CONSOLIDATION AND LEARNING:A CONNECTIONIST MODEL OF HUMAN CREDIT ASSIGNMENTb y Eric Lance ChownA dissertation submitted in partial fulfillmentof the requirements for the degree ofDoctor of Philosophy(Computer Science and Engineering)in The University of Michigan1994Doctoral Committee:Professor Stephen Kaplan, ChairProfessor John HollandAssociate Professor John LairdAssociate Professor Barbara Therrien

�Eric Lance Chown1994All Rights Reserved iiTo My Parents,Donald and Janet Chown.

iiiACKNOWLEDGEMENTSI would first like to thank my friends and family for their support and love, withoutwhich I could not have finished this work. My brothers Glen, Dave, Bill, and Jeff, andmy sister Cathy, provided wisdom and encouragement when I needed it. My parents couldnot have been more supportive, and their faith in me often kept me going. The entire Evettfamily, but especially Doug, Debbie, Annie, and Neal and Sarah, have made me laugh andkept me sane, and have been my second family.This work was completed in part under a Cognitive Science fellowship provided byNissan, and a Rackham Research Partnership Grant supported by the University ofMichigan.This dissertation would not have been possible with the help and support of all themembers of the Seminar on Environmentally Sensitive Adaptive Mechanisms, andparticularly Mark Weaver, Ron Lesperance, and Marty Sonntag, whose ideas andsuggestions are found throughout this dissertation.I greatly appreciate the work and efforts of my committee members. John Hollandhas served on my committees since I’ve been here and his ideas and enthusiasm have beengreatly enriching. Barbara Therrien’s own work has helped me see the possibilities andbenefits of this type of research in real terms. John Laird has been both a friend and amentor, providing me with a great example of the right way to do things.Finally, Stephen Kaplan has allowed me to see the world in a whole new way. Hisinsights have not only positively impacted my research, but the rest of my life as well. Iconsider myself extremely lucky to have had the opportunity to work with him and amindebted to him for his effort and patience with me.

ivTABLE OF CONTENTSDEDICATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i i A C K N O W L E D G E M E N T S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iiiLIST OF TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v i L I S T O F F I G U R E S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viiCHAPTERSI N T R O D U C T I O N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1CONSOLIDATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 Introduction: Defining consolidation10Evidence for consolidation13Theoretical Background24The contribution of the TRACE model31CREDIT ASSIGNMENT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 4 Credit assignment and time35Temporal difference analysis36Human credit assignment40THE TRACE MODEL. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2 Model properties42Model specifications44The TRACE equations45Discussion47TRACE AND CONSOLIDATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2 Positive factors52Negative factors67Input77Summary of the TRACE model and consolidation84 vSIMULATING THE KLEINSMITH EXPERIMENTS. . . . . . . . . . . . . . . . 8 9 Short term connection strength90The learning rule96The Kleinsmith paradigm99Credit assignment and fatigue108CONCLUSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 3 Consolidation114Reminiscence119Learning120Simulations121Future work123BIBLIOGRAPHY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 9 viLIST OF TABLESTable4.1The TRACE difference equations as simulated................................ 555.1Effects of long-term connection strength parameter changes................. 605.2Effects of STCS parameter changes............................................. 625.3Effects of arousal.................................................................. 725.2Effects of arousal on new TRACE equations.................................. 826.1Kleinsmith paradigm simulations.............................................. 111 viiLIST OF FIGURESFigure3.1In a) the sequence A - B - C - D leads to a loss................................ 163.2In this series of figures state A leads to a loss................................. 184.1The time course of activity in a well learned cell assembly................... 545.1Confusion and clarity............................................................. 655.2Clarity and confusion are detected as shown in Figure 5.1.................. 665.3a) shows a sequence of events A - G........................................... 715.4The graph shows the relationship between arousal and fatigue.............. 745.5The curves in the lower portion of the graph are the individual TRACEcruves............................................................................... 815.6The figure shows the TRACE curves of four different runssuperimposed over each other with inputs of size 1.0, 0.5, 0.1 and0.005................................................................................ 865.7The figure shows the time course of activity over the first 100milliseconds for different inputs when LTCS is high (0.5).................. 895.8The figure shows the time course of activity over the first 100milliseconds for different inputs when LTCS is low (0.2)................... 895.9In a) the sequence A - B - C - D, which leads to a positive outcomehas been experienced.............................................................. 936.1The circles in the figure represent cell assemblies........................... 1006.2The situation is the same as in Figure 6.1.................................... 1016.3The figure shows the time course of activity of two cell assemblies ina sequence........................................................................ 1046.4Effects of arousal level on recall............................................... 113

1CHAPTER 1INTRODUCTIONThis dissertation is about human learning, but more specifically aspects of learningimpacted by credit assignment, such as why learning is effective in some cases and not inothers. Many of the techniques traditionally used in artificial intelligence andconnectionism have been tailored to specific circumstances and do not apply to the fullspectrum of human learning. Domain knowledge, such as is used in explanation-basedlearning, is not always available, for example, nor are the teaching signals used in back-propagation systems. Learning is a difficult challenge under any circumstances, but thetask is made even harder when prior knowledge and models cannot be applied. It followsthat a comprehensive learning theory must not only be able to effectively use knowledge,but also must first be able to bootstrap itself up in situations where there is little or noknowledge available. Credit assignment is fundamentally about learning what eventscaused other events to happen, a daunting task without usable knowledge. On the otherhand, humans, especially children, certainly learn about new domains and appear to do soreasonably efficiently.The point of view of this dissertation is that to a large extent the success of humanlearning is due to the fact that there are a variety of techniques which are generally effectiveand can serve in the bootstrapping process. While the world is an extremely complex placeit is not without structure, often structure that repeats from domain to domain. Anorganism which is particularly sensitive to such structures would have a clear adaptiveadvantage over those which are not. To some degree this dissertation is an exploration of

2those structures and sensitivities, and an analysis of the mechanisms inherent in the humanbrain that code them.Insight into these sensitivities is provided by an examination of the consolidationprocess, a brief period of transition during which memory is fixed or made permanent.There is a large set of evidence linking consolidation with the ultimate strength of learning.Consolidation is modelled in this dissertation using TRACE (for Tracing Recurrant Activityin Cognitive Elements), a connectionist simulation based upon Hebb’s cell assemblyconstruct. Learning in TRACE comes as the result of correlated neural activity; factorswhich influence such activity, therefore, will necessarily impact learning. This providesthe human cognitive architecture with the sensitivity required by the learning system.The conjecture that humans are predisposed to be sensitive to certain kinds ofinformation and environmental structure is contrary to the "blank slate" and rational manproposals (Midgley, 1978); this is not to say, however, that the slate is not blank, merelythat some things are particularly easy to write, while other are quite difficult. In machinelearning terms this means that human learning is biased in certain ways. The knowledge-based systems often used in artificial intelligence, by contrast, tend to favor a more rationalapproach where one piece of information is no different than any other. These systemsoften seem to contain biases, but these biases typically come in the form of the domainknowledge that such systems start out with. Where information gains importance in suchan approach is through its use. A rational approach would hypothesize that if people areespecially interested in snakes it is probably because they are aware of how snakes behaveand of what they are capable. This also tends to be true of the symbol systems of artificialintelligence; there is nothing special about a symbol in and of itself, indeed it is the verynature of symbols that they can be processed in virtually any desired way, and it could evenbe argued that symbols are useful precisely because they can be manipulated in any desiredfashion (Newell, 1990).

3By contrast an organism which is highly sensitive to certain generic environmentalstructures and information may lose some of its flexibility, at least theoretically, but it mightgain in its ability to cope with new environments. A theory based upon such a premisewould conclude, for example, that people are interested in snakes in a way that ishardwired as the result of evolution. In particular, snakes are an arousing stimulus; oneresult of the increased levels of arousal involved when humans see a snake is that learningin such a situation will tend to be stronger than normal. From an adaptive point of view itis even possible to see how this might come about as the result of natural selection; iftreating snakes differently affords some type of adaptive advantage those organisms whichtreat snakes in such a fashion are more likely to survive and reproduce. Such organismsneed not be born with knowledge of snakes; it may be enough that they are sensitive toobjects which move along the ground, along with a predisposition to treat such objects withcaution.Arousal is one of the key factors which impacts consolidation and will be discussedthroughout the dissertation. The relationship between arousal and the strength of learningis well known (Kleinsmith and Kaplan, 1963): When arousal is high, learning is strong;when arousal is low, learning is weak.Consider the differences in how the two different types of systems might react tothe sight of a snake. A purely rational system would check on what it knows about snakesto come to a conclusion about how to act. A system sensitive to the kinds of inputsprovided by snakes, on the other hand, would automatically react with heightened interest(and probably caution), high levels of arousal, and then, if knowledge were available tofurther direct its actions, it would behave accordingly. The advantages of a system of thistype are that it behaves in what should be a reasonable fashion even when there is noinformation available, and that its first reaction is swift and does not rely upon anydeliberation, an important advantage when speed is of the essence. Many artificialintelligence systems can gain this speed by compiling knowledge, but this still does not

4address the issue of how to behave when knowledge is not present. Further, the increasedlevels of arousal associated with such an encounter also ensure that the situation will bewell learned such that the knowlegde gained can be used in the future.The previous example highlights some of the important points that will beemphasized throughout this dissertation as being critical in learning. First, a system whichis sensitive to important stimuli and generic environmental structures is constrained inimportant ways. One such way is behaviorally; it might not be possible to ignore a snake,for example. A more important type of constraint with regard to this dissertation comes inthe form of functional constraints imposed upon the system by its physical implementation.A major theme of this dissertation is that the underlying physical properties ofthe"symbols" in the human cognitive architecture play a major role not only in processing,but in learning as well. Further, ignoring these properties may handicap learning theoriesso severely that they will be unable to easily account for certain kinds of data.This relationship between the properties of the symbols and their impact onbehavior will most clearly be seen through an examination of arousal. High levels ofarousal have been shown to result in "reminiscence," a situation where performanceimproves over time without intervening practice. In this case high levels of arousal actuallyimpair short term recall. This result is counter-intuitive, seemingly maladaptive, and untilnow has never been successfully modelled. Reminiscence can be modelled in TRACE, andwithin the context of a consolidation-based learning system, the effects can also be shownto be adaptive. Further, the ability to model reminiscence in TRACE stems directly fromthe constraints derived by its grounding in a neural architecture.Another theme in the dissertation, and one closely related to consolidation, istemporal, not in the sense of fast reactions (though that is certainly important), but rather inthe sense that the timing of events can play a large role in learning. Unfortunately, time hasbeen all but ignored in the majority of connectionist systems and while it is morethoroughly addressed in symbolic systems, there are still problems with the basic

5approach. Connectionist network representations such as feed-forward networks orHopfield networks are little more than stimulus-response systems of the kind proposed bythe behaviorists (Kaplan et al., 1990). The state-space representations used in manyartificial intelligence systems, on the other hand, provide a fairly natural way of encodingtemporal information. According to the Handbook of Artificial Intelligence (Barr andFeigenbaum, 1981) �A state-space representation of a problem employs two entities:states, which are data structures giving �snapshots� of the condition of the problem at eachstage of its solution, and operators, which are means for transforming the problem fromone state to another.� Transitions between states come as the result of operators whichmake specific, and generally predictable, changes to the world. The flow of time can berepresented as a series of states with operators causing transitions along the way. Further,with knowledge of how the operators work, an AI system can search the space of possiblestates in order to solve problems or make predictions.The state-space idea is very appealing because it cuts the world up into manageablepieces; however, the way in which it does so can cause important information to be lost.State-space representations of the world are static; each state is a snapshot. Because theyare static they are sensitive to ordering information, but not necessarily to timing; therepresentation of an environment changing from one state to another is the same regardlessof the time interval involved. While timing information could be coded as an extra slot in astate or operator representation such an addition is not flexible or natural.By contrast, in a system where data has dynamic relationships, timing informationcan be automatically coded into the relationships. Cell assembly models, such as TRACE,are examples of such dynamic representational systems. Cell assemblies are a kind ofconnectionist "symbol," consisting of a collection of tightly interconnected neurons.Perception of an object in a cell assembly model comes in the form of the activation of itscorresponding cell assembly. Cell assemblies are not controlled by an external process, butrather tend to be activated either by direct environmental stimulation or associatively by

6other cell assemblies. One of the primary modes of learning in a system of cell assemblies,therefore, is sequential, in order to recreate temporal series.One difficulty with such a dynamic representation is control. State-spacerepresentations are useful primarily because they are easily manipulated; chess programscan, for example, look ahead at billions of moves in the space of seconds. Dynamicrepresentations appear to be much more limited because a controlling program is notavailable to iterate through possible states. Among other things, this lack of control meansthat a dynamic system can get "off the track," a situation akin to wandering attention.While this may seem reasonable when modelling human performance, it is not necessarilydesirable from the point of view of a computer model designed to perform a specific task.Nevertheless, humans do have the capability, for example, to pay attention even in the faceof distractions. This implies that dynamic systems must also have control mechanismsavailable, though such mechanisms are likely to be dynamic themselves. This control inTRACE stems from the larger cognitive architecture, called SESAME (for the Seminar onEnvironmentally Sensitive Adaptive Mechanisms), in which TRACE is embedded.SESAME contains a number of control mechanisms, discussed in Chapters 5 and 6,including several which impact attention.One of the outcomes of the differences between dynamic and static representationscomes in the nature of what is learned. Ostensibly both systems are learning to predict;however the nature of the modelling is subtly different. A system using a state-spacerepresentation learns about operators: what they are, when to apply them, what theireffects are. This type of learning could be termed "causal" because it involves discoveringwhat causes the world to change. A dynamic representation, on the other hand, is morepurely sequential, learning sequences even when the world appears to be static1.The advantage of emphasizing pure sequence over causal relationships is simplicity;learning sequences requires little or no analysis. Further, causal relationships can often bederived from sequences, and in a world where actions are often immediately followed by

7their consequences, learning a sequence is often sufficient to learn operators. This raisesthe possibility that an approach emphasizing sequence will not be effective when actions arenot immediately followed by consequences, a subject that will be discussed in detail inChapter 3. It further raises the question of the effects of previous knowledge. If a systemis learning sequential information, it is not obvious how prior knowledge can be applied tomake learning more efficient. This occurs in several ways in TRACE. First, the nature oflearning is to change the internal structure of cell assemblies; these changes affectsubsequent processing and, therefore, learning. Further, the SESAME architecture issensitive to clarity and confusion, states which code relationships between prior knowledgeand the current state of the world. In turn, these sensitivities, as with others in thearchitecture, feed back into the learning system through the consolidation mechanism.TRACE is a cell assembly model which purports to be able to account forconsolidation and the relevant sensitivities involved. Successfully modelling suchsensitivities is difficult for several reasons, each of which will be dealt with in subsequentchapters. First, it may be easy to theorize that the system should be sensitive to genericenvironmental structures, but it places the onus on the model to enumerate such structuresand to contain mechanisms which provide the necessary sensitivity. Second, it is notenough merely to propose that the functional constraints imposed by a real implementationare important; the relative constraints must also be found. Third, arguing that dynamicrepresentations are a more natural way of storing and learning about temporal relationshipsdoes not address the difficult problem of developing mechanisms to encode suchrelationships. Finally, there is the issue of how prior knowledge will impact learning.The TRACE model addresses all of these issues directly. Learning in TRACEcomes as the result of correlated neural activity; factors which influence such activity,therefore, will necessarily impact learning. This provides the human cognitive architecturewith the sensitivity required by the learning system. In such a system the effects of factorssuch as arousal on learning can be understood in terms of the modulation of neural activity.

8Further, such a learning model provides a natural explanation for consolidation; the timeperiod of consolidation corresponding to the length of time a cell assembly is active. Oneof the important challenges in this dissertation, dealt with most directly in Chapter 5, willbe to show that the mechanisms of the TRACE model are capable of dealing with thevarious kinds of interventions which impact learning found in the consolidation data.These interventions, which include arousal, are important in building a framework bywhich the sensitivities can be understood. The basis of this framework is that thesesensitivities are not limited to sensory information, such as being aroused by the sight of asnake, but include cognitive states such as clarity and confusion, and learned relationshipssuch as discovering that certain action lead to rewards. Further, the reminiscence data willprove crucial in showing that the functional constraints found in TRACE, particularlyneural fatigue, are necessary since they are critical to simulating experiments that have notbeen successfully modelled in more than 30 years since their original publication. Withthese mechanisms in place, it will even be possible to show that reminiscence has positiveadaptive consequences.This dissertation begins with a review of consolidation and related data includingthe reminiscence data. This chapter provides the crucial evidence to support the TRACEmodel of learning. The important points in this chapter are that the consolidation process issusceptible to interventions that can positively and negatively affect learning strength, andthat this susceptibility comes as the result of the correlation between learning and activity.Following that will be a chapter which examines consolidation from the perspective ofcredit assignment. In this chapter the key issue will be whether a consolidation basedlearning theory is powerful enough to account for the diversity of human learning. Oncethis groundwork has been laid the TRACE model will be presented in Chapter 4. Next willcome a chapter which discusses consolidation within the context of the SESAMEarchitecture. The basis of this chapter will be to show that TRACE is capable of the kind oflearning necessary to account for the consolidation data and to show the general power of a

9consolidation based model. The final major chapter will be devoted to the reminiscencedata. Modelling this data requires an extension of the TRACE model called MultiTRACEwhich incorporates a large number of cell assemblies in order to model sequence learning.1Much of cognition appears to involve generating sequences even when theworld appears to be static. Thought itself, for example, is a sequence of ideas. Even taskswhich do not appear to be sequential, such as looking at an object, can be made sequentialas the eyes look from one facet of the object to the next.

10CHAPTER 2CONSOLIDATIONIntroduction: Defining consolidationOne of the difficulties in studying consolidation is that it is not well defined.Consolidation, as it is generally referred to, is what happens between the time that an eventoccurs and when the memory for the event becomes permanent. In this chapter the focuswill be on the time course of consolidation and the experimental factors which impact it;throughout the rest of the dissertation the focus will tend to be on the process involved andthe physical factors which account for it. Most consolidation studies focus on two majorissues: 1) What is the time course of consolidation? and 2) What is the process involved?That there is a time course at all might be somewhat surprising in the light of manyconnectionist models in which learning comes in the form of changes of connectionstrength between neurons; such changes could easily occur in a fraction of a second. Partof the difficulty of determining the time course of consolidation appears to be that there areat least three different events that impact the permanence of memory. Because all of theseevents impact memory it is easy to confuse their effects, and the consolidation literature issometimes seen as being full of contradictory results. With care, however, a separationbetween the three events can be made and a clean study of each is possible. These threeevents can be broken into temporal categories ranging from the very short to the extremelylong term.The shortest duration event is the one that will be referred to as consolidation in thisdissertation. The evidence for this type of consolidation comes from a large number of

11experiments which show that a number of factors, ranging from psychological interventionto electroconvulsive shock, can interfere with the memory for an event, and that the degreeof interference is directly related to the amount of time between the event and the interferingfactor. The time course of this type of consolidation is on the order of a few seconds. Thephysical changes associated with this type of consolidation form the basis of the learningsystem discussed in subsequent chapters.The second event which impacts the permanence of learning involves the chemicalprocess required to make the physical changes whether they come in the form of changes insynaptic efficiency or the coding of RNA sequences. For the remainder of the dissertationthis will be called secondary consolidation. There is evidence to show that this processtakes substantially longer than what I am calling consolidation, perhaps on the order of ahalf an hour or longer (for reviews discussing the differences in the two types ofconsolidation see (Landaur, 1964; Miller and Marlin, 1984)). One of the ways ofdistinguishing this event from consolidation involves the types of interference possible.Whereas simple interference, such as resulting from psychological manipulation, ispossible with consolidation, the longer chemical process is not susceptible to suchinterference, but more substantial interventions are necessary, generally involving blockingthe chemical process of the synaptic change.A third type of event has been labelled as consolidation and involves very longperiods of time, on the order of years. The evidence for this event comes from patientswith damage to the hippocampus. It has been found that damage to the hippocampusselectively impairs memories; the more recent the memory the less likely it is to beretrievable once the hippocampus has been damaged. Very old memories, on the otherhand, can still be retrieved even after such damage. The most popular current theory positsthat memories consolidate in the hippocampus and that the process takes extremely longperiods of time. Other explanations are plausible however. It is possible, for example, thatthe hippocampus is a kind of interface between an organism’s perception of the world and

12its memories. In such a scheme damage to the hippocampus would impair the ability toretrieve memories, but not the memories themselves. The availability of old memories maybe due a kind of bypass mechanism; when a memory has been reactivated enough times, itmay no longer require the hippocampus. Such a theory is in accordance with research doneon cognitive maps where it has been shown that the hippocampus is central to theprocessing of spatial memories (O’Keefe, 1989; Squire, 1992). Regardless, damage tothe hippocampus is quite specific and not strictly interesting from a credit assignment pointof view because there is no evidence that the "consolidation" process in the hippocampushas any effect on the strength of learning. On the contrary it is well known that the strengthof learning, as measured by the ability to recall, diminishes with time; therefore while thehippocampus may well play a role in how a memory is retrieved; there is no reason tobelieve that it is a factor in the organism’s ability to retrieve a memory beyond providing theretrieval mechanism.The two longer term events are called consolidation because the right kind ofinterventions during the time course of these events can affect an organism’s ability to recalla memory. This is also the case for short term consolidation, but the important differencelies in the types of interventions possible, which, in this case, include psychologicalinterventions. This susceptibility to psychological intervention means that the cognitivesystem itself can impact the strength of learning. The implications of this fact areenormous; it means that the cognitive system does not have to treat events neutrally. Interms of the prior discussion of credit assignment, this susceptibility provides one methodfor the cognitive system to translate importance into effects on learning.Such a theory of consolidation is not traditional. Many researchers, include mostconsolidation theorists view consolidation as a postprocessing event. Becauseconsolidation is generally viewed as fundamentally separate from information processingand because it is considered a passive "unconscious" operation many researchers inlearning and memory have not found it to be a useful construct (Weingartner and Parker

13review this position while arguing against it (1984)). This dissertation will take exactly theopposite position, presenting a model of consolidation based on a radically differentperspective. The claim is that consolidation is not separate from processing, but rather thatconsolidation stems directly from processing; as such consolidation is an active operationwhich is fundamentally tied to all of the factors which affect processing. Further, it will beshown that consolidation is central to the human learning biases towards contiguity,repetition and importance.The rest of this chapter will be divided into several sections. In the first section theevidence for consolidation will be reviewed. This evidence will show the basic time courseof consolidation and some of the interventions possible. The second section reviews arelated paradigm called reminiscence. Reminiscence, like consolidation, is not wellunderstood, even to the point where its existence is sometimes questioned. Thereminiscence data is critical because it establishes the linkage between consolidation andimportance. One of the ways in which this is done is by presenting a model ofconsolidation which can account for the reminiscence data, data which has not beensatisfactorily accounted for by any other model. The last section is an overview of theimplications of the model with respect to credit assignment. Later chapters will examine themodel and its implications for credit assignment in substantially greater detail.Evidence for consolidationThe goals of this section are to provide an overview of the consolidation literatureand to build a case as to what the theoretical constraints are that a consolidation model mustmeet. There are several important constraints that will be developed. First, is the length ofthe consolidation process. Second, will be the fact that consolidation is not merely aballistic process, but is an active process that can be affected in positive and negative waysaccording to the cognitive state of the organism. Further, these effects translate directly

14into changes in the strength of learning. Finally there are the factors that impactconsolidation.Retrograde AmnesiaMost of the consolidation literature concerns the phenomenon of retrogradeamnesia. Retrograde amnesia refers to the loss of a memory due to some post-learningevent, usually some type of trauma or shock. The fact that at one time most of theretrograde amnesia data involved trauma or shock is actually responsible for a great deal ofthe confusion involved in defining consolidation since some types of trauma might lead toany of the three types of interruptions which have been used to define consolidation. Thebasic premise of the consolidation literature is that if learning were instantaneous, thenretrograde amnesia could not easily be explained; after all, there would be no way that thetrauma could select the recent memory from any other memory. If we grant that theperformance impairment caused by retrograde amnesia is in fact a reflection on a disruptionof the learning process, then retrograde amnesia holds the potential to reveal a great dealabout the time course of consolidation. Performance, or recall, is disrupted for events thatoccurred in the recent past. By controlling the time between the events to be learned andthe disrupting events it should be possible to determine the nature of the learning curve overtime. There exists a large body of studies dealing with retrograde amnesia in its variousforms, whether it is induced through electroconvulsive shock (the most common method),drugs, or head injury. Some of the studies use animal subjects, others, particularly thoseexamining the effects of head injuries, use human subjects. Due to the nature of theexperiments however, many of them involving physical damage to the brain, most of thestudies use animals. The most often used paradigm has been to put a subject, usually a rat,in a one-trial learning experiment and then at a controlled time interval later useelectroconvulsive shock (ECS) to induce memory disruption.

