK-MOUSE-BUTTON....VERIFY-HIGHLIGHT...GOAL: HIGHLIGHT-ARBITRARY-TEXT....MOVE-CURSOR-TO-BEGINNING1.10....CLICK-MOUSE-BUTTON0.20....MOVE-CURSOR-TO-END1.10....SHIFT-CLICK-MOUSE-BUTTON0.48....VERIFY-HIGHLIGHT]1.35..GOAL: ISSUE-CUT-COMMAND...MOVE-CURSOR-TO-EDIT-MENU1.10...PRESS-MOUSE-BUTTON0.10...MOVE-MOUSE-TO-CUT-ITEM1.10...VERIFY-HIGHLIGHT1.35...RELEASE-MOUSE-BUTTON0.10.GOAL: PASTE-TEXT..GOAL: POSITION-CURSOR-AT-INSERTION-POINT...MOVE-CURSOR-TO-INSERTION-POINT1.10...CLICK-MOUSE-BUTTON0.20...VERIFY-POSITION1.35..GOAL: ISSUE-PASTE-COMMAND...MOVE-CURSOR-TO-EDIT-MENU1.10...PRESS-MOUSE-BUTTON0.10...MOVE-MOUSE-TO-PASTE-ITEM1.10...VERIFY-HIGHLIGHT1.35...RELEASE-MOUSE-BUTTON0.10TOTAL TIME PREDICTED (SEC)14.38**Selection Rule for GOAL: HIGHLIGHT-TEXT:If the text to be highlighted is a single word, use theHIGHLIGHT-WORD method, else use the HIGHLIGHT-ARBITRARY-TEXT method.Figure 4. Example of CMN-GOMS text-editing methods showing the top-level unit-task methodstructure and a selection rule.that roughly correspond to the placement of Ms in the KLM. This is only approximately thecase, as the VERIFY operators sometimes occur in the middle of a group of physical operators, butthe approximation is close.A major difference between the KLM and the CMN-GOMS models is that CMN-GOMS is inprogram form, therefore, the analysis is general and executable. That is, any instance of the

15described class of tasks can be performed or simulated by following the steps in the model,which may take different paths depending on the specific task situation. Goals and methodselection are predicted by the model given the task situation, and need not be dictated by theanalyst as they must for the KLM.Given the task specified by the manuscript in Figure 1, this model would predict the trace ofoperators shown with the estimates of operator times in the far right column. The estimates forthe physical operators are identical to the ones in the KLM. The VERIFY-HIGHLIGHT and VERIFY-POSITION operators are assigned 1.35sec, the same value as the KLM’s M operator because this isCMN’s best estimate of mental time in the absence of other information.1 Thus, the CMN-GOMS model produces the same estimate for task completion as the KLM. Notice that theCMN-GOMS technique assigns time only to operators, not to any "overhead" required tomanipulate the goal hierarchy. In their results, CMN found that time predictions were as goodwith the simple assumption that only operators contributed time to the task as they were whengoal manipulation also contributed time, but suggested that at even more detailed levels ofanalysis such cognitive activity might become more important. Also notice that where the KLMputs Ms at the beginning of subprocedures, the CMN-GOMS model puts the mental time inverify operators at the end of subprocedures. Since mental time is observable only as pausesbetween actions, it is difficult to distinguish between these two techniques empirically, and onlyappeals to more detailed cognitive architectures can explain the distinction. Pragmatically,however, this difference is irrelevant in most design situations. We will discuss the issue ofmental time again after presenting all the GOMS techniques.NGOMSL. Conceptually, the NGOMSL technique (Kieras, 1988a, 1994a, b) refines theCMN-GOMS model by connecting it to a simple cognitive architecture, namely CCT. Itoriginated from attempts to make CCT models more usable by defining higher-level notations torepresent the content of a CCT model (see Bennett, Lorch, Kieras, & Polson, 1987, and Butler,Bennett, Polson, and Karat, 1989). This variation of GOMS provides a well-defined, structurednatural language, NGOMSL (Natural GOMS Language) suitable for practical application andcontains an explicit procedure for constructing GOMS models. NGOMSL models are inprogram form; they make the method structure very explicit, and can represent very generalmethods. Continuing the text editing example, Figure 5 shows the NGOMSL methods involvedin moving text. Notice that more methods are represented than are executed in the specific taskinstance being used as an example.The technique described by Kieras (1988a, 1994a) for constructing NGOMSL models consistsof a top-down, breadth-first expansion of the user’s top-level goals into methods, until themethods contain only the operators chosen to be primitive, typically keystroke-level operators.The analyst supplies a method for each top-level goal, in which the method steps consist firstonly of operators (no subgoal invocations). These operators are then rephrased as goal assertionsif more detail is required, and then methods are supplied for these goals in the next pass. Thisheuristic of drafting a method in terms of operators helps the analyst avoid getting bogged downin details prematurely, as does the breadth-first approach, which also appears to help the analystidentify shared methods in the system.As mentioned previously, NGOMSL is directly based on the CCT architecture. There isessentially a one-to-one relationship between statements in the NGOMSL language and theproduction rules for a GOMS model written in the CCT format. NGOMSL methods includeinternal operators that represent operations of the CCT architectural mechanisms, such as adding

1 Some design situations may require, or provide opportunity for using better estimates of specific types ofmental operators. Analysts can look at the additional empirical work of CMN in Chapter 5 where they measuremany specific mental times, or other HCI empirical work (e.g. John & Newell, 1987 for estimates of time to recallcommand abbreviations, Olson & Olson, 1990, for mental preparation in spreadsheet use).

16NGOMSL StatementsExecutionsExternalOperatorTimesMethod for goal: Move text1Step 1. Accomplish goal: Cut text.1Step 2. Accomplish goal: Paste text.1Step 3. Return with goal accomplished.1Method for goal: Cut text1Step 1. Accomplish goal: Highlight text.1Step 2. Retain that the command is CUT, andaccomplish goal: Issue a command.1Step 3. Return with goal accomplished.1Method for goal: Paste text1Step 1. Accomplish goal: Position cursor at insertion point.1Step 2. Retain that the command is PASTE,and accomplish goal: Issue a command.1Step 3. Return with goal accomplished.1Selection rule set for goal: Highlight text1If text-is word, then accomplish goal: Highlight word.If text-is arbitrary, then accomplish goal: Highlight arbitrary text.1Return with goal accomplished.1Method for goal: Highlight wordStep 1. Determine position of middle of word.Step 2. Move cursor to middle of word.Step 3. Double-click mouse button.Step 4. Verify that correct text is selectedStep 5. Return with goal accomplished.Method for goal: Highlight arbitrary text1Step 1. Determine position of beginning of text.11.20Step 2. Move cursor to beginning of text.11.10Step 3. Click mouse button.10.20Step 4. Determine position of end of text. (already known)10.00Step 5. Move cursor to end of text.11.10Step 6. Shift-click mouse button.10.48Step 7. Verify that correct text is highlighted.11.20Step 8. Return with goal accomplished.1Method for goal: Position cursor at insertion point1Step 1. Determine position of insertion point.11.20Step 2. Move cursor to insertion point.11.10Step 3. Click mouse button.10.20Step 4. Verify that correct point is flashing11.20Step 5. Return with goal accomplished.1Method for goal: Issue a command1Step 1. Recall command name and retrieve from LTM the menu name for it,and retain the menu name.1Step 2. Recall the menu name, and move cursor to it on Menu Bar.11.10Step 3. Press mouse button down.10.10Step 4. Recall command name, and move cursor to it.11.10Step 4. Recall command name, and verify that it is selected.11.20Step 5. Release mouse button.10.10Step 6. Forget menu name, forget command name, andreturn with goal accomplished.1Predicted Procedure Learning Time = 801 secTotal Predicted Execution Time = 16.38 secFigure 5. An example of NGOMSL methods for moving text, showing a generic command-issuingmethod that uses items in long-term memory to associate menu names to the contained commands.Adapted from Kieras (1994a).

17and removing information to working memory or asserting goals to be accomplished. At thekeystroke-level, CCT has been shown to provide good predictions of both execution time (basedon estimates of time per production firing) and learning time (based on estimates of time to learna totally new or similar production) (Kieras & Bovair, 1986; Bovair, Kieras & Polson, 1988,1990). Therefore, NGOMSL models can be used not only to estimate execution time like theKLM and CMN-GOMS models, but also learning time, with the stipulation that only the time forlearning procedure steps in a specific learning situation is taken into account, as described inKieras (1994a) and discussed more below. Although an NGOMSL analysis can provide a usefuldescription of a task even at a high level of analysis (see Karat & Bennett 1989), quantitativepredictions of learning and execution times are meaningful only if the methods use operators thatthe user is assumed to already know and that have known properties, such as keystroke leveloperators.The basis for the learning time predictions, and some critical qualifications of them, needssome discussion. CCT and NGOMSL models have been shown to be good predictors of time tolearn how to use a system, keeping in mind that what is predicted is the pure learning time forthe procedural knowledge represented in the methods. Note that, as mentioned above, the user isassumed to already know how to execute the operators; the GOMS methods do not represent theprocedural knowledge involved in the operators themselves, but only represent the knowledge ofwhich operators to apply and in what order to accomplish the goal. Innovative interfacetechnology often results in new operators, such as moving the cursor with a mouse, selectingobjects with an eye-movement tracker, or manipulating 3D objects and flying about in virtualspace with data-glove gestures. Clearly, the time to learn how to execute such new operators is acritical aspect of the value of new interface devices, but a GOMS model that assumes suchoperators can not predict their learning time. That is, if new operators are involved, the GOMSanalysis can predict only the time required to learn the procedures that use the operators; the timefor learning the new operators themselves would have to be measured, or simply not included inthe analysis.The actual total time to learn how to use a system depends not only on how much proceduralknowledge is involved but on how much time it takes to complete the training curriculum itself.That is, most learning and training of computer usage takes place in the context of the new userperforming tasks of some sort, and this performance would take a certain amount of time even ifthe user were fully trained. Thus the total learning time consists of the time to execute thetraining tasks plus the extra time required to learn how to perform the tasks. The pure learningtime is the excess due to learning, that is, the difference between this total time and the time itwould take to execute the tasks if the user were already trained. As pointed out by Gong (1993),these training task execution times can be estimated from GOMS model of the training tasks.The key empirical result is that the procedure learning time is approximately linear with thenumber of CCT production rules or NGOMSL statements that must be learned. Thus, the purelearning time for the methods themselves can be estimated just by counting their total length andmultiplying by an empirically-determined coefficient. Consistency of the methods, or transfer oftraining effects, can be represented by deducting the number of NGOMSL statements in methodsthat are identical, or highly similar, to ones already known to the learner (see Kieras, 1988a,1994a; also Bovair, Kieras, & Polson, 1988, 1990).An additional component of the pure learning time is the time required to memorize chunks ofdeclarative information required by the methods, such as the menu names under whichcommands are found. Such items are assumed to be stored in long-term memory (LTM), andwhile not strictly part of the GOMS methods, are required to be in LTM for the methods toexecute correctly. Including this component in the learning time estimates is thus a way torepresent the learning load imposed by menu or command terms, and the heuristics suggested inCMN can be applied to estimate the time to memorize these items based on the number ofchunks. However, it should be kept in mind that the heuristics for counting the number of

18chunks are not very well defined at this time (see Gong, 1993).In addition, the general requirements of the learning situation must be taken into account aswell. The original work by Kieras, Polson, and Bovair used a mastery learning situation, inwhich the users were explicitly trained on the methods and were required to each procedure fullyand exactly before going to the next (Bovair, Kieras, & Polson, 1990; Kieras & Bovair, 1986;Polson, 1988). More recent work by Gong (1993) used a more typical learning situation inwhich users first were given a demonstration and explanation, and then had to perform a series oftraining tasks at their own pace, and without detailed feedback or correction. The NGOMSLoperators and the number of memory chunks were excellent predictors of this more realistictraining time, although the prediction coefficients were different than those given in Kieras(1988a). Furthermore, even in learning situations that are realistically unstructured, at least theordinal predictions of learning time should hold true, as suggested by results such as Ziegler,Hoppe, & Fahnrich (1986). It seems reasonable that regardless of the learning situation, systemswhose methods are longer and more complex will require more time to learn, because there ismore procedural knowledge to be acquired, either by explicit study or inferential problem-solving. But clearly more work on the nature of relatively unstructured learning situations isrequired.The above discussion of estimating learning time can be summarized as follows, using thevalues determined by Gong (1993):Total Procedure Learning Time = Pure Procedure Learning Time+ Training Procedure Execution Time.Pure Procedure Learning Time = NGOMSL Method Learning Time+ LTM Item Learning TimeNGOMSL Method Learning Time = 17 sec · Number of NGOMSL Statementsto be LearnedLTM Item Learning Time = 7 sec · Number of LTM Chunks to be LearnedThese formulas give a pure procedure learning time estimate for the whole set of methodsshown in Figure 5 of 801 sec, in a "typical" learning situation and assuming no prior knowledgeof any methods or menu terms.A trace of this NGOMSL model performing the text moving example in Figure 1 issummarized in Figure 5. The trace includes the same sequence of physical operators as the KLMand CMN-GOMS models in Figure 3 and 4. The predicted execution time is obtained bycounting 0.1 sec for each NGOMSL statement executed (corresponding to the execution of CCTproduction rules) and adding the total external operator time, using the values recommended inKieras (1994). This gives a predicted execution time of 16.38 sec, which is comparable to thepredictions of the other two models, which was 14.38 for both the KLM and CMN-GOMSmodels.The primary difference between execution time predictions for NGOMSL, KLM and CMN-GOMS is how time is assigned to cognitive and perceptual operators. There are some stylisticdifferences in how many large mental operators are assumed; for example, the NGOMSLexample follows the NGOMSL technique recommendations for the number and placement ofDETERMINE-POSITION and VERIFY operators, and so has more of such M-like operators than dothe CMN-GOMS and KLM models. These stylistic differences could be resolved with furtherresearch. But a more important difference is in the nature of the unobservable operators. TheKLM has a single crude M operator that precedes each cognitive unit of action. NGOMSL,based on CCT, uniformly requires some cognitive execution time for every step, manipulating