15Electroconvulsive ShockChorover and Schiller (1964) presented a typical ECS experiment. In thisexperiment, rats were tested for their average time taken to step down from a platform ontoa grid floor. Animals were then matched on the basis of their step-down latencies (SDL)and assigned to three experimental groups and two control groups. In the one-trial learningphase of the experiment when the rats stepped down onto the grid they were given footshocks. The first group of rats was simply given the foot shocks. The second group hadsubgroups that also received ECSs at intervals of 0.5, 2, 5, 10, or 30 seconds after the footshock depending on the subgroup. The third group only received the ECS. Thisprocedure was repeated over three consecutive days and the SDLs for each group wererecorded. Virtually any learning theory would predict that the rats would learn arelationship between stepping on the grid and getting a footshock. In fact this is exactlywhat the results showed in the absence of an ECS. Animals that only had footshocks hadan average latency time of about 30 seconds. Also of note was that with a 30 second delaybetween the foot shock and the ECS, performance was indistinguishable from the group ofrats which did not receive an ECS. At a delay of 30 seconds, therefore, it does not appearthat the ECS interfered with learning. However, as the foot shock to ECS intervaldecreased, the latency times fell and were especially short in the 0.5 and 2 second groups.Conclusions that could be drawn from this study, based upon the latency times, includeevidence that learning is complete after about 10 seconds, and that the bulk of learningtakes place in 2 to 5 seconds.The premise that ECS work is built upon appears to be sound, but doubts about thevalidity of this line of research were raised from its early stages. The most commonexplanation for retrograde amnesia due to ECS is that ECS disrupts consolidation.Spevack and Suboski surveyed a number of alternative explanations to consolidation in1969. All of these were variations on a hypotheses that no process was disrupted, but thatthe shock itself became a part of the learning. It was somehow related to the training,

16perhaps working as a highly aversive stimulus or working to increase the avoidanceresponse. For example, a rat might learn to run to the right in a Y-maze to gain somereward, but with a huge electric shock soon following it, the shock could potentially beseen as part of the outcome of running to the right. If the pain outweighed the reward,running to the right would be something to be avoided. A number of studies were donethat argue against these possibilities (Spevack and Suboski, 1969, King, 1967). Whilethese explanations fell short of providing a more compelling explanation, they raised thepossibility that there may be more to retrograde amnesia with respect to ECS than can bedetermined by a simple analysis. Other problems existed with the literature on ECS andretrograde amnesia. The time course of consolidation reported varied from under tenseconds (Chorover and Schiller, 1964) to as long as a day or more (Misanin, Miller andLewis, 1968). Chorover and Schiller did point out that different levels of footshock canlead to different lengths of consolidation, but the variations they describe are on the orderof seconds not hours.More recently, the doubts about retrograde amnesia have been given new credence.Among the new issues raised are that the overall effects of ECS on the nervous systemsimply are not understood well enough to make any strong claims. ECS could, forexample, somehow damage the retrieval mechanism needed for certain memories. Millerand Malin point out that more recent studies have found that in many cases retrogradeamnesia is not permanent (Miller and Malin, 1984). This would indicate that what may bedamaged is in fact the ability to retrieve the new memories, not the memories themselves.Miller and Malin’s studies indicate that consolidation is a relatively quick process, takingless than five seconds. They go as far as saying that "we believe that this extreme rapidityof consolidation is one of the few established facts concerning the nature of consolidation."It is worth pointing out that the five second interval is exactly the gradient proposed by Hullin reviewing classical conditioning experiments (reviewed in (Hilgard and Bower, 1948))

17as being the maximum time which can elapse between a response and reinforcement, forthe reinforcement to have an effect without depending upon other mechanisms.Retrograde Facilitation with DrugsRetrograde studies using drugs actually fall into two study types: those that studyamnesia caused by the drugs (Parker and Weingartner refer to this as facilitating deficits inmemory), and those that study facilitation of memory caused by the drugs. Parker andWeingartner (1984) present a review of a number of these studies and the effects of thevarious drugs studied. Experiments using drugs follow the same general paradigm as theECS experiments, but often use humans as subjects. Subjects are divided into test groupsand control groups and then are given some test material to be learned. Immediately afterthis the test groups are administered the drug being tested. Later both groups are tested forrecall. Some drugs produce enhanced recall and some depress recall. Additionally, sometests have been done with the same drugs where the drugs are administered before the testmaterial is given.One of the most revealing insights from these experiments is that some drugsproduce the opposite effect when given before training than when given after training.Alcohol, diazepam (valium), and nitrous oxide, for example, are known to produceamnesia when given before training, but can actually work to facilitate memory when givenafter training. It has been hypothesized that this is because consolidation and encodinginvolve different processes. This explanation appears to be lacking, however, since theeffects of a drug administered before training would be unlikely to have worn off before thememory is encoded. Other explanations seem reasonable however. The next sectionconcerns the fact that psychological interference can impact the consolidation process. Adrug like alcohol could serve to generally dampen neural activity. Then in the case where itis administered after the training there will be less inhibition, and therefore interference,from other active processes. If it is administered before the training the activity related to

18training will itself be dampened leading to lessened consolidation. Such a theory is inpartial accord with Parker and Weingartner’s own conjecture which also hypothesizes thatdrugs may stimulate the reward system as well.As with ECS, there are a number of important questions that have not beenanswered in regard to the overall effect of drugs on the nervous system. What isfascinating about these studies, however, is that they raise the possibility that consolidationis not simply a process that is started and then either runs its course or is interrupted. Onthe contrary, the drug studies would appear to indicate that consolidation is a malleableprocess. Such evidence would appear to contradict theories that hypothesize thatconsolidation is an analytical process which aims to determine whether or not a memory isworth storing. It is difficult to see how drugs would affect such a process, and even harderto account for asymmetric effects such as are produced by alcohol.Further evidence for the theory that consolidation is an active, malleable process canbe found in another class of amnesia studies which indicate that consolidation can beaffected by cognition itself.Retrograde Amnesia Due to InterferenceAt least one study does exist that is not subject to the kinds of problems inherent inthe retrograde amnesia work done with ECS and drugs (Tulving, 1969). In this study,amnesia was not induced physically, but through interference from another task. Tulvingpresented subjects with lists of words to be remembered. Subjects were instructed thatwhenever a name of a famous person (such as Christopher Columbus) appeared in the listto make sure that they remembered that name. During the recall test they were instructed torecall the name first, before going on to the other items from the list. The idea was that thetask of recalling the famous name would interfere with the task of recalling the otherwords. The questions to be answered were; if there would be interference at all, and if sowhat would the temporal nature of the interference be.

19The lists were 15 words long. The high priority names appeared in positions 2, 8,and 14 in the test lists and not at all in the control lists. When the presentation rate was 0.5seconds or 1 second per word, recall of words from input positions 7 and 13 (immediatelypreceding the positions in question) was approximately twice as high in the control lists asin the high priority lists. In other words when subjects tried to remember the high priorityword it somehow interfered with their ability to remember the word immediately precedingit. At a presentation rate of 2 seconds per word there was almost no difference. Also thepresence of the high priority words did not seem to affect the recall of words immediatelyfollowing them. Tulving interpreted these results as evidence of consolidation, the highpriority words interfering with the ongoing traces of the preceding words. In this case,only the immediately preceding word was greatly interfered with, meaning that the lengthof the trace would be between 0.5 and 2 seconds. An alternative explanation could involverehearsal. If subjects were rehearsing as the test went along, they would switch torehearsing the high priority word upon its presentation. However, Tulving points out thatthis is unlikely due to the asymmetry of the effects. Subjects would be just as likely toforgo rehearsing the words after the high priority word.The Tulving study indicates a kind of negative access to the consolidation process.In this case it appears that because attention was shifted away from the consolidatingmemory learning was adversely affected. In and of itself this appears to be a usefullearning effect; if attention can be equated with interestingness or usefulness then a shift inattention would seem to indicate that the previous focus of attention was unworthy of beinglearned. This recalls the earlier discussion of complexity which equated processing withworthiness of learning. Other results, however, will show that this is misleading. There isa difference between a cognitive shift in attention of the type found in the Tulving study,and an environmentally driven shift in attention as might occur when passing through adoorway or mountain pass. Although working out the basis for this distinction will requirefurther discussion (the mechanisms are discussed in Chapter 5 and the process in the

20conclusion), it does appear to give credence to the case that the cognitive system has sometype of access to the consolidation process. This notion of cognitive access will be furtherdeveloped later in this chapter.Distributed vs. Massed PracticeAnother body of work that provides insight into consolidation concerns recallperformance in distributed versus massed practice trials. There are two related paradigmsinvolved. Typically both test recall of items in list learning experiments. In one paradigmthe variable to be studied is the length of time between words in the presentation of the list.In the second paradigm a target word is picked and the test condition is the frequency ofoccurrences of the word. In one group, the massed practice group, the word will appear aset number of times consecutively within the list. In the other group, the distributedpractice group, the target word will appear the same number of times in different locationsthrough the list. Essentially there are "rest" periods for the target trace between itspresentations in the distributed test while in the massed practice test the target word willappear the same number of times, but consecutively within the list; there is no rest. Theintent is to test the temporal interactions going on in learning. The second test paradigm isespecially interesting because it appears to get around the interference problem found in theTulving study. It is doubtful that a word would interfere with itself, so a strict interferencemodel would predict that performance would be better in the massed practice case than inthe distributed practice case. However, given that the time course of learning may belonger than the presentation rate, then each word may be still in the learning process whenit is again presented. Then the new presentation may have little effect. In the distributedpractice case, on the other hand, there will be "rest" periods between the presentations ofany given word. This should allow the consolidation process to be relatively complete bythe next presentation of the word, and hence the prediction would be that performancewould be enhanced.

21Hintzman (1969) reported results on experiments on the apparent frequency ofwords in massed versus distributed practice. Three experiments were performed along thelines described above. Two types of test were used: a paired-comparison test in which thedecision was to choose the more frequent of two alternatives. In the second test ajudgement of the number of appearances was asked for. In the first experiment, the testwords appeared consecutively 0, 1, 2, 4, 6, and 10 times. In the second and thirdexperiments, the spacing or number of items intervening between two repetitions wasvaried. Apparent frequency, as measured, by reported responses, increased with spacing.This would appear to back up Hintzman’s hypothesis that in the trials where the words arepresented consecutively, the presentations tend to meld together instead of being treated asseparate cases. However, it is important to note, that the analysis is not simple. As theTulving study indicates, there are a number of factors that need to be carefully considered.For example, in the distributed case the intervening words could actually interfere with thetraces of the target word as was noted before. The interference model could even bestretched such that words would interfere with themselves. Such an interpretation raisesother problems, however, such as why rehearsal is effective.ReminiscenceSo far the evidence reviewed for consolidation leaves a number of possibleexplanations available. There is compelling evidence that there is a process lasting fiveseconds or less which can be affected in both positive and negative ways. This descriptionis similar to the learning theory developed by Hull which hypothesized that learning wasdue to a stimulus trace that lasted approximately five seconds and rose and fell in strengthaccording to factors such as reward (Hilgard and Bower, 1966). Negative effects cancome from factors such as electric shocks, drugs, or interference from other cognitiveevents. Thus far the only evidence for positive effects has come in the form of certaindrugs which leaves open the question of whether cognitive events can have a positive

22influence on consolidation. There is, of course, a large literature on the effects of rewardson learning, but such rewards are physically manifested, such as food. This is not to saythat such instances are not important to the study of consolidation, indeed they are and theywill be addressed later in the dissertation, but they do not address the issue of positivecognitive effects. Fortunately, there is a related body of evidence which not only affirmsthat cognitive events can have a positive impact upon consolidation, but which alsoprovides insight into the issue of the process underlying consolidation. This evidence,called reminiscence, also happens to be the source of a great deal of controversy forlearning theorists.Reminiscence refers to an improvement in recall for an event over time. Moreproperly, reminiscence denotes improvement in performance of a partially learned act thatoccurs while the subject is resting. In other words, performance for a trained item might bepoor right after the training trial, but it can actually improve after a period of rest. A typicalstudy showing results of this type was done by Bregman (1967).Another large body of evidence for reminiscence concerns motor learning taskssuch as pursuit rotor tests (Eysenck and Frith, 1977). While it is not clear that there is adirect correlation between motor tasks and cognitive tasks, some of the variations donehave suggested that there are cognitive components that could account for the reminiscenceeffect.The two explanations for reminiscence most often advanced are consolidation andinhibition. Consolidation theorists generally explain reminiscence by the fact that inimmediate performance tests, the consolidation of the training trace has not yet completedand therefore performance will be poor. After a period of rest, consolidation finishes andsolidifies the memory trace, leading to better performance. Later degradation ofperformance comes after consolidation ends and normal forgetting sets in. The difficultywith this theory is the evidence that consolidation is complete in approximately fiveseconds. The longer time course associated with secondary consolidation is not helpful

23either because it does not explain why there is no performance increase associated with thelow arousal case. Inhibition theory, on the other hand, proposes that during practice thereis a build up of reactive inhibition which negatively affects performance. During restperiods, this inhibition has a chance to dissipate, leading to improved performance.However, in a pair of studies concerning the relationship of arousal and learning,Kleinsmith and Kaplan (1963; 1964) obtained results which challenged both of theseexplanations.Kleinsmith and Kaplan found that the reminiscence effect was very pronounced athigh levels of arousal, and nonexistent at lower levels. It is worth noting that arousal wasmeasured by item rather than by subject; so, for example, one subject would have high andlow levels of arousal within one trial. At high levels of arousal the recall curve isessentially a U rather than the traditional inverted U associated with learning. Immediaterecall is high, but quickly drops off to very low levels. However, after a period of severalminutes recall actually begins to improve, by as much as 400% in the original experiments,before falling off gradually in the long term due to natural forgetting. The Kleinsmith andKaplan results are difficult to interpret from a consolidation perspective because of the longtime lag involved. If consolidation only takes five seconds then it is completed long beforereminiscence effects begin to appear. The consolidation model on its own also affords noexplanation of the low arousal case when recall is high initially. Interference models havesimilar difficulty explaining these effects. The difficulty is in determining what is interferedwith and why such interference only happens when arousal is high. For these reasonsnumerous attempts have been made to replicate these experiments with most reproducingthe original results (Eysenck, 1977; Weingartner and Parker, 1984; Revelle and Loftus,1990).

24Theoretical BackgroundA number of theories have been proposed to deal with the evidence forreminiscence. Most use consolidation, others propose alternative mechanisms such asinterference, still others claim that the evidence for consolidation is too weak to base atheory on.Impediments to a Far-Reaching TheoryOne such argument, made against consolidation, is made by Keppel (1984).Keppel claims that the evidence cited in support of consolidation is "not very strong." Inparticular he reviews some of the literature on reminiscence and arousal and claims thatwhile most of the evidence is supportive, it is not compelling. Keppel claims that resultssuch as those obtained by Kleinsmith and Kaplan are so dramatic that they should be easilyreplicated. However, Keppel himself points to studies that strongly support the Kleinsmithand Kaplan data. The studies which he claim only marginally support the data, or do notsupport it all, use differing test paradigms, such as inducing arousal with white noise.Arousal induced through noise will have additional and different effects on a subject thanarousal stemming from some part of the test itself such as a particular test word. The noiseitself might serve as a distractor, shifting part of the subject’s attention away from the test.In general, it would seem that comparisons made between naturally occuring and inducedarousal would seem tenuous at best.Keppel concludes that cognitive theorists will "avoid explanations that view thehuman as a passive organism completely at the mercy of involuntary physiologicalprocesses." On the contrary, it is the very fact that consolidation and arousal areinvoluntary that makes them powerful. As was argued in the first two chapters, infantlearning and learning in new domains must be automatic and not deliberate. The power ofconsolidation, as it will be developed through the model presented in this dissertation, is

25that, in conjunction with arousal and other factors, it affords a different kind of evaluation,one which is flexible and sensitive to a range of architectural considerations.Keppel does raise some salient issues. The literature does not appear to supportany one theory. A number of reasonable mechanisms have been proposed, but when takenon their own, each falls short of providing a complete explanation of the data. When takentogether, the task of analyzing the end product becomes difficult due to the interactions ofthe pieces.Theoretical FactorsInterference TheoryThe leading argument used to explain reminiscence without the use of consolidationis interference (or inhibition) theory. Interference theory posits that the poor early recall isdue to interference from the original presentation of the word. As the subject rests, then theinhibition dissipates and performance increases. Peterson (1966), and Parker andWeingartner (1984) review some of the problems that inhibition theory cannot explain onits own. However, both propose models that use consolidation in conjunction with a formof interference.Inhibition is a well established neurological fact (Milner, 1957). The question withregard to consolidation and reminiscence, is whether inhibition on the molecular level, theneuronal level, shows up at the molar level; the behavioral level. A number of relevantmemory priming studies have been done to show just such effects. Neely presents onesuch study which shows an inhibitory effect at the molar level (Neely, 1977). The taskinvolved was a word-nonword classification task. Prior to each visually presented targetstring a priming string was presented. Subjects could expect certain relations between thepriming word and the target if the target were a word. For example, if the priming wordwere BIRD they could expect the target to be the name of a type of bird, this was called a

26no shift trial, because the prime was expected to be related and attention would not need tobe shifted. In the shift case, if the priming word were BUILDING the subject could expecta part of the body to be the target word. The control condition was a priming stringXXXX in which case the subject could expect a bird, or a body part, or a building partequally often. The subjects were then tested on their reaction times for differentcombinations of expectations and shifts. The results showed both priming and inhibitoryeffects when compared against the control conditions. Inhibition was most pronounced intrials where there was a shift to a totally unexpected word that was unrelated to the primingword.The evidence for inhibition, and studies such as Neely’s and the Tulving researchdiscussed earlier show that any complete model of learning must account for interferenceeffects. It is still far from clear, however, how interference alone can be used to accountfor the reminiscence data.Two Stages of MemoryMany information processing models include more than one stage of memory. Atypical model would include some short term memory store as well as long term memory.The evidence for at least two stages of memory is compelling (Miller and Marlin, 1984) anda number of other models (Peterson, 1966; Neely, 1977) have included two distinctmechanisms. Miller and Marlin call their two memory systems passive and active storage.These would correspond roughly to long term and short term memory. They argue that theestablishment of passive storage is a consequence of its representation in active storage.What most of the models with two stages have in common is a relatively transient, yetpowerful system for short term learning, and a weaker, yet more permanent system forlong term learning.The two stage model is appealing because it can easily account for half of theKleinsmith and Kaplan paradigm. In the low arousal case short term performance is high

27because the items are in the first stage of memory when retrieval is easy. However, such amodel cannot by itself account for reminiscence; the problem is how such a model canaccount for the fact that in the high arousal case there appears to be no short term memory.Indeed one of the reasons that the reminiscence data has come under fire is exactly becauseit appears to directly contradict the standard memory model which has long and short termmemory.FatigueA neurological concept that is less readily accepted is fatigue. The reluctance toaccept the fatigue construct comes as the result of experiments that involved constantlystimulating neurons. Since such neurons can keep firing indefinitely it has generally beenpresumed that they do not fatigue. Such data are not pertinent to the fatigue hypothesis,however, because these experiments have not typically measured the output of thestimulated neurons. Even a heavily fatigued muscle, for example, will still have the abilityto contract; where fatigue shows up is in the muscle’s diminished capacity to bear weight.Atwood, experimenting on crustaceans, has found in numerous cases (reviewed in(Atwood and Nguyen, 1990)) that responses of a neuron are "markedly reduced" afterchronic stimulation. While these data cannot be directly extrapolated to humans, theysupport the general theory.At the neuronal level the firing of neurons is a physical activity. Like any otherphysical activity this one requires at least one energy source. In the case of neurons thereare actually a number of materials necessary for producing firing, most important of thesebeing transmitter substances. Fatigue would presumably come when the consumption ofsome or all of those materials as a result of the neuron’s firing exceeds their replacementrate. As in the case of a muscle, such neurons might continue to fire when stimulated, butwould have a diminished capacity to stimulate other neurons.

28In terms of the Kleinsmith paradigm some of the best neurophsyiological evidencecomes from Artola and Singer (1993) who point to experiments which result in a"depression of synaptic transmission" which has a time course of 5-20 minutes, exactly theinterval that would be expected given the Kleinsmith paradigm data. Ito (1992) alsoreviews evidence of posttetanic depression in which "repeated activation of a synapse leadsto an enduring decrease of strength somewhat like fatigue."Much of the early research on fatigue was done at the turn of the century byKraepelin and his students. There are also modern studies that definitely show fatigue-likeeffects. Pomerantz, Kaplan and Kaplan (1969) found that in presenting subjects withrepeated flashes of a single letter each presentation had a positive effect on the subject’sability to recognize the letter up to a certain point. At that point, performance did not leveloff as might be predicted, but instead started to decline. This was interpreted as being aresult of satiation and fatigue at the neural level.Similar effects of fatigue can be found in perceptual data. One such phenomenon isknown as the "tilt aftereffect." When stimulated intensely for a period of time, cells in thevisual cortex suffer a temporary reduction in responsiveness. For example, if you were tostare at a pattern of bars tilted slightly counter-clockwise for a period of time and thenlooked at a pattern of bars that were vertical, the vertical bars would appear to be tiltedslightly clockwise. This effect has been tied to fatigue in the cortical cells (Sekuler, Blake,1985). These results are sometimes received skeptically because they can also be explainedby receptor fatigue which is different than neural fatigue. The Necker cube, an illusion thatwhile visual is a 3-dimensional effect and therefore probably does not directly involvereceptors, can be similarly explained using fatigue. The basis of this explanation is thehypothesis that the two possible interpretations of the Necker cube inhibit each other; atany given time one interpretations dominates the other and inhibits it, but eventually itfatigues and the other will begin to dominate.

29The analysis of fatigue provides an excellent example of the difficulty of studyingcognition purely at the neural level. The amount of provable knowledge at this level isextremely limited. Models built out of only what is known would necessarily beincomplete. On the other hand simply speculating that something like fatigue exists is alsodangerous. Hebb faced this very dilemma when he first presented his cell assemblytheory. Hebb knew that his model needed certain factors, in particular inhibition, to makeit work, but because there was no provable evidence for these factors he decided to leavethem out of his model. The problem with such a decision is that an incomplete model willhave glaring weaknesses. In the case of the cell assembly model this was showndramatically in simulations done by Rochester, et al. (1956). These simulations are stillcited to this day as evidence for why cell assemblies are not plausible. This is doublyunfortunate because the same paper shows that the cell assembly construct is plausible withthe addition of an inhibitory factor. Had Hebb included inhibition in his original model thecell assembly concept might be much more prominent in the literature and it certainly wouldbe given closer scrutiny. The issue for cognitive theorists is how to decide when suchfactors can be plausibly hypothesized. One of the major thrusts of this dissertation will bethe necessity of the fatigue construct. Because neural fatigue is still not generally acceptedby neuroscientists the basis for including fatigue will necessarily be theoretical.Throughout this dissertation I will return to the fatigue concept to show how it is useful inproviding clean explanations for data that is otherwise difficult to explain. This is a primeexample of why a model that bridges the neural and behavioral levels is potentially souseful, because in the absence of good evidence at one level, the other level may providethe additional constraints necessary to complete a model.The first piece of evidence that makes the neuronal fatigue construct attractive is theway it can be used to explain the reminiscence data. The difficulty of the reminiscence datalies in the asymmetry of the effects; high arousal appears to strengthen learning, but only inthe long term. If high arousal always lead to improved recall performance versus low

30arousal than it would be simple to create a model that directly links learning and arousal.The low arousal effects are easily explained because they fit the predictions that mostmodels would make. The central piece of a reminiscence theory, therefore, must afford anexplanation of why short-term recall is poor when arousal is high. Further, such a theorymust do so in such a way that short-term recall will still be high when arousal is low.To build such a theory a reasonable starting point is to examine the effects ofarousal on the cognitive system. The major effect appears to be that neural activitybecomes more intense and concentrated (Oades, 1985). One conclusion that could bedrawn, therefore, is that learning strength is related to the intensity of activity. Further, onemight speculate that something about the intense activity leads to a situation where short-term recall is poor. Fatigue provides a simple explanation as to why this might be the case.The neurons in the areas of intense activity will naturally expend large amounts ofresources and therefore become abnormally fatigued. Since these cells are fatigued theywill be less sensitive to reactivation until the fatigue dissipates, and therefore theinformation that they code will be temporarily inaccessible. When arousal is low, on theother hand, activity will be less intense and not as much fatigue will build up. In such acase the information coded will be easily retrieved because of short-term memoryconsiderations.Putting the Data TogetherThe number of factors involved in reminiscence seems rather imposing. Designingexperiments that completely isolate the various components is difficult at best.Unfortunately, in the bulk of the literature little heed is paid to the interactions of thesecomponents. Interference theorists, for example, may not acknowledge a fatiguecomponent and therefore would design their experiments concentrating purely oninterference. (Actually, fatigue can be viewed as a form of self inhibition, or reactiveinhibition as it is usually called.) Even aside from the three mechanisms already mentioned

31there are still others. As discussed earlier, the reminiscence data points to an arousal factor.Most models take at least one of these components as a major tenet and combine them withsome notion of consolidation. The results have been mixed.The contribution of the TRACE modelConsolidation and ReminiscenceOne model does exist which purports to account for all of the consolidation andreminiscence data - it is the TRACE (Tracing Recurrent Activity in Cognitive Elements)model (Kaplan, et al., 1991). The TRACE model is actually quite similar to theexplanation originally put forth by Kleinsmith and Kaplan for the reminiscence data. Theirexplanation relied on the fact that events are represented in the brain by neural circuits.Under conditions of high arousal such circuits would become highly fatigued and thereforewould be difficult to reactivate thereby causing poor short term performance. Conversely,under conditions of low arousal there would be little fatigue and, due to short term memoryeffects, performance would be good. The neural circuits referred to by Kleinsmith andKaplan are called cell assemblies in the TRACE model as TRACE is an updated version ofHebb’s cell assembly theory.The assumption that cell assembly theory is built upon is that a given thoughtcorresponds to a particular firing pattern in a collection of neurons. These neurons,because they are strongly connected to each other, tend to form a unit; when some portionof them become active they all become active. The activation of such a unit corresponds towhatever that unit, or cell assembly, represents being perceived. TRACE models thedynamics of an active cell assembly.In TRACE, learning is based upon a variation of the rule that Hebb proposed forhis own cell assembly model (1949).Whenever an axon of cell A is near enough to excite a cell B and repeatedlyor persistently takes part in firing it, some growth process or metabolic

32change takes place in one or both cells such that A’s efficiency, as one ofthe cell’s firing B is increased. (p. 62)The result of this learning rule is a direct correlation between the activity of a cellassembly and learning. As long as the cell assembly is active there will be Xs firing Ys andtherefore learning will be taking place. Therefore in the TRACE model the time course ofconsolidation is exactly the same as the time course of activity of the cell assembly. Thistime course can be interrupted, therefore interfering with learning, and it can be intensified,therefore enhancing learning.The TRACE model also incorporates all of the theoretical factors that appear to beimportant in modelling consolidation and reminiscence effects. TRACE (or more properlySESAME, the cognitive architecture of which TRACE is a part) includes several forms ofinhibition, a mechanism for short term memory, and fatigue. All of these mechanisms aretheoretically derived in TRACE and each has predictable effects on the time course ofactivity of the cell assembly modelled in TRACE. Fatigue, for example, is required in acell assembly model in order to ensure that a cell assembly does not remain activeindefinitely. Short-term memory, on the other hand is one side-effect of short-termconnection strength, a factor in the TRACE model which functions both to provide short-term memory and also to provide cell assemblies with a temporary boost that allows activityto become strong enough that the cell assembly can sustain itself through reverberation.Inhibition comes in several forms and can serve to shut off cell assemblies under conditionssuch as perceptual competition and attentional shifts. While it would be wrong tocompletely separate any of these factors from learning, the derivation of how they impactactivity in TRACE does not rely upon any of the evidence reviewed in this dissertation(though some of this evidence is used as support). Fatigue, for example, is not an ad hocmechanism needed because of the reminiscence data, but rather has a theoretical meaningfulrole in the time course of activity; that it provides an explanation for reminiscence merelylends further credence to its existence.

33On the other hand, the original TRACE model did not include arousal. The reasonfor this is that arousal does not have a general, predictable, role in the time course ofactivity of a cell assembly. A cell assembly will behave in different ways based uponwhether arousal is high or low. TRACE models the generalized - ideal - case. Further,arousal, unlike fatigue, is a well documented physiological construct so although it may notbe necessary to include arousal when modeling the general case of the time course ofactivity, it is necessary to include it when modeling particular domains, such as thereminiscence data.

34CHAPTER 3CREDIT ASSIGNMENTGiven the hypothesized relationship between consolidation and learning, a basicmodel of human credit assignment can be abstracted. In its simplest form such a modelwould posit that the representation for a given event consolidates for up to five seconds.During this time associative linkages can be made to the representations of otherconsolidating events. The strengths of these linkages are determined by the temporaloverlap of the consolidation periods of the representations. For example, an event wouldbe more strongly linked to another event which followed one second later than one whichfollowed three seconds later because the consolidation periods have more overlap with aone second time interval. Further, this five second time interval can be impacted by factorssuch as attention, arousal and context . In this way the five second interval acts as ageneral heuristic which can be flexibly adjusted according to the situation.The question remains, however, as to whether this five second period is longenough to account for the power and diversity characteristic of human learning. Becausethe emphasis in consolidation research has been on determining the nature of whatconsolidation is, little attention has been given to how consolidation fits into the largerframework of learning. Fortunately there has been work in the machine learningcommunity which indicates that a consolidation-style model is potentially quite powerful inits ability to learn. In particular, Sutton (1988) has studied similar issues. He calls modelswhich address these issue temporal difference models and the basis for the relative powerof a temporal difference model is directly related to the length of the temporal interval ituses. To understand this work is it helpful to examine the role of time in credit assignment.

35Credit assignment and timeTime adds a great deal of uncertainty to the credit assignment problem. There are anumber of reasons for this. First, since the effect of an action is not necessarily immediate,the length of time between the action and when its effects are finished cannot be knownwithout a model of the action. These delays make it impossible to know which action isresponsible for which outcome when there are intermediate actions before the ultimateconsequence of an action. The intermediate actions add further uncertainty because theytoo may impact the consequence of a previous action. Without a domain theory to sortsuch issues out there is no way to equate actions and outcomes with certainty. Since adomain theory presupposes knowledge, in the general case when a domain theory is notavailable, time would appear to make the credit assignment problem intractable.Fortunately, however, the real world is not quite the general case and certainheuristics, while not providing a "solution" to the credit assignment problem, can affordeffective methods for building domain knowledge. These heuristics could be considered asa kind of domain theory of the world as a whole.The starting point for such heuristics is determining what a reasonable temporalinterval might be between actions and consequences. A simple heuristic would be toassume that actions do have immediate consequences. Such a heuristic could be called acontiguity rule, because it assumes that things that are next to each other (in time) arerelated. Indeed it is the case that some type of contiguity rule is a part of nearly everylearning theory. At the other end of the temporal spectrum would be a heuristic which usesextremely long time intervals. In a domain such as a chess game, for example, a learningsystem using this type of heuristic would wait until the end of the game before assigningcredit to individual moves; by contrast a contiguity-based system would assign credit frommove to move. The advantage of using long intervals is that it virtually assures that theconsequences of an action will be finished before credit is assigned. On the other hand, theproblem of intervening actions becomes very large. In chess an individual move may be

36perfect for the situation in which it occurred, but the game may be lost anyway. With along interval scheme, that move would be assigned blame equally with all of the othermoves even though it might have been the best move in the game. On the other hand, overthe course of time good moves should participate in wins more often than poor moves andvice versa. Short intervals, by contrast, avoid the intervening action problem, but cannoteasily handle actions with delayed consequences. Short intervals also require far lessstorage since only a few things at a time are linked. Of course intermediate length intervalsare also possible.Temporal difference analysisIn Sutton’s analysis (1988), a generic temporal difference system makes aprediction and then at a specified time interval later updates that prediction based upon thenew state of the world. It then will update the mechanism used to make the originalprediction based upon the new information. In chess, for example, the prediction might bewhether or not the current position will lead to a win, or what the best move in a situationis. Several moves later the system makes a new estimate and updates the evaluationfunction responsible for the original prediction, the idea being that the later evaluationshould be more accurate. Examples of temporal difference systems include Samual’scheckers playing system, Holland’s Bucket Brigade algorithm, and Sutton’s own AdaptiveHeuristic Critic. Sutton’s work examines the issue of the temporal interval size in somedetail. Sutton calls systems that use a maximum interval size supervised, implying that bywaiting for final outcomes these systems are effectively getting perfect information as iffrom a teacher. This may be possible in games, but it is not necessarily possible in realworld situations. What is surprising, especially since Sutton only used situations with welldefined outcomes, is that he found that temporal difference systems, particularly ones usingdifferences of only a few time steps, clearly outperformed supervised systems on learningtasks. Performance, in this case, was measured by how long such a system took to

37converge to an optimal solution. Another researcher, Tesauro, interested in computerbackgammon and skeptical of Sutton’s results, applied a simple temporal difference modelto backgammon. Tesauro’s system, which used very simple board representations andstarted out with no knowledge whatsoever, was able to learn to the point where Tesaurojudged it superior to every machine backgammon system, including systems that had beentrained on massive human expert data sets (Tesauro, 1992).The advantage found in temporal difference systems using shorter time intervalsappears to stem from the intervening action problem. Essentially what such systems do isbuild causal sequences. When a chess game is lost, for example, the loss will only affectthe most recent few predictions. However, the next time the states where these predictionswere made are reached, the negative effects of the loss will propagate further backward toother states (Figure 3.1). Rather than predicting what the end result of a game will be, theystart out by predicting the state of the game a move or two later. As learning progressesABCD

Loss

ABCD

LABCD

Loss

L La)b)c)Figure 3.1: In a) the sequence A - B - C - D leads to a loss. In a simple temporaldifference scheme at the next occurrence of D the loss will be predicted as in b). Further,this prediction will then be propagated back to C such that C predicts a loss.

38and the predictions become more accurate, then the predictions will begin not only topredict the state of the game a few moves later, but also the final state as well. In such asystem the individual sequences (of only a few steps), become akin to building blocks.When an individual sequence is learned well enough, then it can begin to function as a sortof intermediate goal. For example a particular board position in chess may be as good as awin because it will always lead to wins. Further, though it might take longer than withsupervision, short intervals can also effectively capture relationships between actions andoutcomes which do take long periods of time because of this building block function(Figure 3.2).Pure temporal difference analysis does not necessarily apply to the real world, butthe principles remain the same. The first problem with applying temporal differencemodels to the real world is evaluation. Whereas domains such as chess have clearevaluations, most real situations are not so clear cut. Second, temporal difference modelsassume that every prediction along the way is for the same event and therefore do notdirectly apply to situations where multiple goals are being pursued. Third, some of themrequire associating knowledge with specific states, thereby necessitating that the system cantrack all of the states of the world. Nevertheless, theories of human behavior such asdrive-reduction or pleasure maximization can be cast in temporal difference terms. In suchtheories the evaluation functions are pleasure and pain and every prediction is made in orderto maximize pleasure and reduce pain. Further, temporal difference analysis shows thepotential advantages of short time interval heuristics.While the temporal difference construct is framed purely in terms of machinelearning, it is quite similar to the analysis of animal learning done by Hull (1943). Hullargued for exactly the kind of sequence chaining described here. Further, in reviewing theevidence for such a theory, Hull concluded that the temporal intervals involved in linkingthe elements of the chain were extremely short, on the order of a few seconds. Hull’stheory also extended to the kind of backward chaining shown in Figure 3.1, for which he

39ABCD

Loss

ABCD L La)b)c)ABCD L L

L

LXBCD Win

L L

LXBCD L Ld)e)A

LFigure 3.2: In this series of figures state A leads to a loss, though there must be severalintervening moves as shown in a). In b) and c) several occurrences of the sequence lead toa configuration where A predicts a loss. In d) when B, C, and D are preceded by adifferent state they lead to a win. In such a case the predictions of C and D (for example)would be updated to reflect that they no longer necessarily lead to a loss. This is shown ine) which just shows the predictions made at each state. Note, however, that X will predicta loss because it leads to states which had previously predicted a loss.used the more formal psychological term secondary reinforcement. As an example ofsecondary reinforcement, Hull used the original experiments which were carried out inPavlov’s lab. In this experiment dogs were presented with the ticking of a metronome forapproximately a minute and then a few seconds later the dog would be given meat powder.

40Eventually the dogs would learn to salivate at the sound of the metronome; a reaction Hullcalls an ordinary "first-order" conditioned reflex. Next the dog would be presented with ablack square and then shortly thereafter the sound of the metronome again. After a numberof presentations the dog will begin to salivate at the sight of the black square. For Hull thisis an example of a "higher-order" conditioned reflex.In terms of timing from a credit assignment perspective, therefore, it would appearthat relatively short time intervals are superior for learning. Further, in reviewing evidenceon conditioning, Hull (1943) has concluded that animals also build sequences using shorttime intervals, later determined to be on the order of five seconds (Hilgard and Bower,1966). All of these factors lend further credence to the supposition that consolidation canprovide a powerful basis for learning.Human credit assignmentFactoring the needs of a biological organism into the credit assignment questionadds a number of constraints to the credit assignment question. These needs appear to havebiased humans away from a rigid approach, but toward a more flexible learning systemsensitive to factors such as importance and recency. These biases in learning are ofteninterpreted as being flaws (Nisbett and Ross, 1980; Allman, 1985), because they aredepartures from pure rationality, but when viewed from an adaptive perspective they appearto be reasonable adaptations to the difficulties of survival. Combining them it is possible todraw a general portrait of human credit assignment.The basis for human credit assignment appears to lie in learning sequence. Alearning rule for learning sequence is based upon contiguity; linkages are made betweenthings that are experienced close together in time. Aside from the apparent theoreticaladvantages of such a system, there is psychological evidence that humans learn in such afashion (Hull, 1943; Hilgard and Bower, 1966) as well as the evidence provided by theconsolidation data. The learned sequential relationships are not simple, however, but are

41weighted by a number of factors relating to adaptive issues such as safety. Among theseare repetition, a factor which emphasizes the familiar over the novel, and importance, afactor which presupposes that the organism is capable of differentiating the relative degreeof importance in certain key situations and which appears to be related to arousal.Contiguity, repetition and importance will be emphasized throughout the rest of thisdissertation, both at the molecular, the level of neurons, and the molar, the level ofbehavior, levels. The next chapter presents a model which not only accounts forconsolidation, but which also specifies the role of contiguity and repetition at the molecularlevel; in this case consolidation is the molecular repetition of a contiguity learning rule. Asignificant portion of the dissertation will be devoted to showing that the learning systemgains a great deal of its power by its ability to vary the amount of repetition of neural firing,which automatically impacts the strength of learning.Aside from specifying the model in detail, later chapters will deal with how thehuman cognitive architecture as a whole can automatically detect importance. The result isa learning system which implements a domain independent credit assignment system thusaffording the cognitive system enormous flexibility in learning.

42CHAPTER 4THE TRACE MODELThe data reviewed in the previous chapter defines the basic parameters of what amodel of consolidation must achieve. As was argued in that chapter, human consolidationis surely more than a simple ballistic process which results in the same learning ruleregardless of the situation. Aside from defining TRACE, the basic model used to accountfor consolidation, this chapter will spend significant space on some of the various ways inwhich the cognitive system interacts with the consolidation process. At times this will bedifficult because the TRACE model attempts to isolate one small portion of the wholesystem. For this reason some issues will be left unresolved until a later chapter when amore complete model will be presented.TRACE is not a new model. It was developed in the late 1960s, but was notformally presented until recently (Kaplan et al., 1991). However, TRACE, as originallypresented, is not theoretically complete enough to address all of the consolidation data, thelack of arousal in the model being one notable example. This chapter will include a shortpresentation of the basic TRACE model and a discussion of some of the model’sshortcomings with regard to consolidation. The next chapter will be devoted to examiningthe model in detail and updating it in order account for the consolidation data.Model propertiesTRACE is an updated version of Hebb’s cell assembly construct (1949). A cellassembly is a highly interconnected group of neurons that form a reverberating circuitwhich can sustain activity. Storing information in memory is achieved by strengthening of

43the appropriate cell assemblies; retrieval from memory is the reactivation of these sameassemblies. Cell assemblies serve as the basic unit, or building block, of thought. In asystem based upon cell assemblies, thought is directly related to the activity of cellassemblies. Kaplan et al. define four roles of activity for cell assemblies (1991). 1)Activation and perception. In the TRACE model perception occurs when an environmentalevent leads to a high level of activity in a corresponding cell assembly. 2) Peak activationand dominance. Connectionist models tend to view perception as a competitive process.Those potential percepts receiving the greatest support are presumed most likely to inhibitalternative interpretations of the same stimulus configuration. This same competitiveprocess presumably applies to thought as well. 3) Activation and primary memory. James(1892) described primary memory as memory whose retrieval requires no effort. Primarymemory immediately follows perception. 4) Activation and consolidation. Activity is alsothe mechanism of consolidation. The learning rule proposed by Hebb directly correlatedactivity and consolidation; this dissertation will propose several important modifications,but the essence of the rule will remain intact. Consolidation in the TRACE model comes asa direct result of the reverberation of the cell assembly. While the fourth role of activity ismost obviously related to consolidation the other three will also be referred to throughoutthe dissertation.Hebb assumed that long term memory is realized by changes in synaptic strengthand that this synaptic strengthening is in turn determined by contiguity and repetition ofneural activity. Hebb (1949) expressed this assumption in the cell assembly learning rulewhich was discussed in the consolidation chapter. Such a rule directly correlates activityand learning. Consolidation occurs when neurons fire repeatedly; the more times a neuronfires the more synaptic changes take place. If all neural firings lead to the same amount ofsynaptic change then interrupting a cell assembly’s activity halfway through theconsolidation period would lead to a level of learning half as strong as what normallywould be achieved. Given that the consolidation period is thought to be about five seconds

44this means that a cell assembly, once activated, will be active for approximately fiveseconds.Model specificationsThere are a number of difficulties with specifying a cell assembly model, manyarising from the large number of unknowns at the cellular level. Knowledge of theproperties of neurons is still incomplete enough to make the specification of a model at thatlevel a formidable task. The TRACE model represents an intermediate solution bymodeling the global dynamic behavior of a cell assembly without specifying the detailedinteractions between each of its component neurons. In many respects this is similar to themodels of population dynamics used by ecologists. The advantage of such an intermediatesolution is that it affords an opportunity to study cell assembly behavior without making asdeep a commitment to implementation details. Further, the constraints generated inexperiments with such a molar level model can serve to guide the construction of futurenetwork models and can specify quantitative behavior which such models can strive toduplicate. In many ways this dissertation represents such an effort by further constrainingand defining the range of behaviors appropriate in a cell assembly.The basis of the TRACE model is a collection of state variables representing the keyfactors that influence activity in a cell assembly. These factors are collected together in asystem of simultaneous equations and can be grouped into four primary conceptualdomains: input, prior experience, competition and control.InputAn input pulse in this simulation is designated I. Input provides the initial impetusfor activity, but in a well-learned cell assembly, the strong interconnections among theneurons assure the spread of activity after that activity has reached some critical level.

45ExperienceThe connection strength between elements in a cell assembly reflects thecorresponding prior experience of the organism. This latent long-term structure isexpressed as L in the simulation. Conversely, in a cell assembly that is not well learned,some factor that could substitute, albeit partially and temporarily, for the stable connectionsthat will come to define the cell assembly is necessary. This hypothetical short-termconnection strength (STCS) is designated S.CompetitionThe importance of inhibition has already been raised several times in thisdissertation. One of the key factors which influences the activity of a cell assembly comesin the form of perceptual competition; presumably a given input will tend to stimulate anumber of cell assemblies and only one will become dominant and therefore be perceived.This competition is not expressed directly in TRACE, but rather is modelled in terms ofactivity since the amount of competition is proportional to how active the cell assembly is.ControlSince the basis of the cell assembly is positive feedback there needs to be acounterbalance to prevent a cell assembly from remaining active indefinitely. This factor isfatigue, designated F, which has already been introduced in the previous chapter. Inaddition there is an upper bound on the amount of activity in a cell assembly due to the factthat it is comprised of a finite number of neurons. The final control on activity is thestochastic tendency of units to drop out over time.The TRACE equationsThese factors come together in a system of simultaneous difference equations (forgreater detail on how these equations were defined see (Kaplan et al., 1991)). Activity in

46these equations is designated by P, in memory of perseveration, a term for persisting neuralactivity. It is important to keep in mind that P (and all other state variables) is boundedbetween 0 and 1 where the value represents the portion of active elements at time t.Conceptually it is possible to separate those factors that contribute to the rise of activityfrom those that contribute to its fall, such thatDP = DPrise - DPfall(1)The rise is influenced by input, positive feedback, the number of units left toactivate and the sensitivity of a given unit to become active. The sensitivity, designated V,is a function of L, S, and F. Combining these factors yieldsDPrise = (P + I (1 - P)) (1 - P) V(2)The sensitivity represents a gathering together of all of the factors that make a latentcell assembly more readily activated. This can be represented by1V(t) = (L˚+˚S)˚(1˚-˚F)n(3)where v is a constant preventing V from exceeding unity.The decline component is composed of two factors, namely competition and loss.Just as the rise component benefits from high V, the reverse is true for the fall component.Drawing these factors together yieldsDPfall = ( Pql + P (1 - P)qc ) (1 - V)(4)¿1 and ¿c represent the tendency of units to drop out and a competitive factor respectively,and are constants.Substituting the rise component DPrise and the fall component DPfall into equation(1) yields the complete expression for DP, such thatDP = (P + I (1 - P)) (1 - P) V - ( Pql + P (1 - P)qc ) (1 - V)(5)

47The functions for fatigue DF and for short-term connection strength DSDF = fg P (1 - F)2 - fdF(6)DS = sg P (1 - S)2 - sd S(7)are essentially similar: they both depend on the activity level P; they are both limited bytheir maximum value of unity; they both decay gradually and contain constants whichmodify the rates of growth and decline.The input equation is not designed to model a particular input, but instead aprototypic input. The input functionI(t) = � a ˚ ˚ w h e n ˚ ˚ 0 ˚ < ˚t˚£ ˚d0.0˚˚when˚˚t˚> ˚dmakes no assumptions about the nature of the input beyond the fact that it has amplitudeAlpha for some duration Gamma and then ceases.A typical run of the TRACE model is shown in Figure 4.1. Table 4.1 summarizesthe TRACE equations along with the parameter settings used in Figure 1.DiscussionThe TRACE model as originally presented was found to meet the theoreticalconstraints which guided its construction. Further, it was found to be robust with regard toits parameter settings. However, the consolidation data presented in the previous chapteradds an additional set of constraints. At first glance the TRACE model would appear toadequately account for consolidation because its learning rule in conjunction with the fivesecond activation period specify a system in which an interruption of activity will result inthe kind negative impact on learning found in the literature. Further examination, however,shows that TRACE has difficulty with several facets of the consolidation data, especiallywith regard to reminiscence. First and foremost is the fact that TRACE has no arousalvariable. This is accounted for in the original model by assuming that the unit beingmodeled is functioning under "ideal circumstances." "Ideal circumstances" in this casemeans a high level of arousal. The second problem, which is difficult to infer from Figure4.1 is the nature of fatigue and short term connection strength. A hint of the problem can

48be found in Figure 4.1 by noticing that both STCS and fatigue approach near maximumvalues in a fraction of a second. This is reasonable for STCS which must build up quicklyin order to provide the temporary connections necessary for a weak cell assembly to remainactive. However, in the case of fatigue it is more difficult to justify. What currentlyhappens is that fatigue quickly builds to a near maximum and then slowly forces the activitylevel of the cell assembly down at a near steady pace. The result is a system which isnearly as fatigued after five seconds of activity as it was after a half second. This problemwill turn out to be the central stumbling block to modeling the reminiscence data withTRACE and considerable space will be devoted to it later in the dissertation.Time (in ms.)00 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7

0 . 8 1

35791 52 53 54 55 56 57 58 59 51 5 0

2 5 0

3 5 0

4 5 0 Figure 4.1. The time course of activity in a well learned cell assembly. Inputoccurs over the first 10 time steps (100 msec). The time scale is distorted to emphasize thedifferent phases of activity.