19goals and working memory, and for entering and leaving methods. In contrast, CMN-GOMSassigns no time to such cognitive overhead. But all three models include M-like operators forsubstantial time-consuming mental actions such as locating information on the screen andverifying entries. Thus these methods assign roughly the same time to unobservable perceptualand cognitive activities, but do so at different places in the trace.Because NGOMSL models specify methods in program form, they can characterize theprocedural complexity of tasks, both in terms of how much must be learned, and how much hasto be executed. However, NGOMSL models are based on CCT, which in turn assumes a simpleserial stage model of human information processing, and so NGOMSL works only forhierarchical and sequential methods, with perceptual and motor activities represented only byexternal primitive operators like DETERMINE-POSITION and CLICK-MOUSE-BUTTON. NGOMSLmodels are thus limited in two important ways. First, there is no provision for representingmethods whose steps could be executed in any order, or which could be interrupted, suspendedand resumed (e.g. for purposes of error recovery). Second, since perceptual and motor activitiesare represented by operators embedded in the sequential methods, there is no way to representhow these might overlap with other activities. For example, there is no provision forrepresenting a user doing perceptual processing on an icon while simultaneously homing thehand to the mouse and doing a retrieval from long-term memory. So the NGOMSL technique isunsuitable for tasks in which such perceptual-cognitive-motor overlap is important. Such caseswould be ones in which the interaction was time-stressed, highly practiced, and involved displaysand controls that permitted some degree of parallel activity. These limitations are not serious inmany conventional situations involving desktop computing, and also it is possible to approximateoverlapping operations by setting certain operator times to zero (as has been done in Figure 5,see Gong, 1993). These limitations could be overcome by extensions to NGOMSL and CCT, butsuch extensions would be equivalent to using the Parallel Multiple-Processor conceptualframework, and so would alter the technique and computational models in a fundamental way.However, this type of model and analysis is already represented to some extent by CPM-GOMSand some of the research approaches discussed below.In contrast to the KLM, which we characterized as having the least conceptual baggage,NGOMSL embraces the full psychological theory of CCT. For instance, NGOMSL analysesmake a commitment to deliberate goal and working memory management. As we will discusslater, the need to understand these theoretical mechanisms probably increases the time to learnhow to do NGOMSL analysis compared to KLM or CMN-GOMS analyses. However, sinceNGOMSL is the only current GOMS variant that predicts both performance time and learningtime, an analyst may be willing to master the technique’s concepts to reap the benefits of itspredictive power.CPM-GOMS. CPM-GOMS is a task analysis technique based directly on the Model HumanProcessor (MHP), and thus, on the parallel multi-processor stage model of human informationprocessing. It does not make the assumption that operators are performed serially, i.e.,perceptual, cognitive and motor operators at the level of MHP processor cycle times can beperformed in parallel as the task demands. CPM-GOMS uses a schedule chart (or PERT chart,familiar to project managers, e.g. Stires & Murphy, 1962) to represent the operators anddependencies between operators. The acronym CPM stands for both the Cognitive-Perceptual-Motor analysis of activity, and also Critical Path Method, since the critical path in a schedulechart provides a simple prediction of total task time.To build CPM-GOMS models the analyst begins with a CMN-GOMS model of a task withoperators at a level such that they are primarily perceptual (READ-SCREEN, LISTEN-TO-CUSTOMER) or motor (ENTER-COMMAND, GREET-CUSTOMER). These operators are thenexpressed as goals and implemented with methods of MHP-level operators. John & Gray (1992,1994) have developed templates of the combinations of MHP-level cognitive, perceptual andmotor operators that implement many different activity-level goals under different task

20conditions. For instance, the READ-SCREEN goal is accomplished with the operators in the firsttemplate in Figure 6 when an eye-movement is required and with the second template when itisn’t because the user is already looking at the point where the highlighting will appear. Eachoperator in the templates is associated with a duration estimate, or a set of estimates that alsodepend on task conditions. For instance, visually perceiving and comprehending a 6-characterword is has a duration of 290 ms, whereas visually perceiving and comprehending that a symbolis merely present or absent (e.g., the presence of highlighting) has a duration of 100 ms, as isshown in Figure 6.These templates are first joined together serially, and then interleaved to take advantage of theparallelism of the underlying conceptual architecture. If empirical data about actual performanceof observable motor operators is available from a current system that is similar to the systembeing designed, it is desirable to verify the model against these data. Then the verified modelsare modified to represent the proposed design and quantitative predictions of performance timecan be determined from the critical path of the CPM-GOMS model. Qualitative analysis of whataspects of a design lead to changes in the performance time are quite easy once the models arebuilt, as are subtask profiling, sensitivity and parametric analyses, and playing "what-if" withsuggested design features (Chuah, John & Pane, 1994; Gray, John & Atwood, 1993).Continuing the example of the MOVE-TEXT goal of Figure 1, Figure 7 shows a CPM-GOMSmodel in the style of Gray, John & Atwood (1993). For brevity, the model covers only theportion of the procedure involved with highlighting the text to be moved. Before discussing this

info (x) attend 505030

Perceive Visual Information

WithEye MovementEye MovementCognitiveOperatorsVisual Perception

Without

Eye MovementThe duration of a perception of a simple binary visual signal is 100 msec.The duration of a perception of a complex visual signal similar to a 6 letter word is 290 msec.If the eyes have been focusing at a place other than the infomation to be perceived, or if unrelated cognitive activity precedes the attend-info operator, then an eye movement is required, with it’s associated cognitive initiation; use the template "Perceive Visual Information With Eye Movement".If the user perceived information in that exact area immediately prior to the current situation, with no intervening visual or auditory perception or cognitive activity, then it is assumed that the eyes remained fixed on the appropriate area and no eye-movement is necessary; use the template "Perceive Visual Information Without Eye Movement".

initiate eye movement (x)eye movement (x)perceive info (x)verify info (x)50attend info (x) 50perceive info (x)verify info (x)50

Figure 6. Example of a template for building CPM-GOMS models adapted from John & Gray, 1994.

21model in detail, however, it is important to note that text-editing is not a good application of theCPM-GOMS technique and we present it here only so that similarities and differences to theother GOMS variations are clear. Text-editing is usefully approximated by serial processes,which is why the KLM, CMN-GOMS and NGOMSL have been so successful at predictingperformance on text-editors. The CPM-GOMS technique is overly detailed for such primarilyserial tasks and as will become clear, can underestimate the execution time. For examples oftasks for which a parallel-processing model is essential, and where the power of CPM-GOMS isevident, see the telephone operator task in Gray, John and Atwood (1993) and transcriptiontyping (John, 1988; John & Newell, 1989).Although text-editing is not the best task to display the advantages of CPM-GOMS, there areseveral interesting aspects of the model in Figure 7 compared to the example models of the text-moving task in the preceding sections. First, there is a direct mapping from the CMN-GOMSmodel to the CPM-GOMS model, because all CPM-GOMS models start with CMN-GOMS andthe particular model in Figure 7 was built with reference to the one in Figure 4. As with theKLM, selection rules are not explicitly represented because CPM-GOMS models are in sequenceform, and the analyst implements the selection by choosing a particular method for each task.For example, in Figure 7, the selection between HIGHLIGHT-ARBITRARY-PHRASE and HIGHLIGHT-WORD that is explicitly represented in CMN-GOMS and NGOMSL, is only implicit in theanalyst’s choice of the method for this model. The times for the various operators are shown onthe boxes in the schedule chart, based on the durations estimated by John & Gray (1994), and thehighlighted lines and boxes comprise the critical path.Parallelism in the model is illustrated in the set of operators that accomplish the MOVE-TO-BEGINNING-OF-PHRASE goal. These operators are not performed strictly serially, that is, the eye-movement and perception of information occur in parallel with the cursor being moved to thenew location. The information-flow dependency lines between the operators ensure that the eyesmust get there first, before the new position of the cursor can be verified to be at the rightlocation, but the movement of the mouse takes longer than the eye-movement and perception, soit defines the critical path.Multiple active goals can be represented in CPM-GOMS models and are illustrated in Figure 7in the sets of operators that accomplish the MOVE-TO-END-OF-PHRASE goal and the SHIFT-CLICK-MOUSE-BUTTON goal. Because the shift key is hit with the left hand (in this model of a right-handed person) and the mouse is moved with the right hand, the pressing of the shift-key canoccur while the mouse is still being moved to the end of the phrase. Thus, the operators thataccomplish the SHIFT-CLICK-MOUSE-BUTTON goal are interleaved with the operators thataccomplish the MOVE-TO-END-OF-PHRASE goal. This interleaving represents a very high level ofskill on the part of the user.Reading the total duration on the final item of the critical path gives a total execution timethrough this subsequence of the task of 2.21 sec. Totaling the execution time over the same stepsin the other models gives 4.23 sec for both the KLM and CMN-GOMS and 6.18 sec for theNGOMSL model.Although the qualitative process in this example of a CPM-GOMS model is reasonable, itsquantitative prediction is much shorter than the estimates from the other models. The primarysource of the discrepancy between the GOMS-variants is the basic assumption in the commonly-used form of the CPM-GOMS technique that the user is extremely experienced and executes thetask as rapidly as the MHP architecture permits. It should be kept in mind that this particularexample task is not really suitable for CPM-GOMS, but is presented to facilitate comparisonwith the other techniques, and show how CPM-GOMS can represent parallel activities in thesame editing task. Some discussion of why the CPM-GOMS technique predicts an executiontime that is so much shorter than the others will help clarify the basic assumptions of this form ofGOMS analysis.

button mouse-

...modelcontinues initiate-move-textmethod

50

0 attendinfo (beginning of phrase

50

100 initiate eye movement

(beginning of phrase)

50

150 eye movement

(beginning of phrase)

30

200 initiate cursor

200 perceive info

(beginning of phrase)

290

230 verify location of phrase

520 move cursor

(beginning of phrase)

480

250 perceive location of cursor

730 location of cursor

830 initiate mouse-button click

50

880 down button

100

930 up

100

1,030 highlightphrase-method

Right HandMotor Operators

Eye Movement Motor Operators

Cognitive Operators

Visual PerceptionOperators

Left HandMotor Operators

Figure 7. CPM-GOMS model of a move-text method for the text-editing task in Figure 1.

These cognitive and motor operatorsaccomplish the goal click-mouse-button, which is an operator in the KLM, CMN-GOMS and NGOMSL models.

These perceptual, cognitive and motor operators together accomplish the goal: move-cursor-to-beginning , which is an operator in the KLM, CMN-GOMS and NGOMSL models. This model assumes that the hand can begin moving the cursor in the correct direction before the eyes have fully found and verified the destination of the cursor (however, the eyes do get there before thecursor does). Thus, the eye movement, perception and verification are not on the critical path.

These two cognitive operators accomplish the mental preparation to set up the move-text task.

operator name duration (msec) start time (msec)

KEY:

Bold indicates critical path

1,310

1,810

Figure 7 (con’t). CPM-GOMS model of a move-text method for the text-editing task in Figure 1.

2210 mescto this point....modelcontinues with task...

initiate moveof-phrase

50

1,130 attend info

(end of phrase)

50

1,180 initiate eye movement

(end of phrase)

50

1,230 eye movement

(end of phrase)

30

1,280 cursor movement

1,280 perceive info

(end of phrase)

290 verify location of end of phrase

1,600 move cursor (end of phrase)

480

1,330 perceive location of cursor

100 initiate mouse-button shift-click

50

1,650 press shift key

1,700 verify location of cursor

1,910 mouse-button click

1,960 down mouse-

100

2,010 up button

100

2,110 release shift key to-end-

These perceptual, cognitive and motor operators accomplish the goal: move-to-end-of-phrase which is an operator in the KLM, CMN-GOMS and NGOMSL models. Notice how operators for the next goal: shift-click-mouse-button, are interleaved with the operators for this goal. This is how multiple active goals are represented in CPM-GOMS models and are an indication of extreme expertise.

These cognitive and motor operators accomplish the goal of shift-click-the-mouse-button. Notice that they interleave with the previous goal, occur in parallel with other operators, and thus only some of the six operators contribute time to the critical path.