49Table 4.1. The TRACE difference equation system as simulatedP(t+1) = P(t) + DPDP = (P + P_ I) P_ V - (Pql + P P_ qc) V_V = (L˚+˚S)˚F_nF(t+1) = F(t) + DFDF = fg P F_2 - fdFS(t+1) = S(t) + DSDS = sg P S_2 - sdSL(t+1) = L(t) + DLDL = 0.0I(t) = � a ˚ ˚ w h e n ˚ ˚ 0 ˚ < ˚t˚£ ˚d0.0˚˚when˚˚t˚> ˚dVariableInterpretationInitial conditionP(t)perseverance, activityP(0) = 0.01F(t)fatigueF(0) = 0.01S(t)short term connection strengthS(0) = 0.01L(t)long term connection strengthL(0) = lI(t)external inputI(0) = 0.0ParameterInterpretationUnmodified valueqlunit loss5qcinhibitory competition9nnormalization factor1.5fgfatigue growth0.14fdfatigue decline0.0001sgshort term connection strength growth0.4sdshort term connection strength decline0.00015linitial long term connection strength0.5ainput amplitude1.0dinput duration10X_ denotes the quantity (1-X). The state variables P, F, S, and L are evaluated at time t inthe equations for DP, DF, V, and DS; the input variable I is evaluated at t+1.

50In the next chapter I will examine the TRACE model in detail, paying specialattention to consolidation. The goal of this chapter is to show how systematicallymodifying TRACE, in accordance with the underlying theory of cognition that it isgrounded in, can account for all of the consolidation data while retaining the modelproperties and results already achieved. One must be careful when performing such anundertaking not only to be cognizant of the goals of the modifications, but also of the goalsof the original simulations. Any modifications which violate the results or even the intentof the original model should not be made lightly, but must somehow be shown to benecessary and to advance the overall theory as well.Such a simulation philosophy has always been a principle behind the SESAMEarchitecture of which TRACE is a part. Remember that TRACE itself is an approximation.One of the guiding directions of research in SESAME is based upon the usefulness ofsuccessive approximation where each version of a model is slightly more refined than theprevious version. Rather than building models that are "doomed to succeed" because theycan become arbitrarily complex according to the task domain, the SESAME philosophy isto build models that will inevitably fail because they are as simple as possible. The goal ofbuilding a comprehensive model from scratch is simply too large and difficult. Thesuccessive approximation approach assumes that a more reasonable approach is to attacklarge problems in small pieces. This approach relies upon the effective exploitation of thefailures that are generated. In this dissertation, for example, I start with a model which hasbeen constructed to meet a certain set of theoretical constraints. And, while the modelappears capable of accounting for the new constraints outlined in the previous chapter, itmust be modified to do so. For example, arousal was not included in the original modelbecause it was not needed to meet the constraints faced. Therefore this model wouldinevitably fail when faced with constraints dealing with arousal. However, if the model issufficiently robust then an additional factor like arousal should not disrupt the results

51already attained. Further, the addition of arousal is not simply an ad hoc solution to a flawin the model, but it arises from a strong grounding in theory.1In the remainder of the exposition I replace the functional notation X(t) withthe simpler notation X. It should be understood that a variable X which appears in the righthand side of an equation is evaluated at time t.

52CHAPTER 5TRACE AND CONSOLIDATIONThe consolidation data reviewed in Chapter 2 focused upon the factors that hadpositive and negative effects on the consolidation process. This chapter will examine themechanisms underlying these effects with the major theoretical division being betweenthose mechanisms which have a positive effect and those which have a negative effect. Inaddition there is a section on the special case of input.Positive factorsIn connectionist systems there is generally one source of positive influence on aunit’s ability to fire: connections from other units. It is tempting to include input as asecond factor, but, on the one hand input can be seen as coming from other units, and onthe other, as we shall see, input as a general category does not always have a positive effecton a unit’s ability to fire. This is mainly due to perceptual competition; an input by itselfwill always have a positive impact on a unit, but many times input will be accompanied byinhibition from other cell assemblies stimulated by the input. Direct stimulation is not theonly factor which can have a positive effect on consolidation; the SESAME architecturealso contains control mechanisms which alter the sensitivity of units. Arousal is anexample of such a factor; although it will not directly cause a unit to fire, it will have animpact upon the likelihood of firing and on the firing rate.

53Long-term connection strengthLong-term connection strength (LTCS) is a measure of the ability of one neuron tofacilitate the firing of another. Within the TRACE model high LTCS corresponds to a cellassembly that is well learned and low LTCS corresponds to a loosely formed cell assembly;LTCS, therefore, is a measure of experience. Since higher LTCS brings an increasedability for neurons within the cell assembly to fire each other, higher LTCS should lead toan increase in consolidation. However, the analysis is complicated by the fact that thehigher rate of reverberation will also lead to more intense fatigue. The increase in the rateof fatigue might lead to a kind of canceling effect, nullifying the increased connectionstrength. The empirical evidence does not appear to strongly favor either point of view.This issue will be examined in more detail later in the dissertation after fatigue has beencarefully discussed. For now the assumption will be in accordance with Hebb, whohypothesized that the increase in structure associated with learning (and hence increasedLTCS), will lead to enhanced reverberation.Simulation runs with different levels of LTCS show the effect of the construct onactivity and consolidation within the TRACE model (Table 5.1). The table shows theperformance of the TRACE model with different LTCS parameter settings ranging from0.2, which is considered to be approximately what the connection strength of a new cellassembly will be, to 0.5, which corresponds to a well learned assembly. The key columnswith respect to learning are the Consolidation column which shows how long each cellassembly will consolidate in tens of milliseconds and the Peak column which provides anindication of the intensity of activity. In learning terms a well learned cell assembly willconsolidate approximately 50 per cent longer than a new cell assembly and since the peak ishigher as well, the consolidation period will be more productive.

54Table 5.1. Effects of long-term connection strength parameter changesParameterPeakPerceptionConsolidationLong-term connection strength0.2.700382950.3.720403300.4.741473730.5.75952427The leftmost column gives the value of LTCS. The Peak column shows the peak value ofactivation during perception. The Perception column shows the length of the perceptualperiod. The Consolidation column shows the length of the consolidation period. All timesare in tens of milliseconds.Short term connection strengthPerception is a competitive process. Because most objects share features with atleast a few other objects, a given input configuration is likely to stimulate a relatively largenumber of cell assemblies to varying degrees. Considerable space in this chapter will bedevoted to the nature of the competitive process which results in the activation of a singlepercept out of the large number initially stimulated. This percept is determined by factorssuch as the degree of match to the input and the internal connection strength of thestimulated cell assemblies. The competitive advantage that cell assemblies with high LTCShave over those that have over those with low LTCS is pronounced because thereverberatory mechanism, which allows one to perceive a whole object when getting apartial input, is mediated by LTCS. Higher LTCS facilitates reverberation, making a cellassembly more sensitive to activation. Conceptually, a cell assembly is a kind of attractor;if an input is a close enough match it is taken to be an example of the object the cellassembly represents. The potential drawback of such an arrangement is that new objectscan easily be mistaken for well learned ones. This is due to the fact that a poor match maybe enough to start reverberation in a cell assembly with high LTCS, whereas a cell

55assembly which is a particularly good match for the input, but which has low LTCS maynot be able to sustain reverberation because of its relative lack of structure. Since the abilityto recognize new inputs is critical, some factor is necessary to compensate for low levels ofLTCS within a cell assembly. In TRACE it is STCS which provides a temporary increasein connection strength amongst the neurons in a cell assembly. One side effect of STCS,which is critical with regard to reminiscence, is that this increase lasts for about 20 minutes,providing one type of short term memory. The functionality of STCS, therefore, includesproviding a temporary boost to weak cell assemblies and providing for a kind of short termmemory.The major effect of STCS on consolidation, therefore, should be to provide thenecessary temporary connection strength to allow consolidation to happen. Without STCSpoorly learned cell assemblies may lack the internal structure necessary for reverberation.Beyond that, however, STCS need not impact consolidation to any significant degree.STCS appears to come as the result of a process known as post tetanic potentiation(PTP). PTP is a relatively simple effect, the essence of which is that neurons that haverecently fired will be temporarily more likely to do so again (Ito, 1992; Artola and Singer,1993). From a functional point of view STCS must quickly reach a peak level in order toprovide enough of a boost for weak cell assemblies to compete with stronger ones. Thismeans that any cell assembly that achieves a perceptual level of activation should generate anear maximal level of STCS.Like LTCS, STCS is already a part of the TRACE model. Also like LTCS, STCShas already been shown to meet the necessary constraints including its negligible impactupon consolidation as shown in Table 5.2. STCS plays considerably different rolesdepending upon how well learned the cell assembly is. When the circuit is not well learnedSTCS is critical in providing the support to generate enough activity for perception andtherefore consolidation. However, once the level of STCS is great enough to allowperception, further changes in STCS have a minor impact upon consolidation. In such

56cases STCS’s role in consolidation is that of an enabling mechanism. In well learnedassemblies, on the other hand, the role of STCS is further diminished as no STCS isrequired for perception or consolidation.Table 5.2. Effects of STCS parameter changes.ParameterPeakPerceptionMemoryLow long-term connection strength (l = 0.2)Short term growth, sg0.0.061 — —0.1.090 — —0.2.131 — —0.3.633332950.4.650362950.5.660362950.6.672382951.0.69840296Short term decline, sd0.00005.650372990.00007.650372970.00009.650372960.00015.650362950.00017.650362940.00020.650362940.00050.65036284The left column identifies the parameter manipulated and the values tested. The right threecolumns give the values of three dependent variables: the height of the peak of the TRACEcurve, the duration of perception, and primary memory as measured by duration in timesteps. (A time step equals 10 msec.) A dash (—) signifies failure to achieve a peak orprimary memory phase.ArousalOne of the claims made in the introduction was that there is no "solution" to thecredit assignment problem but that the architecture can provide a powerful set of heuristics.The most fundamental heuristic, and one which is almost universally included in theories of

57learning is contiguity which serves as the molecular basis of consolidation; this is seenmost clearly in the learning rule which posits that the (nearly) simultaneous firing ofneurons is the basis of change. At the behavioral level there is also contiguity since therepresentations of high-level objects, in this case cell assemblies, that are activesimultaneously will tend to be linked together. Another important heuristic is repetition; atthe neural level it is the repetition of contiguous neural firing that defines consolidation. Atthe behavioral level the more times things are experienced, the more likely they are to beremembered.By themselves these are powerful heuristics which have been exploited by anumber of learning systems (Grossberg, 1969; 1971; Sutton, 1988); however, it ispossible to imagine how they might be extended. Rather than treating events neutrally,learning might be differentiated by some measure of importance. Seeing a snake, forexample, could be considered more important than seeing a squirrel. The arousal systemimbues the brain with the ability to treat such events differentially by providing amechanism which can impact consolidation, and which in turn relies upon the brain’sability to recognize importance. However, the ability to recognize importance might appearto be as difficult as the credit assignment problem itself. Fortunately, to some degreeevolution has provided several solutions to the problem of deciding the importance ofevents. Some of these solutions show up in hardware, such as the dominance of visualinformation in the human brain. This dominance makes vision the primary source ofsensory information versus other modalities such as auditory or olfactory. Others are moresubtle such as the fact that the visual system is particularly tuned to attend to movingthings. The higher the percentage of important events that an organism can recognize themore likely it is to survive. Evolution has provided humans with some general purposemechanisms which allow for this type of learning.The most obvious of our importance detectors are nerve ending which encodeimportance in the form of pleasure and pain. Further, with a cognitive system which has

58the ability to make predictions, pleasure and pain provide a way to extend the system’sfacility with importance events. In the SESAME framework, the hypothesis is that just ashumans are sensitive to physical pleasure and pain so too are they sensitive to cognitivepleasure and pain. In addition to physical pleasure and pain, we hypothesize that theoverall state of the brain can effect learning. Confusion, for example, can stimulate thepain centers, while clarity can stimulate the pleasure centers. Confusion occurs when onedoes not understand the current state of the world. This is can be as dangerous a situationfor an organism as is being physically harmed. On the other hand, clarity signifies thatone’s understanding of the world is in accord with the current state of the world. This is astrongly positive state because it means that any actions taken are likely to have predictableconsequences and therefore are more likely to be appropriate to the circumstances.Even though they are not directly sensed as is the case with physical pleasure andpain, the pleasure and pain resulting from cognitive events need not come as the result ofdeliberative processes, but can be automatically detected just as nerve endings detectphysical pleasure and pain. Further, because learning in SESAME is based upon correlatedneural activity, when physical pleasure and pain are felt, associative connections will bebuilt to them from the active cell assemblies. Therefore these states can be associated withthe pleasure or pain they brought. In SESAME, cognitive pleasure and pain either resultfrom directly association of this type, such as the kind of association one might build upafter putting one’s hand on a hot stove, or depend on pattern recognizers such as confusionor clarity detectors. For example confusion occurs when an organism’s model of the worldis at odds with the state of the world. In such a case the world and the cognitive system aresupporting the activation of different sets of cell assemblies. This leads to a situation whereactivity is diffuse across a number of cell assemblies. On the other hand clarity occurswhen the organism’s model supports the same cell assemblies as the current state of theworld. In such a case, activity will be more focused and intense (Figure 5.1). Clarity andconfusion, therefore, can be read by detectors sensitive to whether the activity within the

59system is focused or diffuse. This means that confusion detection is automatic, and anddoes not rely upon any domain information whatsoever.Figure 5.1: Confusion and Clarity. In the figures the circles represent cell assemblies.The relative size of the circles indicates their intensity of activation. The large black circlesrepresent the cell assemblies that were recently active while the white circles represent thecell assemblies that are currently active. Lines from one cell assembly to another showconnectivity while lines from outside represent environmental input.An implication of associative type of learning rule used in this dissertation is thatmany elements of a world model, or cognitive map (Kaplan, et al., 1990), are coded

60directly as being positive or negative. A rat which presses a bar to get a reward will learnto associate the act of pressing the bar with the pleasure it receives from the reward.Further, since the nature of associative structure is essentially sequential and predictive,organisms which exhibit this type of learning should be able to anticipate those situationswhich lead to pleasure and pain. This will be discussed in more detail at the end of thischapter, but the principle is similar to Holland’s Bucket Brigade algorithm (1987). Forexample a rat may learn that when a green light comes on it should press a bar to get areward. In such a case the appearance of the green light is enough for the rat to anticipatethe reward.Anticipation of positive and negative events is one of the ways in which the learnedstructure feeds back into the learning system itself. The activation of a cell assemblystrongly associated with pain, for example, will lead to high levels of arousal. So whenconsidering an action that might lead to a state associated with pain, the act of thinking itselfmay yield an increase in arousal. In this fashion sequences that lead to pleasure or pain willtend to be learned more quickly than those that do not.Arousal is the mechanism which translates these evaluations into learning effects.The theory behind such a system is fairly simple. The pleasure and pain centers are directlyconnected to the arousal system; as pleasure (or pain) increases so does the arousal level.In turn the increased levels of arousal directly impact consolidation by intensifying activityof cell assemblies within the system (one possible architecture which will achieve this isshown in Figure 5.2).As a mechanism, high levels of arousal should yield an increase in consolidationwhereas lower levels of arousal will result in less consolidation. The SESAME proposal isthat arousal acts as an activity contrast enhancer. When an "important" event is detectedarousal quickly rises. The timing of changes in arousal is critical since its effect is on theactivity of cell assemblies; changing the level of arousal after a cell assembly has becomeinactive will have no effect on learning in that assembly. High arousal will lead to increase

61the activity in some assemblies and suppress other, less active assemblies (noise, from aninformation theoretic point of view). There is evidence that the arousal system is able toaccomplish this by flooding the brain with the neurotransmitter dopamine (Oades, 1985;Milner, 1991). Arousal is a new variable within TRACE and therefore represents a majorchange in the model, a change which could be incorporated in a variety of ways.ArousalPleasurePainClarityConfusionFigure 5.2: Clarity and confusion are detected as shown in Figure 5.1. Each has a directeffect on the pleasure/pain system, which in turn directly impacts arousal.Experiment 1: simulating arousalThe first step in adding arousal to the TRACE model is to specify the targetbehavior. The major effect of arousal is to increase the strength of learning. Since thisthesis proposes that learning is directly linked to consolidation and that consolidation iscorrelated to activity, then arousal must have a direct effect on activity. Increased arousalcould in principle have a positive effect on activity in two different ways, one by increasingthe length of time that a cell assembly is active, and two by increasing the intensity ofactivity.In considering whether arousal is likely to affect the intensity or duration of activityit is useful to consider the function of each in learning. Both provide molecular levelrepetition of neural firing, but differ in how it is achieved. When activity is intense,neurons within a cell assembly fire more often and the high level of repetition is a result of

62neurons firing very quickly. On the other hand when the duration is increased, repetition isachieved simply because the time period of firing is extended.The role of duration would appear to be to allow for molar level contiguity. Sincethe firing of neurons within a cell assembly is extended in time it allows the neurons withinthe cell assembly to fire contiguously with neurons in other cell assemblies representingevents which occurred at other times. For example, in a cell assembly that remains activefor five seconds, the neurons within the assembly will be active concurrently with theneurons of any other cell assemblies that are active within that time period. One of theprimary functions of duration, therefore, is to connect temporally disjoint events. In termsof the credit assignment discussion the duration is the temporal difference interval, or whatHull termed "the time gradient of the molar trace" (Hull, 1943). This interval is essential inconnecting the elements in a sequence; with a five second interval, for example, it isextremely difficult to connect two events spaced six seconds apart without someintermediate transition state. Duration, therefore, is critical to the resolution of the problemof what caused what.Intensity, on the other hand, is more directly related to the strength of learning. Iftwo cell assemblies are active for exactly the same length of time, the one that is moreintensely active will exhibit more learning because of the increase in the firing of itsneurons. If one is to assume that the strength of learning should be correlated toimportance then a reasonable conclusion is that importance yields an increase in firingintensity.The scheme proposed in this dissertation is that the two dimensions of activity,duration and intensity, serve two distinct functions in the credit assignment process. Themain function of duration is connective, allowing disjoint elements of a sequence to beassociated; intensity, on the other hand, determines how strong the connections are. Thedistinctions are not completely clean, since intensity can impact duration and vice versa, buteach addresses a conceptually distinct aspect of the credit assignment question.

63To see why this might be a useful approach to credit assignment consider thefollowing generic situations. In the first, an organism takes an action. In many cases theresult of the action will not be simultaneous with the action. In such cases it is necessary tokeep the action "in mind" while waiting for the outcome. In a system constructed out ofcell assemblies this is done by keeping the representation of the original action active; thisis similar to having an unresolved problem and was an important reason for Hebb’sdevelopment of the cell assembly in the first place. In the second situation, by contrast, theorganism’s action has had a result. In this case, assuming the representation of the originalaction is still active, the remaining problem is how strong the connection between theaction and the result should be. This is most simply solved by variations in the intensity ofactivity. One of the important arguments in favor of this alternative is that it avoids apotentially undesirable property of duration. Since other cell assemblies will continue to beactivated during an increased duration, alterations in duration necessarily impact the learnedrelationship to subsequent active representations. A simple change in intensity does nothave such a consequence. Stable durations imply a uniform approach to the problem ofwhich representations should be connected to each other. Since an increase in intensitydoes not necessarily imply a change in duration it seems much more reasonable to assumethat variations in strength are implemented by varying intensity; it is a safer strategy withregard to what connections are made. This can be made clearer with an example involvingarousal.An increase in arousal signifies that an important event has just happened. In termsof cell assemblies this means that the representation of the event, and perhaps several otherwhich lead up to the event, is active. From a credit assignment perspective everything thatis important has happened and the learning system need only adjust the connection strengthin accordance with arousal. This is easily done by varying the intensity of activity.However, it could also be done by varying the duration of the active representations. Sucha strategy has further implications, however, because it impacts the very next event which

64becomes active. If the durations of the active cell assemblies were increased then morerepresentations would become connected to the newly active cell assembly than would inthe normal case. Conversely, if the durations were shortened, fewer representations wouldbe connected to the newly active cell assembly than normal. The basic differences betweenthe two approaches can be seen in Figure 5.3 which shows that intensity is a cleanersolution to the strength issue than duration.In the TRACE equations the most obvious place to include arousal is in thesensitivity portion of the equation. Sensitivity, after all, reflects the readiness of a neuronto fire. There are two possibilities for how arousal might interact with sensitivity. First,the relationship could be additive, or compensatory, meaning that an increased level of onequantity can make up for a deficiency in the other. This seems unlikely, however, since itwould mean that under conditions of high arousal a neuron can fire without regard to shortterm connection strength or fatigue. The consequences of such a relationship include cellassemblies that could remain active indefinitely and cell assemblies that could virtuallyactivate themselves spontaneously because they would not require an increase in short termconnection strength. It is also unlikely because such an arrangement is not selective; insuch a case arousal would affect all cell assemblies in virtually the same fashion. Arousalappears to be a nonspecific mechanism (based upon the neurochemical evidence) withselective results. By making the relationship to sensitivity compensatory the impact ofarousal becomes virtually independent of the physical state of the cell assembly.The other choice for the relationship between arousal and sensitivity does not sufferfrom such a problem. This choice is that the relationship be multiplicative, or interactive.The result of this type of relationship would be that arousal could effectively accentuatesensitivity differences between cell assemblies. For example a highly sensitive cellassembly (due to an increase in STCS) will have a strongly positive interaction with a highlevel of arousal whereas a cell assembly that is not sensitive will not. This multiplicativerelationship, therefore, serves as a kind of contrast enhancement function which will favor

65sensitive versus less sensitive cell assemblies. This corresponds to the neurophysiologicalevidence of arousal’s effects (Oades, 1985; Milner, 1991).

ABCDEFGABCDEFGABCDEFG

a)c)d)e)Figure 5.3: a) shows a sequence of events A - G. In b) high arousal generates longconsolidation periods. In c) high arousal generates shorter, more intense, consolidationperiods. d) shows associations formed with long consolidation periods and e) showsassociations formed with shorter more intense periods. In d) there are more connections,each of which is less strong on average than those in e).

66The new sensitivity equation which includes arousal becomesV(t) = ˚A˚(L˚+˚S)˚(1˚-˚F)n(8)where A is the arousal variable. Fortunately it is simple to incorporate the originalTRACE results into this new equation by setting A to be unity. This also fits the originaldescription of TRACE which claimed to be modelling the activity of a cell assembly underideal conditions. In terms of activity, ideal conditions means a maximum level of arousal.Some simulation runs showing different levels of arousal are shown in Table 5.3. Oneeffect worth noting in the table is the relationship between LTCS and arousal. Sincearousal and LTCS are both a part of sensitivity their relationship is multiplicative. Thismeans that the competitive advantage that well learned cell assemblies have will be evengreater under conditions of high arousal. From an adaptive standpoint this is sensiblebecause it means that an organism will tend to resort to what is familiar during critical times(Wickens, 1987).Table 5.3. Effects of arousal.ArousalPeakPerceptionMemoryHigh long-term connection strength (l = 0.5)0.900.67813660.925.69918830.950.720251110.975.740361731.000.75952427Low long-term connection strength (l = 0.5)0.900.6176510.925.6399710.950.66016940.975.680241381.000.70037298The left column contains the arousal value for each simulation run. The right three columnsgive the values of three dependent variables: the height of the peak of the TRACE curve,the duration of perception, and primary memory as measured by duration in time steps. (Atime step equals 10 msec.)

67The results do appear to be slightly flawed since changes in arousal appear to haverelatively large effects on duration as well as intensity. As it turns out, however, this is theresult of a breakdown in the mechanism which regulates duration, namely fatigue. Afterfatigue has been discussed and revamped a new version of this table will be presentedwhich shows that with the revamped version of fatigue arousal has only a minimal impacton duration.Negative factorsFatigueThe starting point for the examination of fatigue is the Kleinsmith effect results.The results attained by the TRACE equations do indicate that fatigue fills its originallyspecified theoretical role in shutting down activity (Kaplan, et al., 1991). Effectivelyfatigue serves to regulate the duration of activity in cell assemblies. But with the expansionof that role to include fatigue’s critical part in accounting for the Kleinsmith effects it mustbe checked once again. The explanation for the Kleinsmith effect relies upon high levels offatigue being associated with high arousal, versus low levels of fatigue when arousal islow. The role of fatigue, therefore, must now also include these factors. An examinationof the behavior given the current model settings as shown in Figure 5.4 strongly indicatesthat fatigue does not behave according to the theoretical constraints. As the figure showsthe amount of fatigue shows little variation with respect to the arousal level even though, asTable 5.3 shows, the quantity of activity is quite different. At these levels of fatigue thedifferences after Kleinsmith intervals, such as 2 minutes, is negligible.

68Figure 5.4

A r o u s a l F a t i g u e 00 . 2 0 . 4 0 . 6 0 . 8 10 . 9 0 . 9 2 5 0 . 9 5 0 . 9 7 5 1Figure 5.4: The graph shows the relationship between arousal and fatigue. Even thoughthe differences in arousal generate significant changes in activity there is little impact uponthe final level of arousal.The difficulty appears to lie in the rate of fatigue. In even the low arousal casefatigue grows very quickly, reaching a level quite near its maximum in less than half asecond. A number of potential solutions were tried in an attempt to solve this problem.The first idea was a two-tiered fatigue system based upon muscle fatigue. The muscularsystem has two sources for energy. One system is fast, both in expenditure and inrecovery, while the other system is slow. As a general rule muscles only use the energyfrom the fast system except in extreme cases; but, when the load on a muscle is high, it candraw energy from the secondary system. However, once the secondary system is fatiguedthe muscle essentially shuts down and recovery is very slow. This would appear to be areasonable explanation for what is happening in the cognitive system. One could imaginethat neurons have two energy sources, fast and slow, and that under certain conditions,such as high arousal, the slow system gets used. Unfortunately, while this does makesome differences in the final fatigue levels, under varying conditions of arousal thedifferences were not sufficient to warrant the change to the proposed system, especiallygiven that such changes resulted in other behavioral changes within the model, such as

69prolonged periods of extremely high activity such as might be associated with perception.Nevertheless the idea did seem promising and was not abandoned until an alternativesolution was found.A second idea was that perhaps the results were not too far off and what was wrongwas the fatigue recovery function. As it originally stood the recovery rate of fatigue wasproportional to fatigue itself. The result is that highly fatigued cell assemblies recover fairlyquickly and the recovery rate levels off as fatigue diminishes. Both the Kleinsmith data andalso the notion of a two-tiered fatigue system suggest a different approach. Such anapproach builds upon the idea that it is more difficult to recover even a little when fatigue isvery high. This has the added benefit (with regard to the Kleinsmith data) that relativelysmall differences in fatigue might lead to more pronounced differences in recovery time.With this in mind another series of experiments was run to test these ideas. In theseexperiments the fatigue recovery rate was made proportional to (1 - F) instead of F.Further, the recovery rate was also tied to LTCS. This is based on the idea that welllearned cell assemblies make more efficient use of their resources because of the stronginternal connections. Although these results were promising enough to be incorporatedinto the final solution, they still did not change the original results enough to fully accountfor the Kleinsmith data.Both of the ideas discussed so far have merit, but did not seem to address the mostobvious part of the fatigue problem: the fast buildup. The direct approach to this problemis simply to change the growth rate of fatigue. Unfortunately this has a number of negativeconsequences on the model, mostly having to do with extended durations both ofperception and consolidation.The next step was simply to examine the fatigue equation itself. The fatigue andSTCS equations were given the least amount of examination in the original model and tosome degree were not strongly constrained by theory or data. After a great deal ofexperimentation with parameter settings within the model it had become clear that the

70fatigue equation would need to be changed; the failure of the model necessitated furtherdevelopment of the theory.Experiment 2: Simulating fatigueThe first step in the redesign of the fatigue equations was to drop the fatigue levelaltogether in the growth portion of the equation. After all, it is activity which usesresources and it is resource usage that fatigue measures. The fatigue level was originallyincluded in the equation as a limiting factor, to ensure that fatigue never exceed unity.However, fatigue should never reach its maximum level since that would necessarily dropsensitivity to 0 and force a cessation of activity. The fatigue growth rate was also changedto include a factor proportional to the connection strength of the cell assembly. This factorshould reflect the fact that well learned cell assemblies are more efficient and their resourceswill tend to stay within the neurons that make it up. The other straightforward step inredesigning fatigue was to change the recovery rate as already suggested. In addition tothese changes, one minor change was made to the short term connection strength equations;the exponent was again dropped in the growth term.DF = fg P (1 - L) - fd(1 - F)(9)DS = sg P (1 - S) - sd S(10)The result of these changes was a system which still could not bring about theappropriate behavior within the model, but which was more manageable and apparentlymore theoretically meaningful. It also turned out that dropping the exponential in thegrowth term was the key to discovering the ultimate problem with fatigue.In the pure TRACE model fatigue has to build up quickly because it is essentiallythe only negative factor. There are two other negative factors within the model but theyonly operate in the extreme conditions. There is the competition factor which is designed tobe influential only when activity is low and there is the dropout factor which is designed to

71be influential only when activity is high. There are no other negative factors in the middle.This means that not only is fatigue responsible for shutting the cell assembly down, but it isalso responsible for the transition from perception to consolidation. Further, fatigue is theonly factor which does this. The result of such a system is that any time a cell assemblybecomes active fatigue must necessarily build up to the point where it can shut the systemback down, even in cases of low arousal This means that even when arousal is low theremust be enough fatigue to shut off activity, and therefore such cell assemblies will betemporarily inaccessible. The real problem with fatigue in the TRACE model, therefore, isthat it is required to do too much.As has already been discussed, one of the guiding design principles in TRACE, asin all of the SESAME models, is simplicity. One of the simplifications necessary inTRACE was to treat the unit being modelled in virtual isolation. TRACE does allow forinput and includes a limited competition component, but it ignores effects that stem fromthe interaction with other units. These effects can be direct, such as when one cellassembly inhibits another, or indirect, stemming from systemic control mechanisms.Arousal itself is a global control mechanism, but it is easy to incorporate because itsactivation can essentially be isolated from the activity of individual cell assemblies. This isnot true of some of SESAME’s other control mechanisms. The difference is that the levelof arousal is independent of the state of the system. The other mechanisms, on the otherhand, respond to such factors as the overall level of activity in a brain region; because theyrespond to the activity of a number of cell assemblies they cannot be easily modelled withinthe context of a single assembly. The reason that this is important is because the otherglobal control mechanisms are inhibitory and the extra inhibition they provide is critical tosolving the fatigue problem.

72Inhibitory control mechanismsThe SESAME architecture provides for three types of inhibitory control: local,regional, and global. These are important not only because they directly impactconsolidation, but also because they provide extra sources of negative impact on a cellassembly’s level of activity, thereby potentially reducing the importance of fatigue.Local inhibitionLocal inhibition occurs between neurons in at least two basic paradigms. The firstoften occurs as a part of perceptual competition (Is that a horse or a zebra?). Competitiveinhibition will impact the speed of activation of a cell assembly. This paradigm will beexamined in some detail in the section dealing with input. In the second paradigm localinhibition comes as the result of interference from other cell assemblies1. Because this typeof inhibition is extremely specific and has no general, predictable impact on the activity of acell assembly no experiments were run.Regional inhibitionRegional inhibition is a systemic control mechanism designed to prevent too muchconcurrent activity within the system. Regional inhibition works on a simple feedbackprinciple: as the total activity in an area of the brain2 increases, the regional inhibition inthat area also increases thereby decreasing the activity. The role of regional inhibition,therefore is essentially as a mechanism to prevent the uncontrolled spread of activity, asituation which Milner (1957), who first proposed the mechanism, compared to an atomicpile going critical. Regional inhibition can be implemented as a simple feedbackmechanism similar to a thermostat. As the amount of activity in the brain region becomestoo great the regional inhibition level is raised and the inhibitory effect tends to push theoverall level of activity back down. Conversely, as the level of activity falls, the level ofregional inhibition is decreased and activity will naturally begin to rise again. One of the

73most prominent consequences of this mechanism is the magic number 5+-23, which is thenumber of concepts that can be active at any given time.The effects of regional inhibition are not limited to specific cell assemblies. Theinhibitory effect blankets an entire region of the brain. One of the effects of this increasedinhibition within an area of the brain is that cell assemblies which are not yet active willeffectively be prevented from becoming active except when the input level is very high. Inthis fashion the regional inhibition acts as a kind of contrast enhancement mechanism whichensures that the signal to noise ratio of activity in the brain is at a reasonable level.However, under conditions of high regional inhibition the activity of an individual cellassembly will also be affected. The effects are not entirely predictable because of thereduced level of competition, but the major effect is certainly that any active cell assemblyshould be less active because of the inhibition.Experiment 3: Regional inhibitionModeling regional inhibition is not straightforward within TRACE. The level ofregional inhibition is dependant upon the state of the cognitive system as a whole, not asingle cell assembly. However, remembering that the goal of this type of simulation is notto build a perfect model, but to incrementally improve models in order to increaseunderstanding, an imperfect, but reasonable, solution was implemented.The solution was simply to model the average case. Based on the idea that a typicalcell assembly is active for five seconds and there are 5+-2 cell assemblies active at anygiven time, a simple model simply posits that a new assembly becomes active each secondwhile the activity of another dies out. Such a model gives an indication of the total activitywithin the system at any given time, and therefore the level of regional inhibition. TRACEitself is an idealized model anyway, and the goal of these simulations was simply to showthat the principle of the combined effects of fatigue and regional inhibition working togetherwas indeed sound. The implications of deviations from the average case are quite

74important and will be discussed in the conclusion chapter in the section on future work. Inthe meantime the average case model was used to generate a curve which plots the averagelevel of activity within the system which corresponds directly to the amount of regionalinhibition as shown in Figure 5.5. In the figure each of the curves in the lower partrepresent the activity of a TRACE unit while the curve in the upper portion of the figurerepresents the summation of activity. This curve, therefore, should be an approximation ofthe amount of regional inhibition within the system at any given time. This, in turn, wasplugged directly back into the TRACE equation to model regional inhibition. Regionalinhibition, like arousal should impact the sensitivity of a unit and as such it too was used asa multiplier for sensitivity.The results of runs incorporating the new fatigue and STCS equations, as well asregional inhibition are shown in Table 5.4. Because of the changes that have been notedother parameters settings were changed as well and are shown in the table. Under the newsystem of equations a reasonable range of arousal was found to be from 0.5 to 1.0; whenarousal is lower than 0.5 the peak value does not reach what would be considered to be aperceptual level of activity. Further, when arousal is 1.0, and therefore equivalent to itsvalue in the original unmodified TRACE equations, the activity curve generated still meetsthe essential constraints of the original TRACE specification. It is also worth pointing outthat arousal no longer has a major impact on duration. Even the difference between arousalat its maximum and its minimum results in less than a ten per cent change in duration. Thisis evidence that fatigue is performing more efficiently in its role of regulating duration.Another interesting effect is the contrast in activity found between high long-termconnection strength and low long-term connection strength. It appears that the newequations have even further differentiated the two cases. Under this system of equationscell assemblies stay active for approximately one and a half seconds longer when they arewell learned than when they are not. However, it is worth noting that despite this largedifference the change in the fatigue level generated is not dramatic, indeed with arousal at

75Figure 5.5Time in 10s of ms.. 0 0 0 . 5 0 0 1 . 0 0 0 1 . 5 0 0 2 . 0 0 0

2 . 5 0 0 1

3 77 31 0 9

1 4 5

1 8 1

2 1 7

2 5 3

2 8 9

3 2 5

3 6 1

3 9 7

4 3 3

4 6 9 Figure 5.5: The curves in the lower portion of the graph are the individual TRACEcurves. The curve in the upper portion is the summation of all of the curves whichrepresents the rise and fall of the total level of activity over time.its maximum more fatigue is generated when the cell assembly is not well learned. Thereason for this, of course, is that the fatigue rate is tied directly to LTCS, the theory beingthat a well learned cell assembly makes more efficient use of its resources. One of theimportant next steps of this research is to study these interactions in more detail, to see ifthis type of equation can generate reasonable learning curves to account for, for example,the power law of practice. This issue is also closely tied to the duration question as wellsince it impacts which cell assemblies will become connected to each other.

76Table 5.4. Effects of arousal on new TRACE equationsParameterPeakPerseveranceFatigueHigh long-term connection strength (l = 0.5)Arousal0.50.621502.8500.75.713486.9081.00.812459.935Low long-term connection strength (l = 0.2)Arousal0.50.562341.8260.75.636333.9021.00.709321.938ParameterInterpretationUnmodified valueqlunit loss3fgfatigue growth0.007fdfatigue decline0.0001sgshort term connection strength growth0.1sdshort term connection strength decline0.0001The Perseveration column measures the length of time that the unit remained active. TheFatigue column measures the strength of fatigue when the unit became inactive. Theparameters shown are the only ones modified from the original equations.Global inhibitionGlobal inhibition is an attentional mechanism which works by uniformly inhibitingthe entire cognitive system. By itself global inhibition would simply uniformly inhibitactivity, but in conjunction with regional inhibition the effects can be quite specific. Sinceglobal inhibition tends to decrease activity, regional inhibition will necessarily slacken inresponse to global inhibition; as a result active areas of the brain will be relatively

77unaffected by global inhibition since the net inhibitory effect will be minimal. On the otherhand, in areas of the brain where there is little activity already, the net effect will be that cellassemblies will be less sensitive to activation. The primary effect of global inhibition,therefore, is to prevent competition thereby allowing attention to be sustained. From abehavioral point of view global inhibition is an example of what James called "voluntary"attention.In terms of consolidation the effects of global inhibition are far from clear. On theone hand a new type of inhibition is imposed upon active cell assemblies, on the otherhand, regional inhibition is decreased. Further because potentially competing cellassemblies are prevented from becoming active the net level of competition is likely todecrease. However, it is extremely difficult to get a handle on how exactly all of thesefactors interact. For all of these reasons global inhibition was not modelled.InputInput, like fatigue and short term connection strength, was not well developedtheoretically in the original TRACE model. There are several reasons for this. First, it isnot clear that input needs to be well developed. James said that "perception is of theprobable and the definite." This does not mean that we perceive probabilities, but ratherthat human perceptions are very definite and tend to reflect the most probable object for agiven input. The result is that the quality of input has relatively little to do with the finalperception. On the other hand, James’ statement reflects the fact that perception is aselective process in which the most likely percept given the input wins the competition. Inconsolidation terms this means that the intensity and duration of input should haverelatively little effect on learning. Returning to the discussion of intensity and duration incell assemblies, the role of input is in an enabling capacity. Input in and of itself shouldhave little impact on intensity and duration beyond the fact that it provides a kind of gatingfunction which can activate cell assemblies. All inputs which are sufficient to activate a cell

78assembly should generate approximately equal activity curves. On the other handdifferences in the quality of input should show up at the beginning of the activity curvewhen the gating process is taking place. Roughly, strong input should indicate a goodmatch and relatively little competition, whereas a weak input might be indicative of a poormatch which is more likely to activate other, competing, cell assemblies.Since cell assemblies can share features, any given input configuration will tend tostimulate a number of cell assemblies. James’ analysis that perception is of the "probableand the definite" provides insight into the results of this situation. Humans perceive inputssingularly; that creature is Fido, even though Fido may share a great many features withother animals, the other possibilities do not come to mind. There are two importantimplications of this point in the present discussion. First, even though a number of othercell assemblies may have been stimulated by the input configuration of Fido, they are notperceived. This suggests a type of "winner take all" perceptual competition common toconnectionist systems. Second, even when the input to the cell assembly representing Fidois relatively poor the perception will be strong. This implies that one important kind oflearning, and one that will not be dealt with here, is a kind of amplification that allows evena poor stimulus to be strongly perceived. This amplification probably occurs in two ways.First, is through repetition. As a cell assembly is experienced repeatedly, the connectionsbetween the input cells in the visual system and the cell assembly are strengthened; this canbe done using the same learning rule discussed in this dissertation. Second, the structureof the cell assembly itself provides a type of amplification. In a well learned cell assemblythe strong internal connections are enough to activate portions of the representation notdirectly experienced; seeing a part of Fido is enough to make one think of the rest of him.In terms of modelling cell assemblies the most important implication of this analysisis that the quality of input should have little impact upon the shape of the activity curve;this is James’ "definite." However, the analysis of competition suggests that input qualitymay effect the timing of perception since the inhibition provided by competing cell

79assemblies is likely to slow down the activation of the cell assembly eventually perceived.Rosch and others (Rosch, 1978) have done a number of studies which lend empiricalsupport to this analysis. The example most often cited is that it takes longer to recognizethat a penguin is a bird than it does to recognize that a robin is a bird. Presumably this isbecause penguins provide a poorer quality input to the bird cell assembly.Experiment 4: Input and competitionTRACE, as the model stands at this point in the dissertation, meets the first criteria,but not the second, as is shown in Figure 5.6. Different levels of input (the curves in thefigure represent inputs of sizes 1.0, 0.5, 0.1 and 0.05) generate nearly identical activitycurves. However, this is true even at the beginning of the curves where competitionshould be taking place. Further, it has been found that TRACE is exceptionally sensitive toinput, achieving perception even with inputs of extremely small amplitude. This may notbe a problem, however, because TRACE is assumed to be modelling the cell assemblyunder "ideal" conditions. Such ideal conditions include an input which is not diffuseacross a number of cell assemblies and therefore would not foster much competition.One simple way of implementing competition in TRACE might be to tie acompetitive inhibitory factor directly to the intensity of input. The idea behind such asolution is that the cell assembly which wins the perceptual competition is likely to be theone for which the input is strongest; this suggests some type of relationship between theintensity of input and the level of competition. It is worth noting, however, that even lowintensity inputs need not necessarily generate competition since they might simply be aresult of poor perceptual conditions such as fog or darkness. Such examples show thatthere is an important distinction between the quality of an input and its intensity. A stronginput may well be intense for other cell assemblies as well and, conversely, while an inputmay be weak, it may be an extremely good match for a particular cell assembly. For thesereasons competition cannot be tied directly to the intensity of input within TRACE.

80However, experiments using such a test paradigm are worthwhile to see if TRACE iscapable of generating the expected behavior when competition becomes more intense.Figure 5.6Time in 10s of milliseconds. 0 0 0 . 1 0 0 . 2 0 0 . 3 0 0 . 4 0 0 . 5 0 0 . 6 0 0 . 7 0 0 . 8 0 0

. 9 0 0 0

3 67 21 0 8

1 4 4

1 8 0

2 1 6

2 5 2

2 8 8

3 2 4

3 6 0

3 9 6

4 3 2

4 6 8 Figure 5.6: This figure shows the TRACE curves of four different runs superimposedover each other with inputs of size 1.0, 0.5, 0.1 and 0.005. Although the magnitudes ofthe input is widely varied the curves are virtually indistinguishable from each other.After some initial experimentation the decision was made to restrict the extracompetitive factor to the time while the input is on. The main reason for doing this was areflection of the process itself. For the cell assemblies involved in the perceptualcompetition there are two external factors affecting their level of activity: competition andinput. When the input shuts off this leaves only the competitive factor. Reverberationcannot be a factor because it is so strong that once reverberation begins a perceptual level ofactivity is inevitable. Together this implies that only the eventual winner of the competitionwill reach a reverberatory level of activity. In the rest of the cell assemblies once the inputis gone the only remaining factor is negative and the activity level in those cell assemblies

81will quickly drop off to nothing. For the cell assembly being modelled, which is assumedto be the winner of the competition, this means that competition will also drop off. For theother cell assemblies, however, competition will remain high as it will come from the cellassembly being modelled.Competition is an inhibitory process similar to regional inhibition and should havesimilar effects on a neuron’s ability to fire. Therefore, the effect of this competition wasmodelled in terms of unit sensitivity; as with regional inhibition this form of inhibition isinteractive and therefore multplicative. The next question was how to model the intensityof competition. There are two factors that appear to influence the level of competition in acell assembly. The first is the intensity of input. As has been discussed there are caseswhich show that intensity is not directly correlated to the quality of input, but a reasonableheuristic would be that in general more intense inputs will probably be of higher quality.The second factor in competition is the level of activity of the cell assembly itself; as a cellassembly generates more activity it should more effectively supress competition. Thesefactors were taken to be compensatory, or additive, since either an extremely good match ora high level of activity by themselves will be effective in limiting competition. Since thesefactors are compensatory the level of competition is approximately equal to 1 / (I + P)(competition gets weaker as I and P grow large).Since I and P can vary by orders of magnitude I was multiplied by a constant, c,making the sensitivity multiplier ((c * I) + P); P was not modified by a constant since therelationship between activity and competition should be direct. This is not a reasonableequation, however, since the value of competition can exceed 1; a value of 1 is notpossible because it means that the cell assembly would become more sensitive as the resultof competition. To ensure that the value ranges between 0 and 1 the equation was modifiedby dividing by (c + 1) * I. This extra factor grows large as the input grows large, thereforeensuring that competition will never exceed unity. The net result of these changes is thatfor the duration of the input, sensitivity was multiplied by ((c * I) + P)/((c + 1) * I) to

82reflect competition (the determination of the value of c was made by using a number largeenough to keep the sensitivity at reasonably high levels). Some simulations runs fordifferent levels of input and LTCS are shown in figures 5.7 and 5.8. In each of the figuresinputs of intensity 1.0, 0.5, 0.2 and 0.1 are used. Figure 5.7 shows the beginning ofTRACE activity curves where LTCS is high and Figure 5.8 shows activity curves whereLTCS is low. One of the interesting effects to note is that it takes a more significant levelof input to activate a less well learned cell assembly than it does a well learned cellassembly (in point of fact, the level of input required is approximately 10 times as high forthe low LTCS case). This reflects the fact that it is simply easier to identify things that arefamiliar. Further, the competitive factor means that the time taken to identify things willvary according to input quality. In the penguin example a penguin would probably be apoor quality input to a "bird" cell assembly and therefore would activate it more slowly thana robin might.Figure 5.7Time in 10s of milliseconds. 0 0 0 . 2 0 0 . 4 0 0 . 6 0 0

. 8 0 0 0

1234567891 0 Figure 5.7: The figure shows the time course of activity over the first 100 millisecondsfor different inputs when LTCS is high (0.5). The strongest input results in the fastestincrease in activity.

83Figure 5.8Time in 10s of milliseconds. 0 0 0 . 1 0 0 . 2 0 0 . 3 0 0 . 4 0 0 . 5 0 0 . 6 0 0

. 7 0 0 0

1234567891 0 Figure 5.8: The figure shows the time course of activity over the first 100 millisecondsfor different inputs when LTCS is low (0.2). The strongest input results in the fastestincrease in activity. In this case the two weakest inputs do not provide enough impetus forthe cell assembly to reach a perceptual level of activity.The input experiments, as well as the regional inhibition experiments, show boththe power and some of the weaknesses of a model like TRACE. The simplifications whichmake TRACE useful also mean that some of TRACE’s behavior will necessarily fall shortof theory. On the other hand, when the context of TRACE is kept in perspective it is oftenpossible to design experiments which show that the shortcoming are not with the modelitself, but are due to the simplifications. These experiments can not only further theunderstanding of the model, but can provide significant insights into the next generationmodels. For example, when TRACE units are put into a more global context, as they are inthe MultiTRACE model, the regional inhibition insights can be used in the design of theregional inhibition control mechanism. Conversely when a lower level version of a cellassembly model is designed, for example one which simulates perceptual competition, theinsights and results from the input experiments should be useful. Even these results cannotbe taken as "correct" however, since they too are approximate. However, the results showthat TRACE is capable of generating reasonable behavior within the confines of the larger

84cognitive theory. As such, the results can be used as a starting point from which anotheriteration of the successive approximation strategy can begin.Summary of the TRACE model and consolidationThe various components of TRACE and their effects on consolidation aresummarized in Table 5.5. In examining these factors a general portrait of learning can bedrawn. In the discussion of credit assignment, contiguity and repetition were emphasized.A thorough examination of learning in TRACE also shows the premium placed upon thesetwo factors. The basis of the learning rule is contiguity, in this case the contiguity of neuralfiring. In the next chapter it will be shown that contiguity plays even further roles inlearning.Table 5.5. TRACE parameters and consolidationFactorImpact on ConsolidationRoleLTCSPositive Mechanism of reverberationSTCSWeakly positiveShort term memoryArousalVariableEnables "importance" toimpact consolidationFatigueNegativeLimits perseveration RegionalNegativeLimits activityInhibitionLocalNegative or noneCompetitive factorInhibitionThe leftmost column lists TRACE model parameters. The middle column shows theparameter’s relative effect on consolidation. The final column lists the theoretical role thefactor plays in TRACE.Repetition is a primary factor in learning at both the molar and molecular levels. Atthe molar level repetition is reflected in the LTCS level of a cell assembly; the more times acell assembly has been active the higher the level of LTCS. The level of LTCS has a directimpact upon learning because it facilitates prolonged activity. From an adaptive perspective

85the "goal" of credit assignment is to learn about important things. Frequency is oneindicator of importance; it is important to know about things one often comes into contactwith. The analysis is similar at the molecular level. In this case the repetition is of theindividual neural firing patterns. The more times one neuron fires another the more likely itis that the pattern is more than a mere coincidence. The factors in TRACE which allow fora direct impact on consolidation give the cognitive system a method of evaluatingimportance and translating it into learning by controlling the amount of repetition at themolecular level.To see how learning in TRACE works it might prove fruitful to run through asimple example. It is the position of this dissertation that an event in the world isrepresented in the head by the sequential activation of a series of cell assemblies. Eachactive cell assembly corresponds to some object (whether concrete or abstract). When anobject is sensed the cell assembly representation of the object becomes active through acompetitive perceptual process. Although this competition might appear to influenceconsolidation since it involves inhibitory mechanisms which suppress activity, it has only anegligible impact upon the ultimate strength of learning for the cell assembly whichbecomes perceived because once reverberation begins it is extremely strong relative to theimpact of perceptual competition. However, the activation of the cell assembly, throughthe resulting reverberation, does set the basic learning heuristic in motion. At the start theheuristic is defined by how strongly the neurons in the cell assembly are connected (LTCSin the TRACE equations) and the rate of fatigue of the cell assembly, which togetherdetermine how long the cell assembly will remain active. In general cell assemblies willremain active for several seconds; for example, a well learned cell assembly will tend toconsolidate for approximately five seconds. Left alone the consolidation process willstrengthen the internal LTCS of the active cell assembly as well as stengthen its connectionsto other active cell assemblies. This strengthening takes place due to the action of the

86learning rule which essentially increments the strength of connections between neuronswhen they fire contiguously.While the cell assembly is active any number of things can occur which can have adirect impact upon learning. Perhaps the most important such event is a change in arousal.To some degree arousal is a direct measure of importance or the human equivalent of anevaluation function. Signals such as pleasure and pain trigger changes in arousal level andallow the basic learning heuristic to be altered. Whereas the dominant influence on thestrength of learning is normally molar repetition, arousal allows for this process to becircumvented through an exceptional degree of repetition at a molecular level.Returning to the credit assignment issue, a general perspective on learning within adomain is possible. Initially learning within a new domain will be slow as structure is builtup. Learning can be accelerated at times by high levels of arousal, potentially generateddirectly by pleasure or pain, or indirectly through clarity and confusion, but for the mostpart repetition will be the dominant factor in what is learned. As experience with thedomain increases, the cognitive system’s impact on learning will increase. Sometimes theimpact will come in the form of inhibitory suppression (a likely reason for why learningeventually slows down within domains). More interesting may be anticipatory arousal.Because the system is based upon sequence it is built for prediction. Among thepredictions that can be made are that pleasure or pain is likely. For example, if situation Bis associated with a pleasurable outcome, and situation A leads to situation B, then apredictive system will learn to associate situation A with the pleasurable outcome. Such ananticipatory association can actually serve to raise the level of arousal when situation A isexperienced (Figure 5.9). This kind of backward chaining is exactly how systems like theBucket Brigade algorithm and Samual’s checker player function. Just as Samual’s checkerplayer codes states according to their potential for winning, so too can the cognitive systemcode states according to their potential to bring positive or negative results. Suchanticipatory coding can be compared to Pavlov’s dogs salivating at the sound of a bell.