24One aspect of the extreme-expertise assumption is that the example model assumes that theuser knows exactly where to look for the to-be-moved-phrase. This means that the model needsonly one eye-movement to find the beginning and one to find the end of the target phrase andthat the mouse movements to these points can be initiated prior to the completion of the eyemovements. In some real-world tasks, like telephone operators handling calls (Gray, John, andAtwood, 1993), the required information always appears at fixed screen locations, and withexperience, the user will learn where to look. But in a typical text editing task like our example,the situation changes from one task instance to the next, and so visual search would be requiredto locate the target phrase. The CPM-GOMS has been used to model visual search processes(Chuah, John & Pane, 1994), but for brevity, we did not include this complexity in our example.A second aspect of the assumed extreme expertise is that the example does not include anysubstantial cognitive activity associated with selection of methods or complex decisions. Suchcognitive activity is represented in the other GOMS variants with M-like operators of about asecond in duration. In contrast, in Figure 7, the method selection is implicit in a single cognitiveoperator (INITIATE-MOVE-TEXT-METHOD) which is the minimum cognitive activity required bythe MHP to recognize a situation and note it in working memory. Likewise, VERIFY-POSITIONoperators are included in the CPM-GOMS model, but they represent much more elementaryrecognitions that the cursor is indeed in the location where the model is already looking ratherthan complex verifications that a text modification has been done correctly required in CMN-GOMS and NGOMSL. Thus, Figure 7 represents the absolute minimum cognitive activity,which is an unreasonable assumption for a normal text-editing task. However, in an experimentby CMN (pp. 279-286), the performance time of an expert user on a novel editing task was wellpredicted by the KLM, but after 1100 trials on the exact same task instance, the performancetime decreased by 35%, largely because the M operators became much shorter. It is this type ofextreme expertise that our example CPM-GOMS model represents. A more elaborate CPM-GOMS model could represent complex decisions as a series of MHP-level operators performingminute cognitive steps serially, as in the earlier work on recalling computer commandabbreviations and transcription typing in John (1988) and John & Newell (1989). However, thetechnique for modeling complex decisions in CPM-GOMS models is still a research issue, and sothey currently should be used only for tasks in which method selection is based on obvious cuesin the environment and decisions can be represented very simply.A final contributor to the short predicted time is that the mouse movements in CPM-GOMS arecalculated specifically for the particular target size and distance in this situation, yielding muchshorter times than CMN’s 1.10 sec estimate of average pointing time used in the other models(further discussion appears in the next section).Thus the CPM-GOMS technique allows one to represent the overlapping and extremelyefficient pattern of activity characteristic of expert performance in a task. The main contrast withthe other techniques is that CPM-GOMS models constructed with the current technique do notinclude the time-consuming M-like operators that the other models do, and that would beexpected to disappear with considerable practice if the system interface holds the relevant aspectsconstant. In fact, if the M-like operators are excluded from the execution time of the othermodels, the predicted times are much closer to the CPM-GOMS prediction, being 2.88 sec forKLM and CMN-GOMS, and 3.78 sec for NGOMSL.Like NGOMSL, CPM-GOMS carries a substantial amount of conceptual and theoreticalbaggage. Since it is based on the MHP, it requires an understanding of parallel processing andinformation-flow dependencies. These concepts have implications for the ease of learning CPM-GOMS, and will be discussed later.Summary comparison of GOMS techniques. We have modeled the same goal, MOVE-TEXT,with four different GOMS task analysis techniques. For purposes of comparison, we included aCPM-GOMS model for the same text-editing task, although the technique is not recommended

25Table 1Predicted time measures (seconds) for each technique for the MOVE-TEXT example .--------------------------------------------------------------------------------------------------------KLMCMN-GOMSNGOMSLCPM-GOMS--------------------------------------------------------------------------------------------------------

Overall MeasuresProcedure Learning------801.---(both highlightingmethods)Total Example Task14.3814.3816.38not shown inExecution Timethis example

Text Highlighting Sub-MethodComplete Method4.234.236.182.21Execution TimeMethod Execution2.882.883.782.21Time with no longM-like OperatorsTotal Cognitive------0.901.10Overhead--------------------------------------------------------------------------------------------------------for modeling such sequential tasks, and for brevity, it was shown only for the text-highlightingsubmethod. The KLM, CMN-GOMS and NGOMSL models all produce the same sequence ofobservable operators, as does the CPM-GOMS model (although at a more detailed level). Table1 summarizes the quantitative predictions from the above presentation, both for the overallexample task, and the subtask consisting just of highlighting the to-be-moved text.NGOMSL is the only one of the four techniques that makes learning time predictions, andthese are limited to the effects of the amount of procedural knowledge and related LTMinformation to be learned, and to learning situations for which the coefficients have beenempirically determined.KLM, CMN-GOMS, and NGOMSL produce execution time predictions that are roughly thesame for both the overall task and the subtask, although they make different assumptions aboutunobservable cognitive and perceptual operators and so distribute the time in different ways (seebelow). An important difference is that the NGOMSL technique currently entails more M-likeoperators than the other techniques, as well as some cognitive overhead due to method stepexecution; thus NGOMSL will typically predict execution times that are longer than KLM orCMN-GOMS predictions.As shown in the execution time predictions for the text-highlighting submethod, the CPM-GOMS model substantially underpredicts the execution time relative to the other models. Asdiscussed above, this is due to the assumption of extreme expertise in the current CPM-GOMStechnique: using maximum operator overlapping, finer-grain time estimates for the individualoperators, and assuming the minimum of cognitive activity allowed by the MHP. An interesting

26similarity between NGOMSL and CPM-GOMS is the roughly similar cognitive overhead time inthe example submethod; in NGOMSL this value is the statement execution time at 0.1sec/statement; in CPM-GOMS it is the total time for which the cognitive processor is on thecritical path in Figure 7.Table 2 shows the different operator times assumed in the different techniques and used inthe example. For the KLM, CMN-GOMS, and NGOMSL models, the estimates for the M-likeoperators shown (Mental Preparation, Determine Position, and Edit Verification) are thosecurrently recommended for each technique as average values to be used in the absence of morespecific measurements. They are all roughly the same at about a second duration, but are slightlydifferent because they were determined empirically with different data sets at different historicalpoints in the development of GOMS techniques. None of the these techniques have a theoreticalcommitment to any particular value. Any available empirically determined values for theoperators involved in a particular analysis should be used instead of these average estimates.More significant are the differences in the distribution of mental time: the KLM tends to placemental time in the preparation for action, while CMN-GOMS mental time tends to come at theend of actions in VERIFY operators, and NGOMSL has mental time in both places. Thesestylistic differences could probably be resolved with further research.On the other hand, values of those same operators in CPM-GOMS are theoretically driven, asthey connect to the MHP and its cognitive cycle time (estimated at 70 ms CMN, but refined bysubsequent work to be 50 ms, John & Newell 1990; Nelson, Lehman & John, 1994; Wiesmeyer,1992) Both the duration and position of these unobservable operators are specified by thetemplates used to construct the model. The entry for Mental Preparation is the sum of thedurations of the two cognitive operators on the critical path that set up the move-text task andhighlight-phrase subtask. The entry for Determine Position is the sum of the durations of thoseoperators that locate the beginning of the phrase on the screen that occur on the critical path.Locating this point involves 3 cognitive operators, 1 eye-movement motor operator that would beunobservable except with an eye-tracker, and 1 perceptual operator. All of these operatorsdepend on each other and have to occur in order, thus, if this were the only activity taking placein a task, they would all be on the critical path and take 420 ms. However, since looking for thebeginning of the phrase is just one part of the move-text task, other activities can occur in parallelTable 2Operator times (seconds) used in each technique for the MOVE-TEXT example. See text forexplanation of the CPM-GOMS entries.--------------------------------------------------------------------------------------------------------KLMCMN-GOMSNGOMSLCPM-GOMS--------------------------------------------------------------------------------------------------------Mental Preparation1.35not usednot used0.100Determine Positionnot usednot used1.200.100Edit Verificationnot used1.351.20not usedCursor movement1.101.101.100.680or Fitts’ Lawby Fitts’ LawClick-mouse-button0.200.200.200.250Shift-click-0.480.480.480.250mouse-button--------------------------------------------------------------------------------------------------------

27(e.g., moving the mouse, discussed in the last section) and their operators are interleaved withthese, making the critical path more complicated, so that only the first two cognitive operatorsappear on the critical path for this task.The operator times for cursor movement deserves a brief note. The 1.10 sec used in thetechniques is the average value suggested by CMN for large-screen text editing tasks. But Gong(1993) found that many of the mouse movements involved in using a Macintosh interface, suchas making menu selections and activating windows, were much faster than 1.10 sec, and thatFitts’ Law estimates (see CMN, p. 55) were much more accurate. Thus, Fitts’ Law values basedon the actual or typical locations of screen objects should probably be used whenever possible inall of the techniques. For CPM-GOMS, moving the cursor to point to an object is a combinationof cognitive operators, motor operators and perceptual operators (see Figure 7) and only some ofthem occur on the critical path in any task situation. The duration of the mouse-movement motoroperator itself was calculated using Fitts’ Law. In this example, moving to the beginning of thephrase put 680 msec on the critical path and, coincidentally, moving to the end of the phrase alsoput 680 msec on the critical path.Finally, the times for mouse button operators and using the shift key in the first threetechniques are based on values from CMN. The slightly different value for a mouse click in theCPM-GOMS technique can be read from the example in Figure 7. That is, clicking the mousebutton requires a 50 ms cognitive operator and two motor operators at 100 ms each. The fact thatthe shift-click takes the same time as the simple click is due to the shift key operation beingoverlapped with earlier processing, so that it is not on the critical path.3.4. Some Research DirectionsEven a cursory review of the cognitive modeling research efforts in HCI is beyond the scope ofthis paper, even if attention is restricted to those that are likely will lead to additional engineeringmodels. However, it is worthwhile to briefly discuss some important research topics that areindicated by the italicized areas in Figure 2.As mentioned before, there are properties of tasks that are not captured by GOMS models,either because more than just procedural knowledge is involved, or because the knowledge is notin the form of routine cognitive skill, but rather in a state that requires complex reasoning orproblem solving. As suggested by the other approaches label at the top of Figure 2, research inthis area could lead to additional design techniques based on identifying the critical properties ofa task domain and determining whether the system design has the appropriate relationship to thetask. For example, Kieras (1988b) suggests heuristics for determining what "mental model"information about the system should be conveyed to users. Other researchers have proposedmodels of how users learn a system by interacting with and observing it (e.g., Polson & Lewis,1990; Howes, 1994). A different approach would be to describe the general learning processesthat eventually lead to a routine cognitive skill, for example the use of a general analogymechanism in both ACT-R and Soar (Rieman, Lewis, Young and Polson, 1994). It remains to beseen whether useful engineering models emerge from research on these highly unstructuredsituations, and whether the models have clear relations to the GOMS family, or take a differentform.The other italicized area concerns various other computational architectures and theirapplication to HCI tasks. Some research architectures, such as Construction-Integration (Doane,Mannes, Kintsch, & Polson, 1992; Doane, McNamara, Kintsch, Polson, & Clawson, 1992;Kitajima & Polson, 1992) and ACT-R (Rieman, Lewis, Young, & Polson, 1994) have beenapplied to the analysis of HCI problems, but it is not yet clear what kind of design techniqueswill result. A particularly important issue is the underutilization of the parallel multiprocessorconceptual framework. The only currently documented GOMS technique based on thisframework is CPM-GOMS, and as pointed out below, there is currently a lack of models and

28techniques for many of the related design issues. Work underway by John and colleagues(Nelson, Lehman, & John, 1994) applies the Soar cognitive architecture to the same kinds ofinteractions as CPM-GOMS, including using a Soar model to generate the PERT charts for aCPM-GOMS analysis. A new computational architecture occupying this space is the EPICarchitecture being developed by Kieras, Meyer, and Wood (Kieras & Meyer, 1994; Wood,Kieras, & Meyer, 1994). In EPIC, a production-rule cognitive processor is embedded in a set ofparallel-running perceptual and motor processors whose properties are based on the currenthuman performance literature. Work thus far shows that human performance data in high-performance parallel tasks can be quantitatively predicted by EPIC models using GOMSmethods in program form. If techniques can be articulated for constructing such modelsroutinely, then the range of tasks covered by GOMS methodology will be substantially increased.4. Applying GOMS to DesignWhen a designer approaches a design task, he or she applies the heuristic, analytic andempirical design techniques known to be useful for the task at hand. For instance, as illustratedby the presentation in Oberg, Jones, & Horton (1978), a mechanical engineer designing aflywheel may use algebraic equations to estimate the initial dimensions of the wheel (analytictechnique), then make sure the design is within the maximum safe speed for that type of wheelfrom tables of empirical results (empirical technique), and finally modify his or her design byincluding a safety factor (heuristic technique). In order to apply these techniques, a designermust know what techniques are available, to what design tasks they are applicable, and whetherthe benefit from applying the technique outweighs the effort to apply it. In the precedingsections of this paper, we laid out the GOMS family of analytic techniques available to thecomputer system designer. In this section, we provide the additional information required for adesigner to choose one of these techniques: which techniques are suitable for which designsituations, what are the benefits of using each of techniques, and an estimate of the effortinvolved in using the technique.Adesign situation has two characteristics important to selecting a GOMS analysis technique:the type of task the users will be engaged in, and the types of information gained by applying thetechnique. Figure 8 shows which GOMS family methods can be used for each combination oftype of task and type of information. In this section of the paper, we will first discuss the tasktype dimension, and then for each type of information gained, we will describe the issuesinvolved in using the different GOMS techniques that apply. The fact that some of the cells areempty points to a need for further research on GOMS family techniques. In some cases, existingtechniques could be modified and adapted for these cases, but the Figure presents the techniquesas currently documented.4.1. Characterizing the User’s TasksAlthough user tasks can be characterized in many different ways, three dimensions areimportant for deciding whether a GOMS analysis technique is applicable to the user’s task, andwhich technique is most suitable: the degree of routinized skill involved in the user’s task, thesequentiality of the user’s task, and the degree to which the interaction is under the control of theuser versus the computer system or other agents involved in the task.Skill. The skill dimension of tasks runs from one extreme of problem-solving, where the userdoes not know how to perform a task and must search for a solution, to routine cognitive skill,where the user knows exactly what to do in the task situation and simply has to recognize thatsituation and execute the appropriate actions (see CM&N, 1983, Chapter 11). As previouslydiscussed, the extant GOMS techniques apply only to the routine end of this dimension. GOMShas no direct way of representing the nature or difficulty of the problem-solving required todiscover the appropriate operators, methods, or selection rules; rather, understanding andpredicting such behavior is an active area of cognitive psychology research. Because of this