87++ABCDABCDa)b)Figure 5.9: In a) the sequence A - B - C - D, which leads to a positive outcome, hasbeen experienced. The circles represent cell assemblies and the arrows between themrepresent associative connections with the width of the arrows indicating relative strength.In b) the sequence has been experienced again, and further connections can be made. Inthis case the positive outcome can be directly anticipated when C is reached. If thesequence is experience enough times, only A will be required to anticipate the positiveoutcome.This discussion has strayed somewhat beyond the level of a single cell assembly.In the next chapter I will show how consolidation can be used to build up the kind ofassociative sequences just discussed. This will lead to further refinements of the learningrule as well as a close examination of the Kleinsmith paradigm.1This type of inhibition might come as the result of the learning rule. InSESAME it is presumed that the output capacity of a neuron is fixed. Therefore when aconnection between two neurons is strengthened another is necessarily weakened. Thisarrangement solves a number of problems inherent in Hebbian-style learning that areoutside the scope of this dissertation. It is possible that weak connections might eventuallybecome inhibitory. While this is still an open question it helps to explain effects such ascertain kinds of psychological interference.

882The physical location of activity is important in the SESAME architecture.The guiding principle is that cell assemblies that code similar things will be close together inthe brain. Further, loci of activity that are near each other will tend to interfere with eachother (Kinsbourne, 1982). This principle is critical in explaining such concepts asperceptual competition. It also plays a key role in learning and will be discussed further inlater chapters.3In 1956 there appeared a paper by George Miller entitled "The magicalnumber seven, plus or minus two: some limits in our capacity for processing information."Due to this insightful and frequently cited paper, it is widely believed that people can hold7+/-2 units of information in working memory. The metric Miller adopted, however, wasthe threshold, defined as the point halfway between chance and perfect performance. Ifone is interested in the number of units people can accurately hold in working memory(i.e., without error), then the correct value is, as Mandler (1975) has pointed out, 5+/-2.

89CHAPTER 6SIMULATING THE KLEINSMITH EXPERIMENTSThe purpose of Chapter 5 was to show that the consolidation model embodied inTRACE is capable of differential learning responses over a range of theoreticallymeaningful situations. In most of these cases, however, since TRACE isolates the actionof the cell assembly modeled from the rest of the cognitive system, such responses arecontingent upon events external to the cell assembly. To this end several of the simulationsrun in Chapter 5 relied on average case modelling. This is a reasonable approach to gaininga rudimentary understanding of the model’s functioning with regard to the larger system. Itis not, however, a replacement for embedding the model in a larger system; such a systemexists and is called MultiTRACE (Sonntag, 1992). MultiTRACE is a simulation designedto do sequence learning within the cell assembly framework by modeling a large populationof cell assemblies. As such it is well suited for testing consolidation because one of theprimary modes of learning in a system with a consolidation-based learning rule issequential. Further, sequential learning is essential to establishing the linkage betweenconsolidation and arousal because paired-associate tasks such as the the one used in theKleinsmith paradigm are essentially two element sequences. While MultiTRACE does notattempt to simulate the entire cognitive system it represents a significant step beyond thatwhich is modelled by TRACE, providing, for example, the direct ability to model factorssuch as regional inhibition.To this point in the dissertation there have been two important themes: first thatconsolidation is one of the primary means of human learning, and second, thatconsolidation, as embodied in the human learning system, is a powerful, general purpose

90mechanism capable of differential learning even in novel domains. The Kleinsmith resultsare central to establishing both of these points. First, while no one appears to deny thatconsolidation exists, some do question its relevance to understanding learningeffectiveness, viewing it merely as a by-product of the learning process. The proposal inthis dissertation, by contrast, is that the consolidation process and the effectiveness oflearning are inexorably linked. The Kleinsmith results are critical in making this casebecause the explanation of the Kleinsmith results proposed here relies upon such a versionof consolidation. In addition, if such a theory of consolidation makes a simulation of theKleinsmith results possible, it gains credibility by virtue of being the only model of anykind to do so. Once established, this relationship between consolidation and theeffectiveness of learning can serve as the basis for understanding the power ofconsolidation, even in novel domains, because the factors which impact consolidation,arousal being one, do so in theoretically significant ways.For these reasons modelling the Kleinsmith results is the main goal of this chapteras well as the single most important experiment in this dissertation. UnfortunatelyMultiTRACE cannot be used directly because of the modifications already made to theTRACE equations. MultiTRACE was designed and tested in accordance with the TRACEmodel circa (Kaplan, et al., 1991). Because of this, therefore, before the Kleinsmithexperiments can be simulated, MultiTRACE must be updated to reflect these changes.Further, and more importantly, the additional constraints imposed by the necessity ofmodelling the Kleinsmith results led to additional model development.Short term connection strengthOne of the changes made to the original TRACE equations was to modify shortterm connection strength (STCS). In MultiTRACE, STCS has two functions. First, itappears in the equations for simulating the individual units in accordance with the TRACEmodel. Second, there is an inter-unit form of STCS which is based upon the same

91principle as intra-unit STCS of the type found in TRACE. However, while the mechanismof inter-unit STCS may well be the same as for intra-unit STCS, its functioning wouldappear to be quite different. Whereas intra-unit STCS allowed even loosely connected cellassemblies to become active by providing extra connection strength to facilitatereverberation, inter-unit STCS appears to be more involved in the reactivation of cellassemblies, providing a kind of short term memory.STCS and short term memoryInter-unit STCS is an attractive candidate for an explanation of short term memoryfor several reasons. First it does not require the proposal of a new mechanism since themechanism involved in intra-unit STCS could reasonably be hypothesized to serve bothfunctions. Second, its role as an enabling mechanism for the activation of cell assembliesis functionally equivalent to what is needed for a short term memory mechanism. Whereasthe role of intra-unit STCS was to enable the initial activation of a cell assembly, in theproposed scheme the role of inter-unit STCS would be to enable the reactivation of thesame cell assembly. In the general case cell assemblies are experienced in sequences(Hebb, 1949; Kaplan, et al., 1990; Sonntag, 1992) and an important aspect of memory isthe ability to recreate those sequences. The role of inter-unit STCS in such a scheme,therefore, would be that when one or more elements of a sequence have been activated, tofacilitate the activation of the next element. Another reason why inter-unit STCS is suitedfor such a function is that its time course is temporary, as it would need to be as a shortterm memory mechanism. In total, STCS is a strong candidate for a short term memorymechanism because it provides the needed functionality within the framework alreadydeveloped.Correctly functioning inter-unit STCS is critical to the ability to simulate theKleinsmith results. The paired associate task used in the Kleinsmith paradigm is essentiallya two element sequence. The recall test is to present the first element and requires the

92subject to generate the second element. In this respect at least the Kleinsmith paradigmshould provide a useful step towards generalized sequence learning. Since the only factorwhich should account for the ability to reactivate the second element is inter-unit STCS(this will be discussed in more detail later) the Kleinsmith paradigm should be effective inisolating its effects. This is more difficult in the general case since most sequences havemultiple elements, more than one of which can affect the activation of subsequent elements.Therefore the isolation brought about by restricting the sequence to two elements shouldallow for a more careful study of STCS.The mechanism of STCSThough it is possible that the same mechanism that is responsible for STCS inTRACE could account for inter-unit STCS in MultiTRACE, it is not immediately clear howthis may be the case. One of the advantages of a model like TRACE which modelsaggregate populations, is that some of the details of the underlying mechanisms need not bespecified as is the case with STCS. However, inter-unit STCS in MultiTRACE, becauseof the interactions between components, requires a further specification.To review, the role of STCS in TRACE was to provide a temporary increase inconnection strength among the units of a cell assembly in order to facilitate reverberation.This increase in connection strength serves to allow the units of a cell assembly toefficiently fire each other even when LTCS is relatively weak. There are two candidates forhow this increase in firing efficiency might come about, based upon whether themechanism is sensitive merely to activation, or to particular patterns of activity. In the firstcase active neurons become temporarily more efficient in their ability to fire other neurons.In this case if a neuron has recently been active then it will temporarily be more efficient atfiring all of the other neurons to which it is connected; since this increase in efficiency isgeneralized this can be called a nonselective mechanism. In the second case the neurons arenot generally more efficient, but the specifically effective connections between them

93become temporarily more efficient. In this case if neuron A helps to fire neuron B theconnection between them becomes temporarily more efficient. As a result neuron A willmore effectively facilitate neuron B’s firing for a short time thereafter. However, if anotherneuron connected to B fires it will not be more efficient because the increase in efficiencywas only from neuron A to neuron B. Since the increase in efficiency is specific in thiscase, this is a selective mechanism.In the SESAME framework, as reflected by Sonntag’s implementation, STCS hasalways been considered to be a nonselective mechanism. However, a theoreticalexamination of STCS strongly suggests that the selective interpretation is correct1.The nonselective version of STCS is adequate to deal with certain types ofproblems as Sonntag showed. For long term learning experiments where recall ismeasured after STCS has dissipated the form of STCS is not relevant. The form may noteven be strictly relevant for certain types of short term recall experiments. This is becauseany cell assembly that has been active will have a high level of inter-unit STCS whichmight appear be sufficient to give it a competitive advantage versus other cell assemblies.This is where the Kleinsmith paradigm becomes crucial in understanding the dynamics ofSTCS. The Kleinsmith data shows that this temporary increase in inter-unit STCSbecomes effectively negated under certain conditions. Further, the examination of theTRACE model has revealed that the buildup of fatigue in virtually any cell assembly isenough to counteract the effects of intra-unit STCS, effectively decreasing the sensitivity ofthe cell assembly until it shuts down. Therefore, in the general case, a recently active cellassembly will be less sensitive to being activated, based purely upon its internal state, thanother cell assemblies. All else being equal, therefore, recently active cell assemblies are theleast likely to be associatively activated, providing the system with a type of anti-memory.It follows that there must be some compensatory factor which can account for short termmemory.

94The compensatory factor, of course, is inter-unit STCS. Just as intra-unit STCSprovides a temporary boost in connection strength to compensate for a lack of LTCS, inter-unit STCS can provide a temporary boost in connection strength to compensate for fatigue.However, if STCS is nonspecific it might still provide a type of anti-memory. When onecell assembly is reactivated under such a paradigm it will tend to efficiently activate everycell assembly that it is connected to. However, since the target cell assembly that followedin the original sequence is less sensitive due to fatigue as discussed in the previousparagraph, it is highly unlikely to be reactivated versus all of the other cell assemblieswhich are not fatigued at all (Figure 6.1). This can be partially alleviated by making fatiguedissipate rapidly, but the Kleinsmith data show that fatigue lasts at least for severalminutes. This problem does not arise when STCS is selective. In this case the original cellassembly will only tend to activate the cell assemblies that were active concurrently with itoriginally. This selective increase in STCS can serve to compensate for the decreasedsensitivity of the target cell assembly (Figure 6.2) by boosting the active cell assembly’sability to activate the target cell assembly.Figure 6.1: The circles in the figure represent cell assemblies. The center circle and thecircle to its immediate right correspond to two elements in a recently experienced sequence.The shading represents the fact that the elements are relatively insensitive to reactivation dueto their fatigue levels. The lines represent the combined influence of short-term and long-term connection strength. The cell assemblies surrounding the center represent the cellassemblies connected to the center one (the actual number would be much larger). If thecell assembly in the center were to be reactivated it would probably not reactivate the cellassembly to the right as the next element of the sequence because that cell assembly isfatigued.

95Figure 6.2: The situation is the same as in Figure 6.1. However, in this case STCS isselective and therefore only the shaded cell assembly on the right gets extra input from thecenter cell assembly which is why the connection into it is so much stronger. This extraconnection strength can compensate for the cell assembly’s decreased sensitivity makingrecall of the sequence possible.Such a change also serves to help alleviate one the of major problems that Sonntagfaced. Sonntag run numerous experiments which showed that controlling activity was oneof the most difficult challenges in making MultiTRACE work. Changing the form ofSTCS has a dramatic effect on this problem. Since cell assemblies no longer have atemporary increase in their capacity to fire every cell assembly they are connected to, the neteffect of an active cell assembly on the cognitive system as a whole is greatly reduced.Where an active cell assembly in the original version of MultiTRACE essentially floodedthe system with input, it now only impacts specific other cell assemblies.From a credit assignment perspective the proposed change is also reasonable. Thecredit assignment model proposed in this dissertation is based upon changing connectionsbetween elements when they have strongly correlated activity. The updated version ofSTCS reinforces that importance within the system. One of the purposes of short termmemory might be to provide a kind of rehearsal effect where an organism can replay eventsin its head in order to strengthen learning; the rehearsal serving as yet another form ofrepetition. If, in the course of rehearsing these events, the organism were to deviate fromthe original sequence, as would easily be the case with the previous version of STCS, this

96would greatly interfere with the learning process of the experience. The new version ofSTCS helps to ensure that the sequence will be re-experienced without deviation.SummaryA mechanism for short term memory is crucial for the ability to simulate theKleinsmith paradigm. Such a mechanism, STCS, was already in place in MultiTRACE,but a closer examination of its role in the light of the Kleinsmith data showed the previousversion of STCS to be inadequate. Fortunately a change in the understanding of themechanism of STCS was able to address these shortcomings. This change involvedhypothesizing that STCS is a selective, rather than a non-specific, mechanism. The changedid not necessitate any redesign of the TRACE model and only required a small change inMultiTRACE. Further the changes to MultiTRACE address additional problems found byits original designer.The learning ruleThe Kleinsmith results (and a number of other studies) predict a simple relationshipbetween long term learning and arousal: as arousal increases learning improves. Thetheory proposed in Chapter 5 used the relationship between activity and learning to explainthis. To simulate it in MultiTRACE requires a learning rule which can vary the strength oflearning according to the quantity of activity. In developing MultiTRACE Sonntag did nothave to address this directly. The issue he was working on was whether or notMultiTRACE was capable of effectively learning sequences. Since he was not attemptingto match any specific learning data, and since arousal, the major source of activityvariation, was not yet included in the TRACE model, he was able to use a qualitativeversion of the learning rule. This original rule divides the activity of a cell assembly intothree phases corresponding to latency, perception and consolidation and only allowslearning to occur when one cell assembly is in the consolidation phase and is connected to

97another in the perception phase. In simply proving that the principles work this is areasonable solution. However, to explain the reminiscence data a further specification ofthe learning rule is necessary.There is other learning data available, data related to the Kleinsmith paradigm,which also provides insight into the specification of the learning rule. One of the wellknown problems of an associative learning rule, such as the Hebb rule, which will serve asthe basis of the MultiTRACE learning rule, is sequence direction. If two cell assembliesare firing simultaneously then presumably connections are being strengthened from each tothe other (Figure 6.3). However, it has been shown that humans generally show stronglearning in the original sequence direction and only weak learning in the opposite direction.This and similar difficulties that associative learning models have with temporal coding hasbeen called one of the fundamental problems of associative learning (Miller and Barnet,1993). Including this data might seem to be a violation of one of the modeling principlesset forth in this dissertation, that models should be kept as simple as possible beforemoving on to more data. However, this data is relevant to the Kleinsmith results becausethe solution hypothesized here provides further evidence for the fatigue construct.The first change to the qualitative learning rule originally used in MultiTRACE isthat the neurons within a cell assembly cannott "know" whether or not they are in theconsolidation or perceptual phases. There must necessarily be some physical differencebetween the two states if such a learning rule is going to be proposed. The obviouscandidate for this difference is fatigue which, under the revised equations, fairly accuratelyreflects the period of time that a cell assembly has been active. The consolidation principlestates that important events are learned better because the amount of activity is greater; thisactivity can be "read," or inferred, from the level of fatigue. To this end Hebb’s basiclearning rule, which specified that when A facilitated the firing of B leads to a strengtheningof the A->B bond, should be amended to include fatigue. 98 Time in ms.A c t i v i t y - 0 . 1 00 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6

0 . 7 0

3 67 21 0 8

1 4 4

1 8 0

2 1 6

2 5 2

2 8 8

3 2 4

3 6 0

3 9 6

4 3 2

4 6 8

5 0 4

5 4 0

5 7 6 Figure 6.3: The figure shows the time course of activity of two cell assemblies in asequence. During the time period in which both are active, a period of about four seconds,neurons in the first cell assembly will fire simultaneously with neurons in the second cellassembly. In a strictly associative learning rule such as the Hebb rule, such a situation willresult in strong connections from each cell assembly to the other.Recalling the credit assignment discussion, repetition is an indicator of importanceand the repetition of neural firing leads to higher and higher levels of fatigue. Therefore,since the fatigue level of a cell assembly is directly correlated to firing repetition it is naturalthat the higher the level of fatigue the greater the change in strength should be (thisreasoning will be discussed in far greater detail later in the chapter). The new learning rule,therefore, emphasizes not only the correlation of activity between cell assemblies, but thefatigue of each one. First, learning does not begin until the cell assembly has reached somethreshold of fatigue t. Once the cell assembly has reached that threshold the learning rate iseP1P2F1p, where e and p are constants, P1 and P2 refer to the level of activity in therespective cell assemblies and F1 is the fatigue level in the first cell assembly.With such a rule, learning will become faster as a cell assembly grows morefatigued. This amendment is also attractive because it provides a solution to the problem ofsequence direction. In a sequence the various active cell assemblies will be in different

99states of fatigue. For example, in a sequence A - B the cell assembly for A will besomewhat fatigued by the time the cell assembly corresponding to B becomes active. Withthe new learning rule the change of strength for units in A firing units in B (A->B) will berelatively large compared to units in B firing units in A (B->A). Further, because of theaddition of fatigue to the learning rule, it is no longer the case that simultaneous activationof cell assemblies will yield maximal learning. In a pure contiguity rule such as the Hebbrule, learning will be maximized when two events occur simultaneously because there willbe a maximum correlation of activity between the two representations. However, byadding fatigue to the learning rule this is no longer the case; learning will tend to bemaximized when the first cell assembly is becoming fatigued when the second cellassembly is at a peak level of activation. Miller and Barnet (1993) support such a rule,reviewing evidence that shows that simultaneous conditioning is relatively ineffective incomparison to the spaced case.The Kleinsmith paradigmTo this point in the chapter, several important changes in MultiTRACE have beendiscussed, but without reference either to experiments or to relevant equations andparameter settings. In reality numerous simulations were run along the way to determine ifthe changes seemed plausible, but each set of changes meant changing most of the settingsfrom the previous iteration. The data that can be used to check all of these changes, as wellas the underlying reason for making all of these changes in the first place, is the Kleinsmithdata. The two major changes to MultiTRACE, modification of STCS and the learning rule,were required due to the theoretical demands of the Kleinsmith data. The original learningrule could not account for changes in activity levels brought about by variations in arousaland had to be modified, and the STCS changes were also as a direct result of the originalmodel’s inability to handle the Kleinsmith data. Once these changes were in place it was

100possible to experiment with the simulation to see if a set of parameter settings existed whichpermitted reasonable modelling of the Kleinsmith effects.Experiment 5: The Kleinsmith paradigmThe Kleinsmith paradigm involves giving subjects pairs of items while monitoringtheir arousal levels. Recall is later tested by presenting the first item in the pair with the testcondition being a determination of whether or not the subject can recall the second item inthe pair. The data were analyzed by sorting the items based on the level of arousal at thetime of initial presentation. The high versus low arousal cases were determined on awithin-subject basis, by taking the lowest scores for a given subject as low arousal and viceversa, rather than by an absolute measure.Simulation ProcedureFor the most part the mechanics of the Kleinsmith paradigm are simple to replicatein the new version of MultiTRACE which shall be called MultiTRACE2. The originalpresentation of the items consists of presenting inputs to specific units at the required timeinterval. The recall condition involves presenting an input to the first unit and checking tosee if it can activate the second unit through its associative connections. The timing ofevents can be precisely handled since a single step in MultiTRACE2 takes 10 milliseconds.In MultiTRACE2 there were two recall conditions tested corresponding to testing twominutes after the initial presentation and one day later.Because of the difficulties in determining exact parameter settings, and also becauseof changes in the original experiments themselves (such as using nonsense syllables in oneand words in the other), the goal in running the Kleinsmith simulations was not an exactreplication of the original results but rather a match to the original pattern. There are anumber of factors which will impact the results of the simulation, one being the originalpattern of connections within the network, which are not easily modelled. For example, it

101is not known exactly how cell assemblies are connected; and the issue is furthercomplicated by the fact that learning is essentially a rewiring process such that the pattern ofconnections often changes. The result of learning, therefore, is a new pattern ofconnections which will have inevitable effects on future patterns of activity. To simulatethe Kleinsmith data completely would require some knowledge about the general state ofconnections between cell assemblies. Kleinsmith and Kaplan addressed this issue to somedegree in their second set of experiments which used nonsense syllables (1964). Sincenonsense syllables are unlikely to have participated in any sequences, the connections outof the cell assemblies which represent them are not likely to have ever changed. There arestill further complicating factors, however, such as the fact that any given cell assembly isnot connected to every other cell assembly. This means that certain associations probablycannot be learned in a single presentation. This too will affect the results and it is notknown what the percentage connection rate is, so it is impossible to tell what magnitude ofthe effect will be. One hint does exist within the Kleinsmith results however, which is thatpeak performance in both the low and high arousal cases never gets much above 60percent. This might indicate that there is about a 60 percent connectivity rate among cellassemblies within a given cognitive level. However, none of this is a certainty and for thisreason exact replication of the Kleinsmith results cannot be the primary goal of thesimulations.Another difficulty in replicating the Kleinsmith results comes in deciding on how tohandle arousal within the simulation. Experimental monitoring of a subject’s arousal levelindicates that there is a baseline level of arousal which is deflected up and down over time.To replicate the Kleinsmith results in a simulation it is necessary to determine both what thebaseline level of arousal might be, what reasonably sized deflections might be, and whatthe level of arousal should be at recall. It is difficult to solve such problems other thanthrough trial and error simulation, that is, running the simulation with different settings todetermine what appears to be reasonable behavior. Simulations of this type are not aimed

102as modelling specific data, but instead are designed to determine what reasonable settingsmight be when the actual simulations are run.The baseline level of arousal for the Kleinsmith simulations was determined byfinding a minimum level of arousal and splitting the difference between that level andmaximum arousal, which has always been set at unity. The minimum level of arousal wasdetermined by finding the level of arousal necessary to allow a weakly connected cellassembly to achieve a perceptual level of activity. Lower levels of arousal would result in acomatose state where nothing was perceived. Both the problems of arousal deflections andarousal level at recall were handled by systematically varying the levels of each.Rather than attempting to simulate subjects by randomly generating networkscorresponding to each subject, the approach taken was to systematically modify variablessuch as arousal in order to isolate their effects on performance. Further, all testing wasdone on pairs of connected cell assemblies since a negative result will always occur whenthe cell assemblies are not connected.The Kleinsmith paradigm essentially breaks down into two cases: short term recalland long term recall, which is reflected in the two simulation cases where recall is tested onthe order of a few minutes and on the order of a day. The important factor in the long termcase is the amount of learning. Because STCS and fatigue should dissipate in less than anhour residuals levels of each should not be a factor. Further, since the time course ofsecondary consolidation is similar, it too should be complete. For the long term case,therefore, instead of running the simulation for a day or a week of simulated time, thesimulation was simply reset once learning was complete. The effect of resetting thesimulation is that fatigue and STCS are cleared back to their original state.The straight Kleinsmith format of testing for recall at a two minute interval was notused because simulations like MultiTRACE2 are capable of more informative testing. Adifferent test paradigm was used which involved discovering what the critical times werewhen recall first becomes possible. For example, when arousal is at low levels recall may

103not be possible for a minute or so until fatigue dissipates, whereas when arousal is at highlevels recall may not be possible for three or four minutes. This is more informative thansimply testing for recall at a two minute interval since it not only yields the results in thetwo minute case, but also the minimum recall times, and it gives a better picture of what thecorresponding recall curves are.The test paradigm used was simple and involved fixing a testing level of arousaland then using that level to determine the minimum length of time needed before recall waspossible. In order to do this a new network was generated for each test which consisted ofthe basic Kleinsmith paradigm with varied recall intervals. So, for example, in the initialcase the minimum level of arousal was used, a new network was generated and theKleinsmith paradigm was run for some small interval time. If recall was not successful theinterval was increased, another network was generated and the procedure was repeated.This process was repeated until a minimum recall interval was found. At this point thearousal level was increased and the procedure was repeated.Another difference in the short term case was that learning was shut off. The mainreason for this has to do with the data on secondary consolidation which indicates that thechemical changes that take place during learning take on the order of 30 minutes or longer.Recall times on the order of two minutes are not sufficient for the learning process to becompleted. Such a test also has the advantage of minimizing the number of interactingfactors affecting the results.The remaining major issue is what the level of arousal should be at recall time. Forthese simulations the baseline level of arousal was used since it represents an averagevalue2.ResultsSuccessfully simulating the Kleinsmith paradigm results are essential in building theapproach to credit assignment developed in this dissertation in two important ways. First,

104such simulations can help to establish a linkage between the strength of learning andconsolidation by showing that consolidation is the mechanism which translates arousal intolearning. And second, they can provide further evidence for fatigue as well as showing itspotential usefulness in the learning context. Because the results are so vital to the successof this work it is worth reviewing the two critical issues that the simulation mustsuccessfully address.The first issue, and the crux of what makes the Kleinsmith data so difficult toexplain is the pattern of the short term results. There are two important points aspects ofthis pattern. First the data show reminiscence; that is, that recall performance actuallyimproves with rest. The reminiscence data absolutely cannot be modelled without stronglytime dependant variables. Further, the short term data also show that when arousal is high,recall is difficult, if not impossible, during the first two minutes. On the other hand, whenarousal is low, recall is excellent after two minutes. The only factor which can account forboth of these points in the SESAME system of models is fatigue3.The second issue involves the long term data. There are two important trends thatmust emerge in the simulation. First there is a relationship between long term learning andarousal that must be modelled. In the simulation this is simply a matter of checking thefinal connection strength between cell assemblies for the various runs. Second, learningmust be strong enough when arousal is high that recall is possible even when enough timepasses that STCS dissipates.All of the necessary significant trends can be found in the data shown in Table 6.1.Reminiscence can be clearly seen by examining the minimum recall interval. In every caserecall was tested at shorter time intervals but was not possible. What is significant aboutthese results is that, in the MultiTRACE2 model, this improvement in performance does notcome as the result of further learning since learning is completed during the consolidationperiod, but from the dynamics due to the temporal characteristics of cell assemblies such asresidual fatigue and short term connection strength. Further, the relationship between

105arousal and short term recall can also be clearly seen as the minimum recall time increasesby more than a minute and a half from when arousal is low to when it is at its maximum.Table 6.1. Kleinsmith paradigm simulationsParameterInterpretationValuesshort term connection strength gain0.3r+excitatory input resistance5r-inhibitory input resistance2gexternal control0.5elearning rate0.2tfatigue threshold0.7pfatigue power3ArousalMinimum Recall IntervalLong Term Recall?Final Strength0.5580NO.1230.6090NO.1560.65100NO.1870.70110NO.2150.75120NO.2500.80125NO.2700.85135NO.3000.90145NO.3260.95150YES.4731.00155YES.485The leftmost column gives the value of arousal for the simulation run. The MinimumRecall Interval column shows the minimum length of time (in seconds) that must passbefore recall will occur in a Kleinsmith-paradigm test. The Long Term Recall columnshows the result when learning is on and recall is tested after the simulation is reset(corresponding to the passage of a long period of time). The Final Strength column showsthe learned connection strength from the first to the second element. e, t and p arediscussed in the section on the learning rule. For explanations of the other parameters see(Sonntag, 1991).The long term trends can also be clearly found in the simulation results. Long termrecall is not possible except when arousal is nearly at its maximum level. Further, thestrength of learning increases as arousal does. It is worth noting that the relationship

106between arousal and the final connection strength is not linear; there is a significantincrease in the learning rate when arousal becomes larger than 0.90. This is because thechange in connection strength is strongly mediated by fatigue; the result of which is thatsmall changes in the amount of fatigue generated (at very high levels), can have a relativelylarge impact on learning. The implications of this will be discussed in the next section.A point which should not be lost is that this data has not been simulatedsuccessfully (nor even accounted for theoretically) in the 30 years since the Kleinsmithresults were first published. Since the successful simulation of the Kleinsmith data lendscredence to the TRACE model of learning it is possible to use this theory to see why theresults have proved troublesome. While factors such as arousal and short term connectionstrength were necessary in modeling the Kleinsmith results they have been used inprevious, unsuccessful, models. The new factor which allows TRACE (andMultiTRACE2) to model this data is fatigue; and, in hindsight, it is relatively easy to seewhy fatigue has not been included in previous models. For symbolic models fatigue wouldbe virtually meaningless if not contrary to the symbolic paradigm of universal computation.Connectionist models, on the other hand, have shied away from fatigue both because of alack of strong physiological evidence (now changing rapidly) and because the majority ofconnectionist models have been atemporal. However, as will be discussed in the nextsection, the impact of fatigue on learning may go far beyond the modeling of theKleinsmith data, possibly providing a natural way of accounting for other difficult learningresults as well.A note about the parameter settings. The length of the minimum recall interval canbe stretched by varying factors such as the fatigue rate, and perhaps more importantly, thestrength of inter-unit STCS. This particular set of simulation results was chosen becausethe recall interval is centered at exactly two minutes, when arousal is at its median level(which was the target behavior). Ignoring all other factors, recall is not possible in undertwo minutes with these settings unless arousal is low at presentation time. In reality the

107"true" parameters are probably somewhat different. An artifact of the simulationenvironment is that the subject is never distracted, always gets the input precisely on time,etc. Some other the factors which may account for some of the variation in the Kleinsmithresults have already been discussed, such as the pattern of connections, initial connectionstrength between units and arousal at recall time. While all of these factors may pertubatethe results slightly, the basic trends will still hold. The essence of the Kleinsmith resultsare the short versus long term trends, not the exact rates of recall.Simulations were also run to test how the level of arousal at recall time affected therecall interval (Figure 6.4). The differences found suggest that arousal level at recall timecould be a significant factor in the probability of remembering. Again it must be stressed,however, that while a similar input pattern will most likely generate a similar level ofarousal the next time it is experienced, this does not mean that this should be the arousallevel during the recall test. This is because the perception of the input (through theactivation of the appropriate cell assembly) is what triggers the change in arousal.Therefore the arousal level would not change until after recall had occurred.

Arousal at RecallTime in seconds02 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0

1 6 0 0 . 5 5

0 . 60 . 6 5

0 . 70 . 7 5

0 . 80 . 8 5

0 . 90 . 9 5

1Figure 6.4: Effect of Arousal Level on Recall. This graph was generated using the sameprocedure as for Table 6.1 with the only difference being that the level of arousal at recalltime was varied. In all cases the level of arousal at presentation was set to 0.75.

108Another interesting aspect of the simulation results is that they make a significantprediction. The earliest test interval in the Kleinsmith paradigm has always been twominutes. With MultiTRACE2, however, it is a simple matter to test even shorter intervals.What the results show is that at these shorter intervals recall is poor even when arousal islow, which is contrary to the original predictions of Kleinsmith and Kaplan. The reasonfor this effect is fatigue. Even using the revised TRACE equations fatigue remains thedominant factor in causing a cell assembly to shut down whether arousal is high or low.This means that even when arousal is low, cell assemblies will generate enough fatigue tohave a temporary effect on recall. Immediate recall, during the first several seconds, willstill be high since the cell assemblies will be consolidating, but then will quickly drop off.What these simulations still do not accurately measure is how much of an effect competitionand other forms of local inhibition will have.Credit assignment and fatigueThe major difference between credit assignment as it is manifested in thisdissertation and as it is presented in other models, and particularly Grossberg’s andSutton’s, is in the incorporation of fatigue. Fatigue is crucial to the success of this modelfrom a number of perspectives. The focus so far has been that fatigue provides theSESAME architecture with an explanation for a number of issues that are otherwise noteasily resolved. Chief among them with regard to this dissertation are the Kleinsmithparadigm data and the problem of the direction of sequence in associative models. In bothof these cases fatigue affords a clean, system compatible, explanation of problems thatotherwise have proved difficult to model. Further, fatigue provides a way of extending thecredit assignment model within the same framework.Fatigue makes credit assignment far more selective than in a model based upon pureassociation. Part of the appeal of Hebb’s original learning rule is its simplicity; it proposesthat all learning comes as the result of the correlation of neural firings. The inclusion of

109fatigue into the learning rule allows for a far more sophisticated type of correlation evenwhile keeping the rule relatively simple. The brain has been called a "coincidence detector"and in fact that is how the Hebb rule works, by detecting the coincidence of two neuronsfiring simultaneously. The inclusion of fatigue into the learning rule, however, effectivelycreates a stricter criterion for coincidence. It is not enough for a neuron to fire, it must doso repeatedly. The repetition of firing needed to generate fatigue means that strong learningwill only occur when a cell assembly is active either repeatedly or with unusual intensity.The fatigue-learning linkage may also help to explain other learning data notmodelled in this dissertation, such as the difference in learning rates between early and latelearning. This is because, as Hebb first postulated in The Organization of Behavior(1949), in unfamiliar domains (or, in the case of young children, when all domains areunfamiliar) there will not be well learned cell assemblies, nor strong connections betweencell assemblies. The effects of this lack of structure are twofold. First, a cell assemblywithout strong internal connections will not be able to sustain reverberation. This lack ofreverberatory activity will mean that such cell assemblies will tend to become inactivebefore there is a buildup of fatigue. Second, the fact that the average intensity of activitywithin a cell assembly will be lessened, combined with the fact that there will be relativelyweak connections between cell assemblies means that cell assemblies will not be effective atactivating each other. In an organism where there are other structures available,corresponding to other domains, this will have the effect of making the organism easilydistracted because such domains will tend to easily dominate the new, unstructured,domain. In an organism without well formed structures, organisms will effectively besensory dominated because direct environmental input will be required to activate cellassemblies. Even when an organism avoids distraction (one of the functions of globalinhibition) and manages to concentrate on the new domain, the limited ability to sustainactivity will negatively impact learning. As structure is built up the ability to sustain activity

110will increase, with a corresponding increase in fatigue, and the speed of learning willquicken.The incorporation of fatigue into the learning rule places a premium on repetition atthe molecular level. At this level repetition comes in the form of pairs of neurons firing insynchrony, and is required to generate the fatigue that activates the learning process. Incases where repetition is high, such as when arousal is high, learning will be relativelystrong. At the behavioral level repetition is required to build up the neural structures whichenable repetition at the molecular level. This emphasis on repetition ensures that thecoincidences detected by the brain through its learning rule are significant. Further, thereexists the capability, through the arousal system, to circumvent the need for behavioralrepetition by allowing for intense repetition at the molecular level within a single activation.At the cellular level fatigue also provides a framework for understanding thelearning process. Fatigue comes as the result of a neuron continually firing and sendingtransmitter substances to other neurons. The depletion of the neuron’s energy is a sign thatthe system has not efficiently allocated its resources. Learning can be viewed as a solutionto this allocation problem. In Hebb’s rule neuron X is channeling transmitter to endfeetwhich in turn release it to fire neuron Y. If it is not doing it well enough to meet thedemand then a reasonable change would be to increase X’s ability to enable the firing of Y.From a mechanical point of view, fatigue might be critical to the physical processes oflearning as well. Just as the waste products of muscle usage, such as lactic acid, and theircleanup appear to be central to the process of building muscles, it may well be the case thatsome aspect of neural fatigue is critical to triggering the learning process.In summary, far from being a necessary but unfortunate part of a system built outof neurons, fatigue appears to serve a number of important functions with regard to creditassignment and learning beyond its role as a shutoff mechanism for cell assembly

111activity. Among these are:1) Fatigue may provide the trigger necessary to begin the synaptic changesinvolved in learning.2) A learning rule based upon fatigue places a premium on molecular repetition,ensuring that the associations made through the learning process are significant.3) Fatigue solves the problem of temporal coding in associative learning.4) Fatigue can play a protective role in new learning. In situations of high arousallearning is so strong that were it not for fatigue, rehearsal and reflection would be likely toform new, potentially spurious, connections.Fatigue has negative connotations because it implies an inability to perform normalfunctioning. While this may be true on occasion, the shutoff function may be vital to thenormal functioning of an organism. A strongly active cell assembly which does not fatiguecould stay active indefinitely. Further, given the learning problems that fatigue seems tohelp solve it would appear that evolution has enabled the brain to take advantage of its ownphysical properties.1STCS provides a good example for how theoretical changes are made withinthe SESAME research group. The SESAME position, based upon some early research inneurophysiology, has always been that STCS is non-specific and hence this was theversion that Sonntag adopted in his dissertation. After extended experimentation, however,it became clear to me that there were numerous advantages to the specific version of STCSproposed in this dissertation. I proposed the change in a SESAME meeting before I hadany neurophysiological evidence. I outlined my reasons as I do in this chapter and theimplications of both versions were discussed at length. The group came to twoconclusions: First, that the design of the neurophysiological experiments that had led to theoriginal position were not compelling enough to provide convincing evidence for eitherposition. Second, the theoretical arguments were so compelling that for the time being,until more neurophysiological evidence becomes available, we would adopt the newposition.2This might seem contrary to one of the themes of this dissertation which isthat information is not treated neutrally. With such an interpretation one would assume thatif an input generated a particular level of arousal after one presentation it should generate asimilar level at the next presentation. However, there is a lag between the time of the inputand the time that arousal begins to affect processing, the input must activate the arousalsystem which must in turn release dopamine or whatever neural transmitters are involved,and this lag is likely to be longer than the 50 to 100 milliseconds that the activation of a cell

112assembly requires. Further, when the cell assembly is activated by an internal input, as isthe case in the recall test, the change in arousal can only come as the result of the cellassembly’s activation and therefore must necessarily come later.3Inhibition could also provide the kind of short term negative impact onactivity necessary. However, this is extremely unlikely for two reasons. First, the role ofinhibition as the primary factor in the Kleinsmith results has been extensively studied andrejected as was reviewed in Chapter 3. Second, as was shown in Chapter 5, localinhibition, which would be the only type of inhibition capable of such an impact, arisesfrom particular configurations of active cell assemblies, not from general system properties,and therefore is not predictable with regard to system variables such as arousal.

113CHAPTER 7CONCLUSIONThe starting point of work on this dissertation was an miscellaneous collection ofconsolidation data which apparently had little to offer learning theory. These data showedthat there is a short period of time, the consolidation period, during which learningbecomes permanent. A careful examination of the data, however, shows that consolidationis not, as is often hypothesized, merely a byproduct of the physical process of learning.Rather, it is integral to many of the core issues of learning theory such as what is learnedand how strong the learning is. The main vehicle for studying consolidation in thisdissertation and for showing what a consolidation-based model is capable of is the TRACEmodel. TRACE models the time course of activity of a cell assembly, a neuralrepresentation of an object (whether concrete or abstract). It also provides forconsolidation through the action of its learning rule, a rule which hypothesizes that there isa relationship between learning and correlated neural activity. Such a rule directly relatesthe learning of information and the processing of information through the mechanism ofconsolidation. The power of a consolidation-based model of learning, such as TRACE,comes in the ability of the cognitive architecture as a whole, in this case the SESAMEarchitecture, to adjust the basic consolidation heuristic according to the situation. Such anarrangement which requires that the architecture have built in sensitivities to "important"situations.In making the case for a consolidation-based model of learning this dissertation hashad to address several key questions. First, is the question of what consolidation is. Thisdissertation has taken the somewhat unusual point of view (from the perspective of

114consolidation theory, not from a physiological point of view) that consolidation is an activeprocess related to correlated neural firing. Next are two related questions. First, is thequestion of what is gained by having an active model of consolidation. Next, there is thequestion of how a learning rule based upon correlated neural firing can be scaled up toaddress issues of behavioral data. The TRACE model allows both of these questions to beanswered by providing a molar level simulation of molecular level events. Since TRACEmodels the aggregate behavior of neurons it is ideal for scaling their behavior up to thebehavioral level. In turn this allows consolidation to be studied at the same level.One of the major tests of any model is what data it can account for. In thisdissertation there are two major sources of data: the consolidation data and the Kleinsmithparadigm reminiscence data. The simulations of these data are critical to the success of thisdissertation and lay the foundation for extending the consolidation discussion into thegeneral realm of learning theory and even into the topic of large-scale simulations generally.ConsolidationThis dissertation makes the claim that consolidation is a fundamental mechanism oflearning. The arguments and data in Chapter 2 show that there is much more toconsolidation than a simple process which makes learning permanent. Empirically there isa large body of such consolidation data that a learning theory must address. These data fallinto two basic categories: events that negatively impact learning, and events that facilitatelearning. This dissertation takes the point of view that these events are systematic andcoherent, and are the result of an active consolidation process. Further, the resultinglearning system is able to take advantage of these influences in becoming sensitive to avariety of domain independent factors.The construct through which consolidation is implemented is the cell assembly,modelled in a simulation called TRACE. A cell assembly is a collection of neurons which,because of their strong interconnections, tends to behave as a unit, thereby serving as a

115kind of connectionist "symbol." The cell assembly is a natural method for explainingconsolidation because cell assembly theory postulates perception as an active process with asimilar time course to consolidation, and the activity of cell assemblies is subject to thesame sorts of influences as is consolidation. Further, the activity of the neurons within acell assembly provide a mechanism for a consolidation-based learning system. Thiscorrelation between the activity of a cell assembly and learning is where the directconnection is made between learning and processing. Understanding the consolidation datawith a simulation like TRACE, therefore, involves showing how TRACE is capable ofautomatically adjusting the activity of cell assemblies according to the situation typesdescribed by the data. Simply modelling the data is not enough, however; it is alsoimportant to show that a consolidation-based approach to learning provides a generalpurpose, coherent solution to learning problems such as credit assignment.The solution afforded by the TRACE model is actually quite simple in concept, butelegant in application. The basis for all learning in TRACE is contiguity, whether it is at amolar or a molecular level. The essential contiguity heuristic is that things that occur nearto each other in time are probably related, whether "things" means events or the firings ofneurons. A general purpose learning system, such as the one humans have, must,however, be more sophisticated than this. Much of the power of the system comes in itsability to make adjustments to the basic contiguity rules. This ability stems from severalsources, including the results of previous learning, the specification of the learning rule,and architectural factors. These sources of adjustment impact the consolidation process indirect and straightforward ways, providing an approximate measure of the relativeimportance of the current situation.The mechanism through which these adjustments are made is neural activitythrough its function as the basis for the learning rule. This activity, mediated by the actionof cell assemblies, has two dimensions, intensity and duration, each of which appears tohave distinct impact on the learning process. Duration serves as the basis for molar

116contiguity. As a cell assembly stays active other cell assemblies also become active and,therefore, their neural firing becomes contiguous with that of the original cell assembly. Inan architecture based upon cell assemblies cognitive structure consists of linkages betweenunits. Duration is critical in the process of building these linkages through its role inenabling correlated neural firing between representations. When two cell assemblies hascorrelated neural firing the connections between them tend to be strengthened. In creditassignment terms this essentially answers the question "what leads to what?" Theconsolidation hypothesis, therefore, answers this question by using a relatively simplemethod of extracting sequential dependencies. This is as opposed to undertaking thecomplex and unpredictable task of attempting the analysis of situations that more rationalapproaches tend to favor.Factors which impact duration include inhibition and fatigue. Inhibition negativelyimpacts duration in situations where the activation of one concept precludes or lessens theactivity of another. The most straightforward example of this would be a perceptualcompetition. Such competition results in a number of cell assemblies which mightotherwise be activated as the result of an input, instead becoming suppressed. Fatigue, onthe other hand, is a self-limiting factor. In terms of duration what fatigue does is to set akind of cap on how long a cell assembly can stay active. Fatigue is instrumental in settingthe basic consolidation heuristic, the five second rule, since it is the primary factorresponsible for the shutdown of activity within a cell assembly.Several factors also influence duration in an enabling capacity. The most obviousof these is input which, in most cases, is necessary for the activation of a cell assembly.Input alone may not be enough to bring reverberation however, and this potentialshortcoming is the basis for the short term connection strength mechanism. Short termconnection strength provides a cell assembly with temporary connections which can serveto compensate for a lack of strong internal connection strength, thereby enabling even aweakly connected cell assembly to reverberate when the input is sufficient.