29Information TypeTaskTypePassive SystemActive SystemSequentialParallelFunctionality:CoverageExecutionTimeProcedure LearningTimeError RecoverySupportNGOMSLSequentialParallelAny GOMSsee textCPM-GOMS

KLMCMN-GOMSNGOMSLCPM-GOMS

OperatorSequenceCMN-GOMSNGOMSLCPM-GOMSCPM-GOMS

Functionality:ConsistencyNGOMSLAny GOMSAny GOMSAny GOMSAny GOMSAny GOMSAny GOMSAny GOMSRoutine Cognitive Skill

NGOMSLNGOMSLsee textFigure 8. GOMS techniques available for different combinations of task type and the type of designinformation desired. Note that only tasks that are routine cognitive skills are included, and informationtypes not provided by GOMS models are not shown.limitation, Figure 8 shows that the only task type for which GOMS models apply are routinecognitive skills.It is important to remember, however, that most computer-based tasks, even very open-endedones, have substantial components of routine cognitive skill. First, many tasks will evolve fromproblem-solving to routine skill after extensive use, and predicting a fully practiced user’sperformance is valuable, because such performance can not be empirically measured for a systemthat is just being designed and not yet implemented. Second, many tasks have elements of bothroutine skill and problem-solving. For instance, CMN (Ch. 10) showed that the expert’s task oflaying out a printed circuit board with a CAD tool was about half problem-solving to figure outwhat to do next (i.e., acquire the next unit task) and half execution of the unit task, predictable bya GOMS technique. One detailed study of using a new programming language to create agraphing application showed that embedded in the problem-solving activities of designing the

30program and figuring out how to use the new language was the routine behavior of manipulatingthe help system and that GOMS was applicable to the analysis of this behavior (Peck & John,1992). Other examples of GOMS analysis of routine use in otherwise complex tasks include thewidely studied text-editing situation, spreadsheet use (Lerch, Mantei & Olson, 1989), digitaloscilloscope use (Lee, Polson & Bailey, 1989), and even playing a video game (John & Vera,1992; John, Vera & Newell, 1994). Thus, although a user’s task may seem to be primarily aproblem-solving task, there will be aspects of that task that involve routine cognitive skill. It isthese aspects of the system design for which GOMS analysis can be used to improve the designto allow users to more effectively work on the non-routine, creative parts of the overall task.Sequential vs. parallel activity. Many HCI tasks can be usefully approximated as sequentialapplication of operators, such as text-editing. Other tasks involve so much overlapping andparallel activities that this simplification does not usefully approximate the task, as in thetelephone operator tasks analyzed by Gray, John and Atwood (1992, 1993). Because currentlyonly the very detailed CPM-GOMS is applicable to the parallel case, it is important to considerwhen a task involving some parallel operations can be usefully approximated by a sequentialmodel. One such case is when the parallel operations can be represented as a simplemodification to the sequential model. For example, in the text-editing example used throughoutthis paper it is logically necessary that users must determine visually the location of an objectbefore they point at it with a mouse. In a sequential analysis, there would be a operator such asVISUALLY-LOCATE-OBJECT followed by a POINT-TO-OBJECT operator. But practiced users canapparently visually locate a fixed object on the screen (e.g., items on a menu bar) simultaneouslywith pointing at it with a mouse, meaning that these two operators can execute in parallel. Thisparallel execution can be approximated in a sequential model by simply setting the time for theVISUALLY-LOCATE-OBJECT operator to zero (see Gong, 1993).The second case is when the parallel operations are taking place below the level of analysis ofthe design issues in question, or independently of them. For example, NGOMSL could be usedto determine if a telephone operator’s procedure for entering a billing number was consistentacross different task contexts. As long as the configuration of parallel operators does not differbetween design alternatives or task contexts, such a sequential analysis could be useful. But notethat since the NGOMSL model would not accurately reflect the underlying production-rulestructure for such a task, the quantitative measures of the effect of consistency on reduction oflearning time would be suspect; thus NGOMSL should not be used for quantitative predictionsfor parallel tasks.Locus of control. Computer system tasks can be roughly categorized into passive-system tasksand active-system tasks. In passive-system tasks, the user has control over the pace and timing oftask events; the computer merely sits and waits for inputs from the user. Text editing is a typicalpassive-system task. In active-system tasks, the system can produce spontaneous, asynchronousevents outside of the user’s control. Thus the user must be prepared to react to the system, whichcan also include other people who are providing information or making requests. Telephoneoperator tasks and aircraft piloting are good examples of active system tasks. Many video gamesare maniacally extreme active systems. The introduction of artificial intelligence techniques intoan interface to anticipate user�s needs is likely to result in active systems.The difference between GOMS analyses for active and passive systems is somewhat subtle.The basic concept of GOMS models and analysis is indifferent to whether the system is active orpassive, in that in either case, one can describe the methods and selection rules that the user mustpossess in order to accomplish goals with the system. The difficulty lies in the underlyinghuman information-processing architecture. An active system may produce events that requirethe user to abandon the current goal and set up a new goal to accomplish. In contrast, the goalsinvolved in using a passive system are static in the sense that once created, they endure untilaccomplished. Thus active systems may entail methods in which goals have to be suspended,dropped, or created on the fly. In the general case, humans interacting with an active system can

31be modeled only by cognitive architectures that permit dynamic goal rescheduling. Suchprocessing involves modifying the goal stack, or perhaps rebuilding it from information inmemory or on an external display. For example, a simple relaxing of CMN-GOMS’ strict goal-stack allowed John and colleagues to predict the functional-level and keystroke-level operators ofa nine-year-old expert playing a videogame (John & Vera, 1992; John, Vera & Newell, 1994).For practical analysis with currently developed techniques, there are two approaches availablefor active systems. The first is a GOMS analysis in sequence form such as KLM or CPM-GOMS, in which a particular pattern of activity involving goal rescheduling could berepresented. Here, the interruptability is handled by the analyst. This approach was usedsuccessfully by Gray, John & Atwood (1992, 1993) in modeling telephone operators in theirinteraction with customers.The second approach is to construct a CMN-GOMS or NGOMSL model under theapproximating assumption that the active system produces events that can be responded to withmethods that either will not be interrupted, or do not conflict with each other. Typically the top-level method simply waits for an event, and then invokes whatever submethods are appropriatefor responding to the event. For example, the complex operator’s associate system analyzed byEndestad & Meyer (1993) had this structure. This approximation clearly fails to deal with thecase in which the user must respond to simultaneous or mutually interrupting events, but theanalysis can still be useful in identifying usability problems with the system.4.2. Design Information Provided by GOMS ModelsFigure 8 shows several types of design information that GOMS models can provide. Clearlythere are many other kinds of information relevant to design; these are not included in the Figurebecause there are no GOMS family techniques for them. Examples of kinds of information notprovided by GOMS are: (1) standard human factors issues such as readability of letters andwords on the screen, visual quality of a display layout, recognizability of menu terms or icons,and memorability of commands; (2) the quality of the work environment, user acceptance, andaffect (e.g., is the system fun to use or does it cause boredom, fatigue, and resentment); (3) thesocial or organizational impact of the system and the resulting influence on productivity.An additional type of design information not shown in Figure 8 is an informal understanding ofthe design issues. That is, as pointed out by Bennett & Karat (1989), a GOMS analysis can havepurely heuristic value. Since a GOMS model makes explicit what the system requires the user todo, constructing it is a way for a user interface designer to become more aware of theimplications of a design. Since a common design error is to produce a system without carefulconsideration of what it imposes upon the user, any exercise that requires the designer to thinkcarefully about the procedures entailed by the design can help in a purely intuitive way toidentify usability problems and clarify the nature of the user’s task.Functionality: Coverage and consistency. The primary design question about functionality iswhether the system provides some method for every user goal. As discussed above, GOMSmethods cannot generate or predict the range of goals a user might bring to a system. However,once the designer generates a list of likely user goals, any member of the GOMS family can beused to check that a method exists for each one in a proposed or existing system, as shown inFigure 8.While an analysis of functional coverage may not require a formal description of the methods,it is important to consider the content of the methods at least informally. That is, decisions aboutfunctionality are based on whether the system provides a function reasonably suitable for thetask, meaning that the method involved must be reasonably simple and fast. For example,consider that the user of a word processor might have the goal of putting footnotes at the bottomof the appropriate pages. Some word processors have functionality specialized for footnoting,

32and so have very simple methods for accomplishing this goal. Other word processors lack thisfunctionality, and so can put footnotes on a page only if the user places and formats them "byhand", and this work has to be redone if the length of the text changes. Despite this clumsiness,such limited word processors still provide a method for accomplishing the footnoting goal.Thus, it would be rare that functionality in a simple all-or-none sense is considered in aninterface design; there are at least implicit requirements on performance or learning time for thecorresponding methods. If it is important to quantify these requirements, GOMS familymembers can provide quantitative predictions as discussed in the next two subsections.Information can be obtained about functional consistency by comparing methods and theknowledge necessary to perform different commands. NGOMSL is particularly suited to ananalysis of consistency, because the structure and content of NGOMSL methods can beinspected, and the learning time predictions of NGOMSL and CCT take this form of consistencyinto account. That is, a consistent interface is one in which the same methods are usedthroughout for the same or similar goals, resulting in fewer methods to be learned. Furthermore,Kieras (1988, 1994a) provides simple heuristics for assessing similarity of methods forconsistency analysis.Operator sequence. Two of the GOMS family members, CMN-GOMS and NGOMSL, canpredict the sequence of overt physical operators a user will perform to accomplish a task(whereas with KLM, the analyst must supply the sequence of operators). That is, the methodsand selection rules specify which commands a user will enter, the menu-items they will select,and so forth, to accomplish their goals. The best technique for exploring operator sequences onsequential tasks depends on the number of benchmark tasks being considered, in a way describedbelow for execution time predictions. The situation for parallel tasks is much less rich. At thistime, only CPM-GOMS is available for studying the sequence of operators and their possibleinterleaving in a parallel task. As described above, currently, the CPM-GOMS technique resultsin models in sequence form in a PERT chart. Although each PERT chart represents only oneconfiguration of operators that the analyst has chosen to represent, these charts are easilymanipulated with project management software, so that many configuration can be exploredquickly. Thus, the technique allows the analyst to investigate the effects of different selectionrules, methods, and different levels of interleaving.Execution time. Figure 8 shows that several members of the GOMS family can predictexecution time, under the restrictions that the user must be well practiced and make no errorsduring the task. Some HCI specialists feel that these restrictions mean that GOMS models arenot useful in actual design situations, because many users are novices or causal users, and errorsare very common and time consuming. Errors will be discussed more below. However, we viewthe execution time predictions of GOMS models to be akin to EPA mileage ratings for cars.That is, although few drivers get as mileage as good as predicted by the EPA, the ratings areuseful in predicting the direction and rough magnitude of differences between different makes ofcars. Similarly, GOMS predictions help compare system design alternatives. If a GOMS modelpredicts a definite execution time difference between systems, say using the engineer’s rule ofthumb of more than 20%, a designer can be fairly certain that a real difference exists and is in thedirection predicted by the GOMS model. Although GOMS models have been shown to be evenmore accurate in some cases (e.g., Gray, et al. 1993; Gong, 1993), we believe that furtherexamination of when greater accuracy can be expected is necessary before we can make strongerrecommendations for the general case. In many design situations, alternative systems do differsubstantially (by more than 20%) and this level of accuracy is useful for weeding out undesirablealternatives.Of course, if the system being designed will not be used enough by any single user to produceexpert performance (e.g. a walk-up-and-use application to help home-buyers locate a house in anew city) GOMS predictions of execution time may not be useful compared to empirical resultson other design issues such as the recognizability of menu terms to the first-time user. In