117Intensity is probably more important to molecular level contiguity than is duration.This molecular level contiguity serves as the basis for the ability to make adjustments in thestrength of learning, addressing the credit assignment issue of how much influence onefactor has on another. It has been hypothesized in this dissertation that adjustments instrength come as the result of increasing the firing rate of neurons. This increase comesbecause learning is tied directly to neural firing. By adjusting strength through intensityrather than duration, side effects involving the consolidation five second heuristic areavoided.The issue of how strong to make a connection is most closely related to arousal, butis also impacted by inhibition. The hypothesis in this dissertation is that the arousal level ofan organism directly reflects the perceived importance of the situation the organism is in.Factors such as pleasure and pain which directly bear on an organism’s well being arestrongly related to its arousal level. It is imperative, therefore, that the organism be acutelysensitive to situations which not only are directly pleasurable or painful, but also whichcould potentially lead to pleasure or pain. It is this sensitivity which allows an organism tolearn differentially depending upon the importance of a situation. Conversely, inhibitionplays only a peripheral role in the determination of the intensity level of a cell assembly. Itis more often the case that inhibition’s role is the prevention rather than the regulation ofactivity of a specific cell assembly.The simulation experiments in Chapter 5 were designed to show that the TRACEmodel is capable of behaving appropriately in the framework just described. Experiments1 through 4 each examined some facet of the TRACE model (or TRACE as embedded inthe SESAME framework) and either showed that TRACE was already capable of behavingin the specified fashion or could be modified to do so. Further, the modifications of theTRACE model were not made arbitrarily, but rather were done systematically in accordancewith existing theory and using neurophsyiological constraints where possible. Thismethod of model extension is part of the SESAME philosophy of the "systematic

118exploitation of failure" in which systems are kept as simple as possible and are onlymodified when a further understanding of the underlying theory requires it. Central to thesuccess of such a philosophy is that the modifications to the model remain true to theoriginal specifications.The extension of TRACE to include an arousal component is an excellent exampleof how this method works. While the role of arousal had already been specified within theSESAME architecture, it had not been implemented in TRACE. TRACE, as originallyspecified, modelled the activity of a cell assembly under "ideal" conditions; thesimplification in this case being that "non-ideal" conditions were not considered. Amongthose non-ideal conditions are lowered levels of arousal. By adding arousal to the TRACEmodel its scope was extended to a larger set of data. Further, and crucial to the extension,is the fact that the new model is able to behave in exactly the same fashion as the old modelwhen arousal is set to its maximum value. In this case, therefore, the model could beextended without any disturbance to the original theory. This was not the case with all ofthe changes, such as with the reimplementation of fatigue, but in such cases great care wastaken to ensure that any changes improved the model without forfeiting previously achievedresults. In the case of fatigue, on the other hand, close examination revealed that the role offatigue in the original theory was too comprehensive, necessitating a change in the theory.On the whole the TRACE model proved to be capable of fulfilling all of itstheoretical roles with regard to the duration and intensity of activity. The impact of theinput and STCS factors were limited strictly to an enabling capacity. The major effect ofarousal, conversely, was on the intensity of activity. The major impact of fatigue, inconjunction with inhibition, is on duration. Finally, LTCS impacted both dimensions. Atthis point in the study of consolidation it is probably too early to speculate too much onwhether or not this dual impact is "correct". I have collected a series of reasons and data onwhy LTCS should and should not have various effects on consolidation, but have not been

119able to come up with anything definitive as yet. Nevertheless, this is an important piece offuture work that needs further development.ReminiscenceThe consolidation framework just described provides an attractive learning model.However, while this framework is appealing for many reasons, including those describedin the introduction, as well as for the coherence and flexibility it affords, the consolidationevidence on its own is not a compelling reason to assume that the cell assembly model oflearning embodied in TRACE is accurate. There are, after all, other models ofconsolidation, most of which bear little resemblance to the one described in thisdissertation. The crucial evidence necessary to lend this model credence over the others isprovided by the Kleinsmith paradigm reminiscence data.Even 30 years later the Kleinsmith results appear to be an anomaly which defiesexplanation; worse, the results do not even make sense when viewed from an adaptiveperspective. However, by placing the results in the context of consolidation and studyingthem using the framework developed in this dissertation, they not only appear reasonable,but actually are sensible, even from an adaptive perspective.The anomalous nature of the results stems from the high arousal condition. First, itis not obvious what might account for the poor performance found in the short term recallcondition. Second, this poor performance does not appear to make sense adaptively. Whyshould an organism be prone to forget important events in the short term?The answer to the first problem is clear in light of the simulations run in thisdissertation: fatigue stemming from the intense activity associated with high arousal makesthe pertinent cell assemblies relatively inaccessible in the short term. The answer to thesecond problem requires thinking about the situation in terms of the framework laid out inthe previous section. In that section is was hypothesized that one of the important roles offatigue is in regulating the duration of activity. In situations of high arousal this function

120becomes all the more critical. When high arousal is triggered the active cell assembliesbecome intensely active and therefore learning is strong. The high arousal indicates thatthis is an appropriate time to "turn up" learning because something important has justhappened. In such a case learning is essentially optimized.It might seem that allowing the simple reactivation of the pertinent cell assemblieswould further enhance the situation since it means that learning for the event could continueand that forgetting would not be a problem. This, however, has two potential hazards.First the learning could become so strong as to essentially hardwire the learned sequencethereby not allowing for future variations. Second, since other cell assemblies will beactive at the later time, they too will form connections to the cell assemblies in question.Given that learning can be effectively optimized when the events initially occur there is notreason to risk contaminating the results. Further, the inability to recall something does notimply the inability to process it. The MultiTRACE simulation results showed that thoughthe cell assemblies in question could not be activated internally (by other cell assemblies),they could still be activated by direct input.The Kleinsmith simulations accomplish several objectives: They firmly establishthe active relationship between processing and learning. They add considerable weight tothe TRACE model of learning since no other model can satisfactorily account for the sameeffects. Finally, they lend further credibility to the original experiments themselves which,though they have been replicated many times, have been attacked as not being theoreticallymeaningful.LearningThe focus of this dissertation has been on the consolidation data, how the TRACEmodel can account for it, and why it appears to be a powerful framework for learning.Because the onus was on showing the plausibility of such a model, considerably less timewas spent on what the model might reveal about learning generally. Some of these issues

121will be addressed in the future work section, but one which is not, and which is worthexamining more closely is the relationship between learning and affect.Classical treatments of cognition treat affect as its own little box separate from mostof the rest of cognition. This separation is especially clear in popular science fiction whichoften portrays intelligent robots as being devoid of emotions. The point of view taken inthis dissertation is directly contrary to those positions. The basic five second consolidationheuristic is fairly powerful on its own, but it pales in its power compared to a systemequipped with an arousal mechanism. The arousal mechanism makes learning selective;rather than treating every situation equally, arousal gives the organism the ability toautomatically respond to the importance of events based either upon their immediate orpotential consequences. Further, the arousal system does not require rational analysis todetermine this importance, but it arises naturally from the construction of the system itself.Far from being an unfortunate artifact of cognition, viewed from this perspective affect isone of the central ways of making cognition more efficient.SimulationsOne of the great problems in simulating psychological data is dealing with thewidely held perception that simulations are "doomed to succeed." This is especially truefor a model such as TRACE which contains a large number of parameters and variables.When choosing an isolated behavior it would be relatively simply to modify TRACE tomodel the behavior by changing any of a number of parameters. Simulations are oftenrightfully criticized for not proving anything because with enough parameters it is possibleto model anything. The SESAME position is that nature, through evolution, does notoperate by adding a new mechanism and therefore a new parameter or variable for eachnew behavior, but rather that it is far more adaptive to have fewer, more general purpose,mechanisms. With such a philosophy, therefore, new parameters and variables must beadded sparingly, even grudgingly. Such a policy has several important implications. First,

122change must come through failure; variables should be added only when the previousincarnation of the model proves inadequate. Second, changes must be strongly motivatedtheoretically; it is not enough that the model is inadequate to deal with new data, it isimportant to understand why, and how a new component can address the shortcoming.Finally, the new changes cannot undermine the good results already obtained, and if theydo so the previous theory must be re-examined and changed.With these policies in place proper management of a model can ensure thatsimulations are meaningful. In the TRACE model, for example, each variable andparameter has a well specified theoretical role. With such a framework it is not reasonableto change a setting or equation arbitrarily without a thorough examination of the theory anda careful study of the implications of such a change. While this can make simulating newdata more challenging it also provides a framework for understanding which directionchanges in the model should take. In attempting to model the Kleinsmith results, forexample, I found the previous instantiation of TRACE to be inadequate. The problem wasthe lack of differentiation in fatigue in cases of high and low arousal. By examining thesedata in the light of the role of fatigue in TRACE, it was possible to make the connectionbetween the fact that fatigue was too high when arousal was low and the fact that fatiguewas the only mechanism available for shutting off activity in TRACE. The originalspecification of the role of fatigue was too general - that fatigue should always shut downactive cell assemblies - and the new data helped to narrow and focus the theory. Many ofthe changes in a model like TRACE come in the same fashion - new data sharpeningpreviously overgeneralized theories. This is in marked contrast to models which are free toadd variables and parameters arbitrarily.Of course variables and parameters do get added to the TRACE model, as arousalwas in this dissertation. This may be somewhat misleading, however, since the linkagebetween arousal and cell assemblies was postulated as a possible explanation for theKleinsmith results when they were originally published. Further, arousal was built into the

123original TRACE equations but was held constant with the key tenant that the modelassumed "ideal conditions." Indeed with arousal set at its maximum level the equationsremain the same today. Therefore the original TRACE equations contained asimplification, that arousal be held constant. This simplification was useful in that it meantthat there was one less factor to manage. Once the original simulation was in a manageablestate, an easier job without the need to consider arousal, then arousal could be added as itwas in this dissertation. Furthermore, even as this policy facilitated the originaldevelopment of the model it also meant that arousal could be further studied and betterunderstood before it was added.The SESAME research group takes this form of model management one stepfurther with a limited form of peer review for major changes in its various models. In partthis is a helpful process where members of the group can receive suggestions and feedbackon their work, and in part this is born of necessity since changes in one part of thearchitecture can impact other parts of the architecture and therefore other member’s work.The end result of this process is that far from simulations in SESAME being "doomed tosucceed" even many of the successes are rejected because they do not meet all of thenecessary requirements. A solution where arousal directly generates fatigue, for example,would account for the Kleinsmith results, but would not make sense from a theoreticalpoint of view, nor would it appear to be in accord with neuophysiological data, andtherefore it would not be an acceptable change to the SESAME architecture.Future workThough there are numerous directions that this research could take, two of themseem particularly appealing. The first is very much in accord with the theoretical approachestablished here and would continue the generic treatment of learning but at a somewhathigher level. The second is more empirical and would involve further specification of thelearning rule in order to directly model more data. Further down the road projects could

124include studying how consolidation works in building hierarchy or the implementation of aMultiTRACE-style model on a real task.Generic learningOne of the themes in this dissertation has been that the learning system is sensitiveto certain generic events. This emphasis on the generic rather than the specific is necessarybecause of the complexity of the world and the fact that in new domains there can be notheory to fall back on. So far the development of this treatment has been largely theoretical;Chapter 5 went through a variety of simple situations and showed how the system wouldrespond. While it was shown that TRACE is capable of behaving in the required fashion,no large scale simulations were run to show that the system as a whole is capable ofbehaving in such a way. With MultiTRACE, however, such simulations are becomingpossible and one of the important next steps in showing the viability and power of theconsolidation construct is creating these generic simulations to show the broad effects ofconsolidation within SESAME.In an unpublished manuscript, Booker and Kaplan (1989) describe four suchgeneric events to which humans appear to be particularly sensitive. They call theseimportance, environmental impact, match/mismatch and reward. These four events wouldmake an excellent starting point in a treatment of generic learning processes.Match/mismatch, for example, was briefly described in Chapter 5 in terms of clarity andconfusion. A match is a clarity situation where the organism’s prediction of what wouldhappen next has come true. Because the internal model supports the same structures as theenvironment, activity is intense and focused. By contrast, when the organism’s predictionis wrong, the internal model supports a different structure than the environment and theresult is weak, diffuse activity. Each of these states should be recognizable through clarityand confusion detectors which in turn should feed into the arousal system. A simulation totest this might start by training a system to learn an internal model. The next step would be

125to start it in accordance with the model, but then to deviate from the learned model in someimportant way. For example, the model could be trained to learn various sequences and atest of confusion would involve starting with a well learned sequence but finishing thesequence with a novel outcome.The pattern of connections is also important in understanding the environmentalimpact heuristic which is sometimes known as the "last thing" principle. The SESAMEhypothesis is that this heuristic arises due to a pair or important properties of the brainarchitecture. The first property is that similar things are processed near to each other in thebrain. This property is important in a number of ways, including providing a basis forperceptual competition. The second property is closely related to such competition andreflects the fact that the closer two processes in the brain are to each other, the moreinterference will result (Kinsbourne, 1982). This interference probably comes as the resultof a combination of regional inhibition and increased local inhibition through competition.Taken together these two properties have the result that when working within a domainthere will tend to be a relatively high degree of interference because most of the processingwill take place in a small area of the brain. However, when switching to a new domain thelocus of activity will shift away and the last few things from the first domain will notreceive as much interference and therefore will tend to be better learned.Importance has already been discussed in this dissertation in some detail.Importance can be learned, such as when making an association between an event andpleasure or pain, or it can be innate, such as a fascination with snakes. In this dissertationthe emphasis has been on the linkage between importance and arousal.Reward is probably the most highly studied of these heuristics, serving as the basisfor a number of learning theories. In the SESAME framework, the enhanced learningassociated with reward comes as the result of the high level of arousal generated bypleasure and pain. Simulations showing how rewards are backward chained in a fashionsimilar to the bucket brigade will probably be critical in establishing consolidation as a

126credit assignment method. In this framework, affect, be it positive or negative, replaces thetraditional evaluation functions used in much of machine learning. Because of theemphasis on rationality in cognitive science and artificial intelligence it would be extremelyuseful to show that a credit assignment system based upon affect is capable of learning atleast as effectively as those based upon evaluation functions.Creating simulations that show each of these effects is important in a number ofrespects. First, it would show that although the learning rule is based upon a very simpleprinciple - correlated neural activity - it is extremely flexible and powerful in the largercontext of a cognitive architecture. Second, it would serve as the basis for modelling awider variety of results and therefore provide further data for specifying and validating thetheory. And finally, it provides a relatively new way of examining learning by scalingmolecular level effects up to the behavioral level.The learning rule revisitedA number of changes to the basic Hebbian learning rule were made in thisdissertation; for example, the inclusion of fatigue was discussed in some detail in theprevious chapter. A further change which was not emphasized as strongly was that thelearning rule in the SESAME framework is compensatory, that is that the strengthening ofone connection will lead to the corresponding weakening of one or more other connections.This change was not fully addressed in this dissertation because it is not directly relevant tothe data being modelled; however, in any full treatment of learning it will be a crucialissue. This dissertation has focussed upon those factors which directly impact creditassignment through consolidation and therefore the issue of the distribution of connectionswas not critical. However, this issue becomes much more relevant when taking the nextstep.In the process of trying to build generic models of key learning situations a furtherspecification of the learning rule will be needed. Preliminary experiments have shown that

127there are a number of issues which still need to be resolved including the specification ofhow the compensatory rule is to be handled and how the learning rate should be resolved.In terms of the rate of learning this dissertation modified Hebb’s basic rule toinclude fatigue, correlating learning not only to activity, but to fatigue as well. The learningrule developed in this dissertation proved quite successful in modelling the Kleinsmith data,but further experimentation has shown that more development is still needed. One issuethat arises when dealing with sequences is how the timing rate of presentation affects therelative strength of association. It is possible, even probable, for example, that there is anoptimal time interval between two elements in a sequence. This is yet another example ofthe effect of fatigue, because in a system based strictly upon correlated activity the optimaltime interval would be zero, since a time interval of zero would ensure the maximumcorrelation of activity between two cell assemblies. However, with a learning rule with afatigue component this is no longer necessarily the case since learning does not becomestrong until neurons are fatigued. With fatigue being such a strong factor, to get stronglearning from one cell assembly to another it is probably best for the time interval betweenthe presentation of the two elements to be such that the first is somewhat fatigued by thetime the second is presented. With such an arrangement the second will be maximallyactive while the first is in its learning period. There is empirical support for this concept(Miller and Barnett, 1993), and while the optimal presentation interval appears to varyaccording to modality (Posner, 1967) in general it appears to be on the order of a halfsecond (Landauer, 1964). Initial tests on MultiTRACE as specified in this dissertationshow that the optimal presentation interval would be closer to two seconds, perhapsindicating that the fatigue exponent used was too large.Just as the post- versus pre-synaptic issue became crucial in the discussion ofSTCS in going from TRACE to MultiTRACE there is a similar issue which has yet to beresolved with regard to the compensatory learning rule. In this case it is whether neuronsare input or output compensatory. The form of the rule becomes critical when considering

128situations such as multiple intersecting sequences. Other unresolved issues incompensatory learning include what sort of reallocation algorithm should be used; forexample, one strategy, called "reverse Robin Hood" takes connection strength from theweakest connections when strengthening a connection.The fact that this dissertation has not directly addressed these issues in spite of itsemphasis on learning is in accord with the SESAME simulation philosophy. The learningrule used in this dissertation is sufficiently well specified to model the Kleinsmith data, butit undoubtedly too simple to account for other data such as with multiple sequences.Nevertheless the results achieved in this dissertation lay a firm groundwork for futurestudy, providing not only a starting point, but also deeper insight into the issuessurrounding consolidation; understanding the mechanisms underlying learning is a largestep towards building a more complete theory.

129BIBLIOGRAPHY

130BIBLIOGRAPHYAllman, W.F. (1985). Staying alive in the 20th Century. Science 85, pp. 31-37.Artola, A., & Singer, W. (1993). Long-term depression of excitatory synaptictransmission and its relationship to long-term potentiation. Trends inNeurosciences, Vol. 16, No. 11, pp. 480-487.Atwood, H.L., & Nguyen, P.V. (1990). Physiological properties of crustacean motorneurons and the alteration of these properties. Frontiers in CrustaceanNeurobiology.Barr, A., & Feigenbaum, E.A. (1981). The Handbook of Artificial Intelligence, Vol. I.Addison-Wesley Publishing Inc.Booker, L.B., & Kaplan, S. (1989) Learning in difficult environments: A new look atsome classical principles. Unpublished manuscript, University of Michigan.Bregman, A.S. (1967). Distribution of practice and between-trials interference. CanadianJournal of Psychology, 21(1).Chorover, S.L., & Schiller, P.H. (1964). Short-term retrograde amnesia in rats, Journalof Comparative and Physiological Psychology, Vol. 59, No. 1.Eysenck, H.J., & Frith, C.D. (1977). Reminiscence, Motivation, and Personality,Plenum Press.Eysenck, M.W. (1977). Human Memory: Theory, Research and Individual Differences.Pergamon Press.Grossberg, S. (1969). Embedding fields: A theory of learning with physiologicalimplications. Journal of Mathematical Psychology, 6, 209-239.Grossberg, S. (1971). Embedding fields: Underlying philosophy, mathematics, andapplications to psychology, physiology, and anatomy. Journal of Cybernetics,1(1), 28-50.Hebb, D. O. (1949). The Organization of Behavior. New York: John Wiley.Hilgard, E.R., & Bower, G.H. (1966). Theories of learning. New York: Appleton-Century-Crofts, Inc.Hintzman, D.L. (1969). Apparent frequency as a function of frequency and the spacing ofrepetitions, Journal of Experimental Psychology, Vol. 80, No. 1.Holland, J.H. (1986). Escaping brittleness: The possibilites of general-purpose learningalgorithms applied to parallel rule-based systems. In R.S. Michalski, J.G.Carbonell, & T.M. Mitchell (Eds.), Machine learning: An artificial intelligenceapproach. Los Altos, CA: Morgan-Kaufmann.

131Hull, C.L. (1943). Principles of behavior New York: Appleton-Century-Crofts, Inc.Ito, M. (1992). Posttetanic depression. in L.R. Squire (ed.) Encyclopedia of Learningand Memory. New York: Macmillan Pub. Co.James, W. (1892). Psychology: The briefer course (1961 ed.). New York: Harper & Row.Kaplan, S., Sonntag, M. & Chown, E. (1991) Tracing recurrent activity in cognitiveelements (TRACE): A model of temporal dynamics in a cell assembly. ConnectionScience 3, 179-206.Kaplan, S., Weaver, M., & French, R. (1990). Active symbols and internal models:Towards a cognitive connectionism. AI & Society, 4, 51-71.Keppel, G. (1984). Consolidation and forgetting theory, in Weingartner, H., & Parker, E.S. (Eds.). Memory consolidation: Psychobiology of cognition. Hillsdale, NJ:Lawrence Erlbaum.King, R.A. (1967). Consolidation of the neural trace in memory: ECS-producedretrograde amnesia is not an artifact of conditioning. Psychonometric Science, Vol.9, pp. 409-410.Kinsbourne, M. (1982). Hemisperic specialization and the growth of humanunderstanding. American Psychologist.Kleinsmith, L. J., & Kaplan, S. (1963). Paired-associate learning as a function of arousaland interpolated interval. Journal of Experimental Psychology, 65, 190-193.Kleinsmith, L. J., & Kaplan, S. (1964). Interaction of arousal and recall interval innonsense syllable paired-associate learning. Journal of Experimental Psychology,67, 124-126.Klopf, A.H, Morgan, J.S., & Weaver, S.E. (1993). A hierarchical network of controlsystems that learn: Modeling nervous system function during classical andinstrumental conditioning. Adaptive Behavior, Vol. 1, No. 3, 263-319.Landaur, T.K. (1964). Two hypotheses concerning the biochemical basis of memory.Psychological Review, Vol. 71, No. 3, pp. 167-179.Magleby, K.L. (1987). Short-term changes in synaptic efficiency. In G.M. Edelman,W.E. gall, & W.M. Cowan (Eds.), Synaptic function (pp. 21-56). New York:John Wiley & Sons.Mandler, G. (1975). Consciousness: respectable, useful, and probably necessary. In R. L.Solso (Ed.), Information processing and cognitive psychology. Hillsdale, NJ:Lawrence Erlbaum.Midgley, M. (1978). Beast and man: The roots of human nature. Ithaca, NY: CornellUniversity Press.Miller, R.R., & Barnett, R.C. (1993). The role of time in elementary associations.Current Directions in Psychological Science, Vol. 2, No. 4, 106-111.

132Miller, R.R., & Marlin, N. A. (1984). The physiology and semantics of consolidation. InH. Weingartner, & E. S. Parker (Ed.), Memory consolidation: Psychobiology ofcognition Hillsdale, NJ: Lawrence Erlbaum.Milner, P. M. (1957). The cell assembly: Mark II. Psychological Review, 64(4), 242-252.Milner, P.M. (1991) Brain-stimulation reward: A review. Canadian Journal ofPsychology, 45, pp. 1-36.Misanin, J.R., Miller, R.R., & Lewis, D.J. (1968). Retrograde amnesia produced byelectroconvulsive shock after reactivation of a consolidated memory trace, Science,Vol. 160.Neely, J.H. (1977). Semantic priming and retrieval from lexical memory of inhibitionlessspreading activation and limited-capacity attention. Journal of EperimentalPsychology: General. Vol. 106, No. 3, pp. 226-254.Newell, A. (1990). Unified Theories of Cognition, Cambridge, MA: Harvard Press.Nisbett, R., & Ross, L. (1980). Human Inference. Englewood Cliffs, NJ: Prentice-Hall.O�Keefe, J. (1989). Computations that the hippocampus might perform. In Nadel, L.,Cooper, L. A., Culicover, P. and Harnish, R. M. (eds.), Neural connections,mental computation. Cambridge, MA: MIT PressOades, R.D. (1985). The role of noradrenaline in tuning and dopamine in switchingbetween signals in the CNS, Neuroscience & Behavioral Reviews, Vol. 9.Parker, E.S., & Weingartner, H. (1984). Retrograde facilitation of human memory bydrugs, in Weingartner, H., & Parker, E. S. (Eds.). Memory consolidation:Psychobiology of cognition. Hillsdale, NJ: Lawrence Erlbaum.Peterson, L. R. (1966). Short-term verbal memory and learning. Psychological Review,73(3), 193-207.Pomerantz, J. R., Kaplan, S., & Kaplan, R. (1969). Satiation effects in the perception ofsingle letters. Perception and Psychophysics, 6, 129-132.Posner, M.I. (1967). Short term memory systems in human information processing. ActaPsychologica, 27, pp. 267-284.Revelle, W., & Loftus, D.A. (1990). Individual differences and arousal: Implications forthe study of mood and memory. Cognition and Emotion, 4, pp. 209-237Rochester, N., Holland, J. H., Haibt, L. H., & Duda, W. L. (1956). Tests on a cellassembly theory of the action of the brain, using a large digital computer. IRETransactions on Information Theory, IT-2, 80-93.Rosch, E. (1978) Principles of categorization, in E. Rosch and B.B. Lloyd (eds.),Cognition and categorization. Hillsdale, N.J.: Erlbaum.Sekuler, R., & Blake, R. (1985) Perception. New York: Alfred A. Knopf.

133Sonntag, M.L., (1991). Learning sequences in an associative network: A step towardscognitive structure. Doctoral dissertation, University of Michigan.Spevack, A.A., & Suboski, M.D. (1969). Retrograde effects of electroconvulsive shockon learned responses. Psychological Bulletin, Vol. 72, No. 1, pp. 66-76.Squire, L. R. (1992). Memory and the hippocampus: A synthesis from findings with rats,monkeys and humans. Psychological Review, 99(2), 195-231.Squire. L.R., & Zola-Morgan, S. (1991). The medial temporal lobe memory system.Science, 253, pp. 1380-1386.Sutton, R.S. (1988). Learning to predict by the methods of temporal differences. MachineLearning, 3, pp. 9-44.Tesauro, G. (1992). Practical issues in temporal difference learning. Machine Learning,8, pp. 257-277.Tulving, E. (1969). Retrograde amnesia in free recall. Science, Vol. 164, pp. 88-90.Weingartner, H., & Parker, E. S. (Eds.). (1984). Memory consolidation: Psychobiologyof cognition. Hillsdale, NJ: Lawrence Erlbaum.Wickens, C.D. (1987). Attention. in T.A. Hancock (ed.) Human Factors Psychology.pp. 29-80, Amterdamn: North Holland.Zucker, R.S. (1992). Posttetanic potentiation. in L.R. Squire (ed.) Encyclopedia ofLearning and Memory. New York: Macmillan Pub. Co.