33addition, execution time is not an important variable in some systems, e.g., the success of a videogame hinges more on the excitement it creates than on the speed at which a player can play thegame. Likewise, the critical design target for educational software is the support it provides forlearning, rather than the speed at which the user can operate it. On the other hand, interfaces forgames and educational software often waste the user’s time by methods that are slow and clumsyfor no good reason. This mixture of the expected pattern of use, functionality, and usabilityconcerns should be kept in mind. GOMS family models can contribute to designing softwarethat is fast and easy to use, even if this is sometimes only a secondary design criterion.Since sequential tasks have been the most studied in GOMS research, there are multipletechniques for predicting execution time in sequential tasks. The choice of technique dependsprimarily on whether the methods need to be explicitly represented for other purposes. If not, theKLM is by far the easiest technique. If explicit methods are needed for other reasons, e.g., toevaluate learning time or to design documentation, then using separate KLMs for execution timeis inefficient; CMN-GOMS or NGOMSL models will provide both execution time and othertypes of information. For both execution time and operator sequence prediction, an importantpractical concern is whether the number of benchmark tasks is small. If so, then the predictionsof operator sequence and execution time can be obtained by hand-simulation of the models, orsimply by manually listing the operators, as for the KLM. But if the number of benchmark tasksis large, then it is probably worth creating machine-executable versions of an NGOMSL model,which can be done in a variety of ways in almost any programming language. This shouldbecome simpler in the future, as computer-based tools for GOMS models become available (e.g.Wood, 1993; Byrne, Wood, Sukaviriya, Foley, & Kieras, 1994).Learning time. Information about learning time is provided only by NGOMSL models, andthese predictions cover only the time to learn the methods in the GOMS model and any LTMinformation they require. These predictions have been validated in a variety of situations, and somerit serious consideration. But as mentioned above, there are clearly other aspects of a systemthat the user must learn, and other mechanisms involved in learning, besides those represented inthe NGOMSL predictions. For example, teaching a user an appropriate mental model of a devicecan improve learnability and inference during subsequent use of the device (Kieras & Bovair,1984; Kieras, 1988b), so designers may want to communicate such a model to their users. Theclass of models and methodologies presented here do not represent the knowledge andmechanisms required for using a mental model, and so have no basis for predicting the utility ofa mental model or the time required to learn it (see Kieras, 1988b, 1990 for more discussion).Likewise, the concepts and principles discussed above as research directions (section 3.4) gobeyond the simple procedure-learning situations captured by CCT and NGOMSL.For practical situations, the recommendation is that NGOMSL learning time predictions shouldbe used with caution, and preferably only in comparing two designs. Such comparisons shouldbe fairly robust, since as noted above, a more complex interface should be harder to learn than asimpler one in a variety of possible learning situations. The analyst should keep in mind twoimportant learning time issues. First, the time to learn the interface procedures may beinsignificant in total training time for systems whose users must acquire substantial domainknowledge, such as a CAD/CAM system or a fighter aircraft weapons control system. Suchdomain knowledge may involve learning words or icons in the interface, or operators (e.g. BANK-AIRCRAFT) assumed in the analysis that the user must learn before they can execute the methods.Second, the predicted procedure learning time could be quite misleading for "walk up and use"systems or other "self evident" systems for which little or no explicit training is supposed to berequired. To make the point clear, a method involving only a single step of typing an unlabelledcontrol key would yield a very low predicted learning time, but the user may have no easy way tolearn the correct keystroke in the actual usage situation. An example of just this problem isfound in Karat, Boyes, Weisgerber, and Schafer (1986) who explored transfer of trainingbetween word processors (usually well predicted by CCT) and found that some experiencedusers of one word processor were completely stymied in trying to learn a new word processor

34because they could not figure out how to scroll the screen!Error recovery support. The relationship of GOMS analyses to human error behavior deservessome discussion because of a common misunderstanding. CMN, and almost all subsequentGOMS work, presents analyses and predictions based on the assumption that the user does notmake errors. Since errors in computer usage are quite frequent, it would seem that GOMS familymodels have little to say about actual human performance. But we would argue, along the linesof the above analogy with EPA mileage estimates, that GOMS models of error-free performancedo in fact provide useful design information. For example, a poorly designed system that isdifficult to learn and to use even under a no-errors assumption is almost certainly still a poordesign if the user does make errors. So, optimizing learning time and execution time under theno-error assumption should result in a system that is a good design overall, given that errors donot always occur, and assuming that some reasonable error recovery is possible.To further clarify, there are three design issues involved with errors: (1) preventing users frommaking errors; (2) predicting or anticipating when and what errors are likely to occur given asystem design;and (3) designing the system to help the user recover from errors once they haveoccurred. Despite the obvious importance of the first two issues, at this time research on humanerrors is still far from providing more than the familiar rough guidelines concerning theprevention of user error. No prediction methodology, regardless of the theoretical approach, hasyet been developed and recognized as satisfactory, and even the theoretical analysis of humanerror is still in its infancy (see Reason, 1990 for more discussion). At this time, GOMS modelsalso fail to address error prediction or prevention.However, as originally pointed out by CMN, GOMS has a direct application to the problem oferror recovery. Once an error has occurred, the design question is whether the system provides agood method for the user to follow in recovering from the error. That is, is there a fast, simple,consistent method for the goal RECOVER-FROM-ERROR? (e.g., an ubiquitous undo command).Such a design question is no different in substance from designing the methods for the ordinaryuser goals. Figure 8 shows that any of the GOMS models can be used to address this question,with the specific choice depending on the specific aspect of interest, such as the time to executethe recovery procedure. Thus, once the possible frequent or important errors are determined,evaluating designs for the quality of support for error recovery can be done with ordinary GOMSapproaches.4.3. Time and Effort for Learning and Using GOMS in Design.Using any method in design has both the cost of learning how to use the method, and also thetime and effort to apply it to a specific design situation. Because of the large amount of detaileddescription involved, GOMS methodology has often been viewed as extremely time- and labor-intensive. This impression of the difficulty of GOMS methodology is probably a residue of theresearch effort involved to develop the techniques in their original form, and does not reflect theeffort required to learn and to apply an already developed technique. In fact, there is nowenough accumulated experience to assess the actual costs; it is clear that the GOMSmethodologies shown in Figure 8 have an excellent return on investment, and the amount of theinvestment is much less than commonly believed. Some of the case studies in Section 5demonstrate this effectiveness.Based on our experience with teaching GOMS techniques to university and industrial students,the difficulty of learning a GOMS methodology depends mostly upon the complexity of theassumed underlying cognitive architecture. The KLM is based only on a simple serial stageframework, and so is conceptually the simplest. It is our experience, and the experience of otherHCI instructors at several universities, that the KLM can be taught to undergraduates in a singleclass session with a few homework assignments and these students can construct models thatproduce execution time predictions accurate enough for design decisions (see Neilsen & Phillips,

351993; John, 1994). Likewise, the simple original form of GOMS, CMN-GOMS, is based ononly the serial stage conceptual cognitive framework and so is relatively easy to understand andconstruct. A single class session seems to suffice if the student already has the basic skill of taskdecomposition and so can develop goal hierarchies for tasks.Both NGOMSL and CPM-GOMS are based on more complex architectures, and are thusharder to learn and to use, but for different reasons. The difficulty in using NGOMSL models isa result of working in terms of the underlying CCT cognitive architecture, which requiresworking out complete and accurate methods, with deliberate goal and working memorymanipulation, and a higher degree of formality and precision than CMN-GOMS. NGOMSL canbe taught in a few undergraduate class sessions based on Kieras�s "how-to" description (1988a,1994a) and a couple of homework assignments with feedback. Full-day tutorials, such as at theCHI conferences (Kieras, 1994b) and in industrial short-courses appear to be adequate to getsoftware developers started in the technique. There seems to be little point in using CCT itself,since the technical skills and facilities for production-rule modeling are much more demandingcompared to using NGOMSL, which produces practically the same results.An estimate of the overall effort in applying NGOMSL to an actual design problem is providedby the case study conducted by Gong (1993; see also Gong & Kieras, 1994) which issummarized in Section 5. In brief, he found that using NGOMSL in an application developmentsituation to evaluate a design and compare a revision to the original required only about a fifth ofthe time spent on interface coding, and only about half of the time of an empirical evaluationcomprising an informal survey and a single full-scale empirical comparison of the two designs.The difficulty in using CPM-GOMS models is due to the inherent difficulty of identifying anddescribing in detail how perceptual, cognitive, and motor processing activities are coordinated intime. John and Gray (1992; 1994) have built a series of PERT-chart templates for a dozen or socommon situations (e.g. perceiving visual information, typing, holding a conversation, etc.) andpresent these as building-blocks to combine into models of complex tasks. A few undergraduateclass sessions is enough to allow students to manipulate existing CPM-GOMS models easily andcorrectly and give them a good start towards building their own models from scratch. Again full-day tutorials appear to present this material to the satisfaction of the tutorial participants (John &Gray, 1992; 1994).In contrast to the GOMS techniques in Figure 8, the research approaches mentioned in sections3.2 and 3.4 (ACT-R, Soar, Construction-Integration and EPIC) do not yet have articulated taskanalysis procedures, and so can be applied by the practitioner at this time only by emulating theongoing research. This means that the practitioner would need to have a full set of research skillsand resources to use the approach, and must be willing to accept the tentative nature of anymodels or results that will be produced. In order to become proficient enough to build models ontheir own, the learner must have an appropriate background in psychology or computer scienceand must undergo an apprenticeship with the experienced users of the technique that may stretchfrom a few weeks to a few months.4.4. Effort Required for Answering Design Questions.The effort required to use the different GOMS techniques to answer design and evaluationquestions depends on the types of questions as well as on the techniques. Often there is asubstantial start-up cost, but once the first models are built, subsequent questions require muchless effort to answer. In addition, rather than fully analyzing an entire system interface, aproperly selected subset of the interface can be isolated for detailed analysis, meaning that usefulresults can be obtained from quite modest modeling efforts. Some of the cases in Section 5demonstrate this approach. Thus, the decision to invest effort in GOMS modeling depends onhow many design issues and iterations will be involved. Here we will examine a few of thecommon uses of GOMS models and the corresponding required effort.

36Focus for design effort. A critical practical design question is where the design effort shouldbe focused. For example, should user procedures be streamlined to decrease the humanexecution time, or is it more important to improve the underlying software algorithms to decreasethe response time of the system? To answer these types of questions, GOMS methods thatproduce quantitative predictions of system performance can be used to profile the overallexecution times of the human-computer system to determine which portions of the interaction aretaking significant or excessive amounts of time, and then priorities can be assigned to designissues in a rational manner. Some of the examples of actual GOMS design projects described inthe next section used GOMS techniques in just this way. For example, CPM-GOMS was used todemonstrate that refining the screen design and keyboard layout would have relatively littleeffect on system performance compared to speeding up the response latency (Gray, John &Atwood, 1993). Because system profiling requires quantitative predictions of performance, it isone of the more time-consuming uses of GOMS. However, the payoff can be substantial becausethe analysis can be done early in the design process, at little cost compared to empirical testing,and thus can prevent resources from being poured into design efforts that have relatively littlevalue.Comparing alternative designs. Comparing alternative designs is the most obvious use ofGOMS techniques. Since GOMS analyses do not require a running system, but can makea priori predictions of performance, they can be used early in the design process to evaluatedifferent ideas before they are implemented or even prototyped. At the other extreme, existingalternative systems can be evaluated without installing them in a user organization, as will beillustrated by some of the case studies presented in the next section.The effort involved in making comparisons between alternative systems depends on the kind ofinformation required. Do you need only to know if important functionality is covered by bothsystems? Is expert execution time an important issue for the long-term use of the system? Doeshigh turnover of personnel make training time of great importance? Answering the first questionrequires a rather shallow CMN-GOMS analysis, whereas the second question may require in-depth CPM-GOMS analysis, and the third question requires a full-blown NGOMSL model.Notice that models created to compare alternative designs can overlap with models created forother purposes. For example, if the design process uses GOMS to focus the design effort, thesame model can be used as a basis to profile a design to identify problems, suggest solutions, andcompare alternative solutions.An additional determinant of the effort required is how many alternatives will need to beevaluated and how similar they will be. It is our experience that once a first model isconstructed, it can serve as a base for similar designs, which then require only smallmodifications to the base model. So the effort put into modeling the initial system can beamortized over the number of alternatives evaluated. For instance, the CPM-GOMS modelsdeveloped for the existing NYNEX workstation took about two staff-months, but once they werecreated, the potential benefits of new features could be evaluated literally in minutes (Gray, et. al.1993).Sensitivity and parametric analyses. In many design situations, the value of design ideasdepends on assumptions about characteristics of the task domain or the users of the system.Common techniques in engineering design are to examine such dependencies with sensitivityanalysis (how sensitive the predictions are to the assumptions) and parametric analysis (how thepredictions vary as a function of some parameters). Again, because GOMS family members canmake quantitative predictions of performance, they can be used to do such analyses. Examplescan be found in the first descriptions of the KLM (Card, Moran & Newell 1980a, CMN, Ch. 8).In addition to profiling with predicted measures, such analyses also help guide empirical datacollection by identifying the most sensitive issues, ensuring that the most valuable data isobtained given limited time and resources. The effort involved can be minimal if theassumptions and parameters are amenable to simple models like the KLM, and clearly more

37substantial if a CPM-GOMS or NGOMSL model is required. However, since these analysestypically vary only a few assumptions or parameters, they usually require only baseline modelsfor a set of benchmark tasks and minimal manipulation of those models to discover the desiredrelationships. So once a base GOMS model has been constructed, exploring the sensitivity of theanalysis and the effects of different parameters is inexpensive and fast.Documentation and on-line help systems. Documentation and on-line help systems posedesign questions that are very well addressed by GOMS methodology. Users normally knowwhat goal they want to accomplish, but must turn to documentation or help because they do notknow a method for accomplishing the goal, and cannot deduce one by experimenting with thesystem. However, most documentation and help provides only very low-level methods, at thelevel of command or option specification, as if the user’s goal was USE-THE-BELL-OPTION in ftp,rather than a user-task-level goal such as TRANSFER-FILES. Consequently, typical documentationand help supports the rare user who already has most of the required method knowledge andneeds only a few details.In contrast, help and documentation can explicitly present the methods and selection rules usersneed in order to accomplish their goals. The list of user goals provides a specification of thedocument organization and entries for the index and table of contents. Experiments done byElkerton and co-workers (Elkerton & Palmiter, 1991; Gong & Elkerton, 1990) using NGOMSLshows that this approach works extremely well, with results much better than typical commercialdocumentation and help. Thus, while it is standard advice that documentation and help should be"task oriented", it has not been very clear how one ensures that it is; GOMS provides asystematic, theory-based, and empirically-validated approach to determining the required contentof procedural documentation and help.A related application of GOMS is determining which alternative methods are the mostefficient, and so should be presented in training and documentation. For example, in telephoneoperator call-handling, CPM-GOMS could predict execution time differences between differentmethods; identifying these differences would suggest the most efficient methods and selectionrules to include in documentation and training materials.5. Examples of Actual Applications of GOMS Family MembersSome of the following brief examples of the use of GOMS models have appeared as researchpapers because it was possible for the developers to write up their work. However, others arosein more typical development processes of real products, and are documented here throughinterviews with the developers.Case 1. Mouse-driven text editor (KLM)The first known use of the KLM for real system design was, not surprisingly, at Xerox (Card &Moran, 1988). In the early 1980s, when designing the text editor for the Xerox Star, the designteam suggested several schemes for selecting text. These different schemes called for differentnumbers of buttons on the mouse. The goals were to use as few buttons on the mouse as possibleso it would be easy to learn, while providing efficient procedures for experts. It was relativelyeasy to run experiments with the different schemes to test learnability for novices; everyone is anovice on a newly created system. However, it would have been substantially more difficult torun experiments with experts, because there were no experts. Experts would have to be "created"through extensive training, a prohibitive procedure both in time, workstation availability, andmoney. The design team therefore used a combination of experimental results on novices andKLMs of the same tasks to explore tradeoffs between learnability and expert performance.These models contributed directly to the design of the mouse for the Xerox Star.

38Case 2. CAD system for mechanical design (KLM)(Based on Monkiewicz, 1992 and an interview with Brenda Discher of Applicon, Inc.)Applicon, a leading vendor of CAD/CAM software for mechanical design, ported its BRAVOCAD package from a dedicated graphics terminal implementation into a Macintosh environmentduring the 1980s, but began to receive reports that the new implementation was actually slowerand clumsier to use than the previous dedicated graphics terminal version. Applicon’s interfacedesign group used extensive KLM analyses to identify the source of the problems. For example,the analysis identified a major problem in the menu paradigm. In the original environment, themenu selections remained on the screen ("marching menus"), permitting multiple low-levelselections without repeating the higher-level selections. The new implementation used the samemenu organization, but followed the Macintosh rules that required menus to disappear once thelowest level selection was made. The resulting need to repeat the higher order selections greatlyincreased the task execution times. Candidate redesigns (e.g. using a dialog box) were evaluatedwith the KLM. Other aspects of the interface were refined with the KLM, such as reducing thedepth of menu commands to only two levels to increase working speed without eliminating themany functions and options required for CAD tasks. The new design was also implemented forUNIX and VMS platforms, and this BRAVO 4.0 system is currently a successful and widelyused suite of CAD applications. The quantification of execution time provided by the KLM wasvaluable to Applicon both internally to help justify and focus interface design efforts and setpriorities, and also externally to help support competitive claims.Case 3. Directory assistance workstation (KLM)(Based on an interview with Judith R. Olson, University of Michigan) In 1982, some membersof a human factors group at Bell Laboratories (Judith Olson, Jim Sorce, and Carla Springer)examined the task of the directory assistance telephone operators using the KLM. Directoryassistance operators (DAOs) use on-line databases of telephone numbers to look up numbers forcustomers. The common wisdom guiding procedures for DAOs at that time in the Bell Systemwas "key less - see more." That is, DAOs were instructed to type very few letters for thedatabase search query (typically the first three letters of the last name and occasionally the firstletter of the first name or the first letter of the street address) so that the database search wouldreturn many possible answers to the query. It was felt that it was more efficient for the DAO tovisually search for the answer to the customer’s request on a screen full of names than to type alonger, more restrictive, query that would produce fewer names on the screen.The group analyzed the task and found two inefficiencies in the recommended procedures.First, the searches required unacceptably long times when the keyed-in query brought upmultiple pages of names. Second, they found an unacceptably high rate of misses in the visualsearch. That is, the information that the customer wanted was actually on the screen, but theDAOs, trying to perform very quickly, often failed to see it in the midst of all the irrelevantinformation.To arrive at a better design, the group analyzed the make-up of the database and categorizedwhich queries would be common or rare, and whether the standard procedures would yield manynames or relatively few. Based on this analysis, a set of benchmark queries was selected, and aparameterized KLM was constructed that clarified the tradeoff between query size and thenumber of retrieved names. The resulting recommendation was that DAOs should type manymore keystrokes than had been previously thought, to restrict the search much more. This reportwas submitted at about the time of the breakup of the Bell System and the direct results of thisparticular report are impossible to track. However, current DAO training for NYNEX employeesno longer advocates "key less - see more." Instead, DAOs are taught to key as much as neededto get the number of responses down to less than one screen’s worth and to add more letters andredo the search rather than visually search through more than one screen. Currently, about 40%of NYNEX DAO searches result in only one answer returning from the search (Wayne Gray,

39personal communication).Case 4. Bank deposit reconciliation system (KLM)(Based on an interview with Judith R. Olson, University of Michigan) Olson, acting as aconsultant to a software vendor, used the KLM in 1985 to redesign the interface for a system tobe used by banks for deposit reconciliation. The system would allow a bank employee tocompare the teller’s keyed-in transaction information with scanned-in images of a customer’sdeposited checks and handwritten deposit slip in order to look for discrepancies such as keyingerrors by the teller, or duplications by the customer. Any discrepancy would be need to bedetected, resolved, and then reported to the customer or to another department that would makethe correction. The focus of the design work was on the layout of the display, to ensure that therequired information could be rapidly obtained and compared.Olson’s analysis assumed that the system operators would search for the possible discrepanciesin order of decreasing frequency, which was assumed to be known to the operators. Thisspecified which items would be examined in which order, thus determining the basic taskmethod. Olson developed KLM operator times for display activities such as visual scanning,matching handwritten digits to computer display digits, and then constructed KLMs for differenttypes of discrepancies and display designs, and was able to rapidly evaluate differentconfigurations and layouts for the display to arrive at an optimal design. Unfortunately, in theend, the software vendor did not adopt Olson’s proposed redesign for reasons not involving theexecution time of the task.Case 5. Space operations database system (KLM)(Overmeyer, personal communication). In 1983, the KLM was used in the design of a largecommand and control system for space operations. The system was to be used to monitor andmaintain a catalog of existing orbital objects and debris. A new version of the system to replacethe existing text-based database system was intended to have a graphical user interface. Thesoftware design of the new system was to be analyzed using simulation techniques to determinewhether the system architecture and algorithms would provide adequate performance before thesystem was implemented. In order to quickly construct this simulation of the complete system,the KLM was used to represent the human operator’s time with a preliminary interface design.With a couple of person-months work, about 50 benchmark tasks were selected that representedthe basic interaction techniques, such a obtaining information about an orbiting object by using ajoystick to select it and open an information window about it. With an additional person-monthof work, KLMs were constructed for the preliminary design to give the execution time for eachof the benchmark tasks. The system simulation was then run, and the software architecturemodified to produce the required performance.The new interface was eventually prototyped and used in experiments to get actual humanperformance data for later simulations, and to obtain data on tasks that involved processes suchas complex decision-making that were beyond the scope of the KLM. The empirical resultsshowed that the earlier estimates provided by the KLMs were reasonably accurate.Thus the availability of usefully accurate estimates of user execution time early during thedesign process was critical in allowing the overall system performance to be assessed usingsimulation. The system was built, installed and in operation in the late 1980s and a descendantof the original system is still in operation today.Case 6. Television control system (NGOMSL)Elkerton (1993) summarizes a design problem involving designing an on-screen menu interfacefor a high-end consumer electronics television set. In the current technology of such systems, the

40television set is actually under computer control, and the user must perform setup and adjustmenttasks by navigating a menu structure and selecting options for setting and adjustments. Withsome of the more complex consumer electronics products now available, the resulting interfacecan be fairly complex, and has considerable potential for being misdesigned. Needless to say,ease of learning and use are both extremely important in such a product.According to Elkerton, currently most on-screen menu interfaces for complex televisions haveobscure menu labels, deep menus for frequently performed tasks, and an arbitrary organizationbased on the product features rather than the user’s tasks. In the product development situationdescribed by Elkerton, there was not adequate time for extensive user testing and iteration ofprototypes, and so an NGOMSL analysis was applied in an effort to help arrive at an improvedinterface quickly. The actual candidate designs were generated in the usual ways, and thenanalyzed with GOMS.An early result of the NGOMSL task analysis was determining that there was a key distinctionbetween the infrequent but critical tasks required to set up the television (e.g. configure it for acable system), and the occasional tasks of adjusting the set during viewing (e.g. changing thebrightness), and the major "task", that of actually watching the programming on a TV or VCR.The actual starting point for the NGOMSL analysis was an initial proposal for an improvedinterface design whose main virtue was simplicity, in which a single function key would cyclethrough each of the possible control functions of the set, resulting in very simple navigationmethods and on-screen displays. This design preserved the setup/adjustment distinction, and wasconfirmed by some user testing as superior to the original interface. However, the NGOMSLanalysis also verified that using the interface was quite slow, thus interfering with the viewingtask.The response was another proposed interface, following a more conventional menu structure,which the analysis showed, and user testing confirmed, interfered less with the user’s main task.However, the NGOMSL analysis showed that the new prototype had inconsistent methods fornavigating the menu structure; the setup and adjustment methods were different, which wouldlead to increased learning times and user frustration, and there were inconsistent methods formoving from one low-level function to another. Correcting these problems identified by theNGOMSL analysis produced a simpler, easier-to-learn interface. A interface based on some ofthese analyses and revised designs appeared in a television product line and is being consideredfor wider adoption by the manufacturer.Case 7. Nuclear power plant operator’s associate (NGOMSL)Following a brief NGOMSL training workshop, Endestad and Meyer (1993) performed a fairlycomplete analysis of the interface for an experimental prototype of an intelligent associate fornuclear power plant operators. The system combined the outputs of several separate expertsystems and other operator support systems, thus providing an integrated surveillance function.The total prototype system involved multiple networked computers, each with their own displaymonitors, and included a full simulation of a nuclear power plant. The basic concept of thesystem was that the information provided by the separate expert and support systems would beintegrated by a single coordinating agent which would be responsible for informing the operatorof an alarm event, making a recommendation, and referring the operator to the appropriatesubsystem for supporting detail. NGOMSL methodology was a good choice to apply because ofthe difficulty of performing usability tests with highly trained users of limited availability andwith such a complex system. For example, only a few types of emergency scenarios were fullysupported in the prototype system.The top-level NGOMSL method was written to show the basic structure of the task with andwithout the associate, thus clarifying the relative roles of the human operator and the system.The top-level method for the conventional situation, in which the operator’s associate system was

41not present, simply had the operator working on his or her own in dealing with the variouspossible alarms and interacting with the separate expert and support systems. Thus the operatorwas required to engage in fairly elaborate reasoning, information searching, and ill-structuredproblem-solving right from the beginning of an alarm event. In contrast, the associate systemwould present an alarm event, a reference to the relevant subsystem, and a recommendation foraction. It then requested the human operator to explicitly state agreement or disagreement withthe recommendation. But any subsequent interactions concerning the alarm event were strictly atthe operator’s initiative; the operator was free to ignore the alarm, disregard the recommendation,or deal with it on their own. Thus the system potentially considerably simplified the initialreasoning and problem-solving required to handle the alarm event, and did not complicate theoperator’s task significantly. Of course, whether the associate was accurate enough to be trusted,or whether operators would come to rely on it unduly, could not addressed by a GOMS analysis.At lower levels of the interaction, the NGOMSL model identified some specific problems andsuggested solutions. For example, the operator designated which alarm event should bedisplayed using a calculator-like palette of buttons to enter in the number, but the requiredmethod was clearly more convoluted than necessary. Another example is that the lack of certaininformation on many of the displays resulted in methods that required excess looking from onedisplay to another, in same cases requiring large physical movements. A final example is that anewer design for a support system that provided on-line operating procedures was predicted to befaster than a previous design, but could be further improved by more generic methods.Case 8. Intelligent tutoring system (NGOMSL)Steinberg & Gitomer (1993) describe how an NGOMSL analysis was used to revise theinterface for an intelligent tutoring system. The tutoring system concerned training Air Forcemaintenance personnel in troubleshooting aircraft hydraulic systems such as the flight controlsystems. The basic content and structure of the tutoring was based on a cognitive analysis of thetask domain and troubleshooting skills required. The tutoring system provided a full multimediaenvironment in which the trainee could "move" around the aircraft by selecting areas of theaircraft, manipulate cockpit controls, observe external components in motion, and openinspection panels and examine internal components.The user’s basic method for troubleshooting was to think of a troubleshooting operation andcarry it out. The original interface assumed that the troubleshooting operations were local in thesense the user would think of a single component to observe or manipulate, carry out this action,and then would think of another component-action combination to perform. However, theNGOMSL analysis showed that many troubleshooting activities had a larger scope spanningseveral components or locations on the aircraft. A typical activity was an input-output test, inwhich inputs would be supplied to one set of components, and then several other components,often in an entirely different location, would be observed. For example, the troubleshooterwould enter the cockpit, set several switches, and then start moving the control stick, and thenobserve the rudders to see if they moved.In the original interface, there was no support for such multiple-component input-output tests,and so the user had to traverse the component hierarchy of the simulated aircraft several timesand perform the component actions or observations individually. The revised interface suggestedby the NGOMSL analysis allowed the user to easily view and act on multiple parts of theaircraft, with rapid access to and from the aircraft cockpit. This reflected the basic structure ofthe troubleshooter’s task in a more realistic fashion, as well as making it faster and simpler tocarry out the testing activity in the context of the tutoring system.Case 9. Industrial scheduling system (NGOMSL)Nesbitt (in preparation) reports a use of an NGOMSL model to deal with a common situation

42in which an existing interface is to be extended. The system is question is a partly automatedscheduling system for managing equipment maintenance activities in a steel-making plant. Sinceshutting down equipment in steel plants can have serious effects on production scheduling,accurate management of downtimes is critical. The original version of the system includedautomatically generated downtimes, and a interface for viewing the downtimes. The requiredextension was to allow users to enter downtimes directly into the scheduling system.The steel plant has a natural hierarchical structure, about five levels deep, in which either aterminal or non-terminal location (a set of machines) could be shut down for maintenance. If anon-terminal location of the plant is shut down for a downtime period, then all sublocations arealso deemed to be shut down. Given the natural hierarchical structure, the choice for the displayof downtime information was based on a combination of plant hierarchy and date, in which theuser viewed a grid showing locations as rows and days as columns, with each cell containing thenumber of schedule downtime hours. By selecting a row, the user can move down a hierarchicallevel to view the downtimes broken out into more detail for the sublocations. By clicking on acell, the user can view a list of the individual downtime schedule items comprising the listed totalhours.A new set of requirements was to allow the user to enter new downtimes or modify existingones, under the assumption that the list of downtimes was unordered. The first solution was tosimply add a dialog box to the grid-based display interface, so that once the relevant location anddate had been selected by traversing the hierarchy, the user could simply specify the downtimestart time, duration and other information, for that location on that date. The implementationeffort would be minimal. However, the GOMS analysis showed that the resulting interfacewould be extremely inefficient. Adding a new downtime requires first traversing the hierarchy tothe affected location and date, while modifying the location or downtime date requires deletionand reentry. A side effect is that there is no method to allow the user to create a new downtimeentry by simply selecting and modifying an existing downtime, since the dates and location of adowntime were unmodifiable.A redesigned interface alleviated these problems. The solution was a form-based screen inwhich the user could specify all of the downtime attributes by selecting from context-sensitivelists or by editing the attribute fields. All of the downtime attributes, such as all five locationlevels, were simultaneously displayed. While selecting a location still required traversing theplant structure hierarchy, only the locations were involved, not the date, so the selectionconsisted of simply filling in a set of fields using selection from lists whose contents weredetermined by the higher-level selection. In addition, a new downtime entry could be created byselecting an existing entry and then modifying its fields as needed.The GOMS analysis made the difficulties of the original interface clear, and over a set of actualdowntime scheduling tasks predicted that the redesigned interface would require overall only halfthe execution time as the original, with a substantial improvement for modifying existingschedule times.Case 10. CAD system for ergonomic design (NGOMSL)Gong (1993, see also Gong & Kieras, 1994) provides a detailed case study of the application ofGOMS methodology to an actual software product. The program was a CAD system for theergonomic analysis of workplace design, with an emphasis on biomechanical analyses to detectproblems of occupational safety in situations such as assembly line jobs requiring handling ofawkward or heavy objects. The user, typically an industrial engineer, would describe a worksituation by specifying the user’s physical posture while carrying out a step in the job and otherparameters such as the weight of a lifted object, and the program would generate information onstress factors, such as the likelihood of lower back injury. This program was being sold on acommercial basis in a PC DOS version; Gong’s task was to develop a Macintosh version of the

43program for commercial distribution. Applying GOMS analysis to refine the design wassuggested by the fact that too few domain experts were available to serve as subjects in a formalconventional user test, and an attempt to collect informal feedback produced mostly informationabout functionality or user expectations rather than ease of use.Gong constructed a GOMS model of the initial version of the software, which adhered to theMacintosh interface guidelines, and then examined the model for problems. An example of sucha problem was that the interface assumed a default method for specifying posture that userswould probably always override in favor of a far simpler and easier method. Another example isthat the methods had many RETRIEVE-FROM-LTM operators; the user had to memorize manyassociations between commands and the menu names that they appeared under. A final exampleis that certain methods involved time-consuming interaction with "modal" dialogs, which aredialog boxes that have to be explicitly dismissed before the user can continue. Gong (1993) listsmany such specific identified problems and addressed them in specific interface design solutions.The revised interface was predicted to be about 46% faster to learn and also about 40% faster touse than the original interface. A subsequent empirical test confirmed these predictions.Gong reported that the time spent developing and working with the GOMS model was onlyabout 15 days, compared to about 80 days spent on software development and programming, and34 days spent on both the informal user feedback collection and the formal evaluation study.Thus the NGOMSL methodology was usefully accurate in its predictions, helped identifyspecific usability problems, and provided a basis for design solutions. In addition, despite thewidespread opinion that GOMS analysis is too time-consuming to be practical, the actual effortrequired was quite reasonable, especially given that a single design iteration using themethodology produced a substantial improvement in learning and execution time.Case 11. Telephone operator workstation (CPM-GOMS)The details of this application of GOMS, both technical and managerial, can be found in Gray,John and Atwood, 1993, and Atwood, Gray and John, in press). In 1988, the telephone companyserving New York and New England (NYNEX) considered replacing the workstations then usedby toll and assistance operators (TAOs), who handle calls such as collect calls, and person-to-person calls, with a new workstation claimed to be superior by the manufacturer. A major factorin making the purchase decision was how quickly the expected decrease in average work timeper call would offset the capital cost of making the purchase. Since an average decrease of onesecond in work time per call would save an estimated $3 million per year, the decision waseconomically significant.To evaluate the new workstations, NYNEX conducted a large-scale field trial. At the sametime, a research group at NYNEX worked with Bonnie John to use CPM-GOMS models in aneffort to predict the outcome of the field trial. First, models were constructed for the currentworkstation for a set of benchmark tasks. They then modified these models to reflect thedifferences in design between the two workstations, which included different keyboard andscreen layout, keying procedures, and system response time. This modeling effort took abouttwo person-months, but this time included making extensions to the CPM-GOMS modelingtechnique to handle this type of task and teaching NYNEX personnel how to use CPM-GOMS.The models produced quantitative predictions of expert call-handling time for each benchmarktask on both workstations, which when combined with the frequency of each call type, predictedthat the new workstation would be an average of 0.63 seconds slower than the old workstation.Thus the new workstation would not save money, but would cost NYNEX about 2 milliondollars a year.This was a counter-intuitive prediction. The new workstation had many technically superiorfeatures. The workstation used more advanced technology to communicate with the switch at a

44much higher speed. The new keyboard placed the most frequently used keys closer together.The new display had a graphic user interface with recognizable icons instead of obscurealphanumeric codes. The procedures were streamlined, sometimes combining previouslyseparate keystrokes into one keystroke, sometimes using defaults to eliminate keystrokes frommost call types, with a net decrease of about one keystroke per call. Both the manufacturer andNYNEX believed that the new workstation would be substantially faster than the old one, by oneestimate, as much as 4 seconds faster per call. Despite the intuition to the contrary, when theempirical field-trial data were analyzed, they supported the CPM-GOMS predictions. The newworkstation was 0.65 seconds slower than the old workstation.In addition to predicting the quantitative outcome of the field trail, the CPM-GOMS modelsexplained why the new workstation was slower than the old workstation, something whichempirical trials typically cannot do. The simple estimate that the new workstation would befaster was based on the greater speed of the new features considered in isolation. But theexecution time for the whole task depends on how all of the components of the interaction fittogether, and this is captured by the critical path in the CPM-GOMS model. Because of thestructure of the whole task, the faster features of the new workstation failed to shorten the criticalpath.Thus, examination of the critical paths revealed situations in which the new keyboard designslowed down the call, why the new screen design did not change the time of the call, why thenew keying procedures with fewer keystrokes actually increased the time of some calls, and whythe more advanced technology communication technology often slowed down a call. Thecomplex interaction of all these features with the task of the TAO was captured and displayed byCPM-GOMS in a way that no other analysis technique or empirical trial had been able toaccomplish.NYNEX decided not to buy the new workstations. The initial investment in adopting theCPM-GOMS technique paid off both in this one purchase decision, and by allowing NYNEX tomake some future design evaluations in as little as a few hours of analysis work.6. Summary and ConclusionsThe several specific GOMS modeling techniques are all related to a set of general concepts,both conceptual frameworks for human information processing, and a general approach to theanalysis of tasks. This general approach emphasizes the importance of the procedures that a usermust learn and follow to perform well with the system to accomplish goals. By usingdescriptions of user procedures, the techniques can provide quantitative predictions of procedurelearning and execution time. While other aspects of system design are undoubtedly important,the ability of GOMS models to address this critical aspect makes them a key part of the scientifictheory of human-computer interaction and also useful tools for practical design. The differentGOMS techniques correspond to different set of assumptions about the underlying information-processing architecture and the simplifications required to economically address design issues.These assumptions are clear-cut enough for practical advice to be stated on which techniqueshould be used for what purpose. Finally, when the effort required to use GOMS analysis isconsidered, both in terms of the logic of analysis and design, and also in terms of the applicationexamples presented in this paper, it is clear that GOMS models can make a worthwhilecontribution to developing more usable computer systems.AcknowledgmentsThe authors contributed equally to this article; the order of their names reflects alphabeticalorder and not seniority of authorship. We thank Wayne Gray for his comments on early drafts ofthis paper.

45ReferencesAnderson, J. R. (1976). Language, memory, and thought. Hillsdale, NJ: Lawrence ErlbaumAssociates.Anderson, J. R. (1983). The architecture of cognition. Cambridge, MA: Harvard UniversityPress.Anderson, J. R. (1987). Skill acquisition: compilation of weak-method problem solutions.Psychological Review, 94, 192-210.Anderson, J. R. (1993). Rules of the Mind. Hillsdale, NJ: Lawrence Erlbaum Associates.Atwood, M. E., Gray, W. D., & John, B. E. (in press) Project Ernestine: Analytic and empiricalmethods applied to a real-world CHI problem. To appear in Human-Computer InterfaceDesign: Success Cases, Emerging Methods and Real-World Context, L. Gugerty & P.Polson (eds.), San Mateo, CA: Morgan-Kaufmann.Bovair, S., Kieras, D. E., & Polson, P. G. (1988). The acquisition and performance of text-editing skill: A production—system analysis. (Tech. Rep. No. 28). Ann Arbor: Universityof Michigan, Technical Communication Program.Bennett, J. L., Lorch, D. J., Kieras, D. E., & Polson, P. G. (1987). Developing a user interfacetechnology for use in industry. In Bullinger, H. J., & Shackel, B. (Eds.), Proceedings of theSecond IFIP Conference on Human-Computer Interaction, Human-Computer Interaction —INTERACT ’87. (Stuttgart, Federal Republic of Germany, Sept. 1—4). Elsevier SciencePublishers B.V., North-Holland, 21-26.Bovair, S., Kieras, D. E., & Polson, P. G. (1990). The acquisition and performance of textediting skill: A cognitive complexity analysis. Human-Computer Interaction, 5, 1-48.Butler, K. A., Bennett, J., Polson, P., and Karat, J. (1989). Report on the workshop onanalytical models: Predicting the complexity of human-computer interaction. SIGCHIBulletin, 20(4), pp. 63-79.Byrne, M.D., Wood, S.D, Sukaviriya, P., Foley, J.D, and Kieras, D.E. (1994). AutomatingInterface Evaluation. In Proceedings of CHI’94 (Boston, MA, USA, April 24-28, 1994).New York: ACM, pp. 232-237.Card, S., & Moran, T. (1988). User technology: From pointing to pondering. In Goldberg, A.(Ed.) A history of personal workstations. New York, ACM. [pp. 489-522]Card, S.K., Moran, T.P., & Newell, A. (1980a). The keystroke-level model for userperformance time with interactive systems. Communications of the ACM , 23(7), 396-410.Card, S.K., Moran, T.P., & Newell, A. (1980b). Computer text-editing: An information-processing analysis of a routine cognitive skill. Cognitive Psychology, 12, 32-74.Carley, K., Kjaer-Hansen, J., Prietula, M., & Newell, A. (1990) "Plural-Soar: A Prolegomenonon artificial agents and organizational behavior" to appear in M. Masuch and G. Massimo(Eds.) Distributed Intelligence: Applications in Human Organizations, Elsevier.Carley, K. M., & Prietula, M. J. (1994b). Computational Organization Theory. Hillsdale, NJ:Lawrence Erlbaum Associates.

46Chuah, M. C., John, B. E., & Pane, J. (1994). Analyzing graphic and textual layouts withGOMS: Results of a preliminary analysis. In Proceedings Companion of CHI, 1994,Boston, MA, USA, April 24-28, 1994). New York: ACM, pp. 323-324.Diaper, D. (Ed.) (1989). Task analysis for human-computer interaction. Chicester, U.K.: EllisHorwood.Doane, S. M., Mannes, S. M., Kintsch W., and Polson, P. G.(1992). Modeling user actionplanning: A comprehension based approach. User Modeling and User-Adapted Interaction2, 249-285Doane, S. M., McNamara, D. S., Kintsch, W., Polson, P. G. and Clawson, D. M. (1992).Prompt comprehension in UNIX command production. Memory and Cognition, 20,4, 327-343.Elkerton, J. (1993). Using GOMS models to design documentation and user interfaces: Anuneasy courtship. Position paper for workshop on Human-Computer Interaction AdvancesDerived from Real World Experiences, INTERCHI�93 Conference, Amsterdam, April 24-25.Elkerton, J., & Palmiter, S. L. (1991). Designing help using a GOMS model: An informationretrieval evaluation. Human Factors, 33, 2, pp. 185-204.Endestad, T., and Meyer, P. (1993). GOMS analysis as an evaluation tool in process control:An evaluation of the ISACS-1 prototype and the COPMA system. Technical Report HWR-349, OECD Halden Reactor Project, Instituut for Energiteknikk, Halden, Norway.Gilbreth, F. B. & Gilbreth, L. M. Applied Motion Study. New York: The MacmillianCompany, 1917.Gong, R. & Elkerton, J. (1990). Designing minimal documentation using a GOMS model: Ausability evaluation of an engineering approach. In Proceedings of CHI, 1990 (Seattle,Washington, April 30-May 4, 1990) ACM, New York, 99-106.Gong, R., & Kieras, D. (1994). A Validation of the GOMS Model Methodology in theDevelopment of a Specialized, Commercial Software Application. In Proceedings of CHI,1994, Boston, MA, USA, April 24-28, 1994). New York: ACM, pp. 351-357.Gong, R. (1993). Validating and refining the GOMS model methodology for software userinterface design and evaluation. PhD dissertation, University of Michigan, 1993.Gott, S. P., (1988). Apprenticeship instruction for real-world tasks: The coordination ofprocedures, mental models, and strategies. In Ernst Z. Rothkopf (Ed.), Review of Researchin Education. Washington, D.C.: AERA.Gray, W. D., John, B. E., & Atwood, M. E. (1992). The precis of Project Ernestine or anoverview of a validation of GOMS. Proceedings of CHI (Monterey, May 3-7, 1992) ACM,New York.Gray, W. D., John, B. E., & Atwood, M. E. (1993) "Project Ernestine: A validation of GOMSfor prediction and explanation of real-world task performance." Human-ComputerInteraction, 8, 3, pp. 237-209.

47Gray, W. D., & Sabnani, H. (1994). "Why you can’t program your VCR, or, predicting errorsand performance with production system models of display-based action" ProceedingsCompanion of CHI ’94 (Boston, April 24-28, 1994) ACM, New York. pp. 79-80.Haunold, P. & Kuhn, W. (1994). A keystroke level analysis of a graphics application: Manualmap digitizing. In Proceedings of CHI, 1994, Boston, MA, USA, April 24-28, 1994). NewYork: ACM, pp. 337-343.Howes, A. (1994). A model of the acquisition of menu knowledge by exploration. InProceedings of CHI, 1994, Boston, MA, USA, April 24-28, 1994). New York: ACM, pp.445-451.John, B. E. (1988) Contributions to engineering models of human-computer interaction.Doctoral dissertation, Carnegie Mellon University.John, B. E. (1990) Extensions of GOMS analyses to expert performance requiring perceptionof dynamic visual and auditory information. In Proceedings of CHI, 1990 (Seattle,Washington, April 30-May 4, 1990) ACM, New York, 107-115.John, B. E. (1994) Toward a deeper comparison of methods: A reaction to Nielsen & Phillipsand new data. In the Proceedings Companion of CHI 1994 (Boston, April 24-28, 1994)ACM, New York. pp. 285-286.John, B. E. (in press) Task matters. In D. M. Steier and T. Mitchell (Eds.), Mind matters.Hillsdale, NJ: Lawrence Erlbaum.John, B. E. & Newell, A. (1989) Cumulating the science of HCI: From S-R compatibility totranscription typing. In Proceedings of CHI, 1989 (Austin, Texas, April 30-May 4, 1989)ACM, New York, 109-114.John, B. E. & Vera, A. H. (1992). A GOMS analysis for a graphic, machine-paced, highlyinteractive task. In Proceedings of CHI (Monterey, May 3-7, 1992) ACM, New York. pp.251-258.John, B. E., Vera, A. H. & Newell, A. (1994) Toward real-time GOMS: A model of expertbehavior in a highly interactive task. Behavior and Information Technology, vol 13, no. 4,pp. 255-267.Karat, J., and Bennett, J. (1989). Modeling the user interaction methods imposed by designs.Technical report RC 14649. IBM T. J. Watson Research Center, Yorktown Hts., NY.Karat, J., Boyes, L., Weisgerber, S., & Schafer, C. Transfer between word processing systems.In Proceedings of CHI’86, (Boston, April 13-17, 1986), New York: ACM, pp. 67-71.Kieras, D. E. (1988a) Towards a practical GOMS model methodology for user interface design.In M. Helander (Ed.), The handbook of human-computer interaction. (pp. 135-158).Amsterdam: North-Holland.Kieras, D.E. (1988b). What mental model should be taught: Choosing instructional content forcomplex engineered systems. In J. Psotka, L.D. Massey, and S. Mutter (Eds.), Intelligenttutoring systems: Lessons learned (pp. 85-111). Hillsdale, NJ: Erlbaum.Kieras, D.E. (1990). The role of cognitive simulation models in the development of advancedtraining and testing systems. In N. Frederiksen, R. Glaser, A. Lesgold, & M. Shafto (Eds.),Diagnostic monitoring of skill and knowledge acquisition. Hillsdale, NJ: Erlbaum.

48Kieras, D. E. (1994a). A guide to GOMS task analysis (Spring, 1994). Unpublishedmanuscript, University of Michigan.Kieras, D. (1994b). GOMS Modeling of User Interfaces using NGOMSL. Tutorial Notes,CHI’94 Conference on Human Factors in Computer Systems, Boston, MA, April 24-28,1994.Kieras, D.E., & Bovair, S. (1984). The role of a mental model in learning to operate a device.Cognitive Science, 8, 255-273.Kieras, D. E., & Bovair, S. (1986). The acquisition of procedures from text: A production—system analysis of transfer of training. Journal of Memory and Language, 25, 507—524.Kieras, D.E., & Meyer, D.E. (1994). The EPIC architecture for modeling human information-processing: A brief introduction. (EPIC Tech. Rep. No. 1, TR-94/ONR-EPIC-1). AnnArbor, University of Michigan, Department of Electrical Engineering and ComputerScience.Kieras, D. E. & Polson, P. G. (1985) An approach to the formal analysis of user complexity.International Journal of Man-Machine Studies, 22, 365-394.Kintsch, W. (1988). The role of knowledge in discourse comprehension: a construction-integration model. Psychological Review, 95, 2, 163-182.Kintsch, W. (1992). A cognitive architecture for comprehension. In H. L. Pick, Jr., P. van denBroek, and D. C. Knill, (Eds.), Cognition: Conceptual and methodological issues.Washington, D. C..: American Psychological Association, 143-164.Kitajima, M., & Polson, P. G. (1992) A computational model of skilled use oif a graphical userinterface. In Proceedings of CHI (Monterey, May 3-7, 1992) ACM, New York. pp. 241-249Laird, J., Rosenbloom, P, & Newell, A. (1986) Universal subgoaling and chunking., KluwerAcademic Publishers: Boston.Lane, D. M., Napier, H. A., Batsell, R. R., & Naman, J. L. (1993). Predicting the skilled use ofhierarchical menus with the Keystroke-Level Model. Human-Computer Interaction, 8, 2,pp. 185-192.Lee, A. Y., Polson, P. G., & Bailey, W. A. (1989) Learning and transfer of measurement tasks.In Proceedings of CHI, 1989 (Austin, Texas, April 30-May 4, 1989) ACM, New York,1989, pp.115-120.Lerch, F. J., Mantei, M. M., & Olson, J. R. (1989). Translating ideas into action: Cognitiveanalysis of errors in spreadsheet formulas. in Proceedings of CHI, 1989, 121-126. NewYork: ACM.Meyer, D.E., & Kieras, D.E. (1994). EPIC computational models of psychological refractory-period effects in human multiple-task performance. (EPIC Tech. Rep. No. 2, TR-94/ONR-EPIC-2). Ann Arbor, University of Michigan, Department of Psychology.Monkiewicz, J. (1992). CAD’s next-generation user interface. Computer-Aided Engineering,November, 1992, 55-56.

49Nesbitt, Keith. (1994, unpublished). A case study of GOMS analysis: Extension of userinterfaces. Unpublished report, BHP Research - Newcastle Laboratories, Wallsend, NSW,Australia.Nelson, G. H., Lehman, J. F., & John. B. E. (1994) Integrating cognitive capabilities in a real-time task. In Proceedings of the Sixteenth Annual Conference of the Cognitive ScienceSociety (Atlanta, Georgia, August 13-16, 1994).Newell, A., & Simon, H. A. (1972). Human problem solving. Englewood Cliffs, NJ: Prentice-Hall.Nielsen, J. and Phillips, V. L. (1993) Estimating the relative usability of two interfaces:Heuristic, formal, and empirical methods compared. In Proceedings of INTERCHI, 1993Amsterdam, The Netherlands, pp. 214-221, New York: ACM.Oberg, E., Jones, F. D., and Horton, H. L. (1978) Machinery’s Handbook: A reference book forthe mechanical engineer, draftsman, toolmaker and machinist. Twentieth edition, fourthprinting, Industrial Press Inc: New York.Olson, J. R., & Olson, G. M. (1990). The growth of cognitive modeling in human-computerinteraction since GOMS. Human-Computer Interaction, 5, 221-265.Peck, V. A. & John, B. E. (1992). Browser-Soar: A cognitive model of a highly interactivetask. In Proceedings of CHI, 1992 (Monterey, California, May 3- May 7, 1992) ACM, NewYork, 1992. pp. 165-172.Polson, P.G. (1988). Transfer and retention. In R. Guindon (Ed.), Cognitive science and itsapplication for human-computer interaction. Hillsdale, N.J: Erlbaum. Pp. 59-162.Polson, P., & Lewis, C. (1990). Theory-based design for easily learned interfaces. Human-Computer Interaction, 5, 191-220.Reason, J. (1990). Human Error. Cambridge: Cambridge University Press.Rieman, J., Lewis, C. Young, R. M., & Polson, P. G. "’Why is a raven like a writing desk?’Lessons in interface consistency and analogical reasoning from two cognitive architectures"In Proceedings of CHI, 1994, (Boston, MA, USA, April 24-28, 1994). New York: ACM,pp. 438-444.Steinberg, L. S., & Gitomer, D. H. (1993). Cognitive task analysis, interface design, andtechnical troubleshooting. In W. D. Gray, W. E. Hefley, & D. Murray (Eds.),Proceedingsof the 1993 International Workshop on Intelligent User Interfaces. New York: ACM. (pp.185-191).Stires, D. M. & Murphy, M. M. (1962). PERT (Program Evaluation and Review Technique)CPM (Critical Path Method). Boston: Materials Management Institute.Webster’s New Collegiate Dictionary. (1977). Springfield, MA.: G. & C. Merriam Company.Wharton, C., Rieman, J., Lewis, C., & Polson, P. (1994) The Cognitive Walkthrough Method:A practitioner�s guide. In Jakob Nielsen and Robert L. Mack (eds.) Usability InspectionMethods. New York: John Wiley & Sons, Inc.Wiesmeyer, M. D. (1992). An operator-based model of human covert visual attention. PhDthesis, University of Michigan.

50Wood, S. (1993). Issues in the implementation of a GOMS-model design tool. Unpublishedreport, University of Michigan.Wood, S., Kieras, D., & Meyer, D. (1994). An EPIC model for a high performance HCI task.CHI’94 Conference Companion, ACM. (pp. 24-28).Van Cott, H. P. & Kinkade, R. G. (1972) Human engineering guide to equipment design(revised edition). Washington, D. C.: American Institutes for Research.Ziegler, J. E., Hoppe, H. U., & Fahnrich, K. P. (1986). Learning and transfer for text andgraphics editing with a direct manipulation interface. In Proceeding of CHI, 1986. NewYork: ACM.