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1 Purpose of Document 
 
In deliverable D4.1 and D4.2 we have proposed an initial memory model focusing on 

remembering, forgetting and generalisation mechanisms with some implementation proposals 

touching on migration, ethical issues and related ethological studies. We have also discussed 

the hierarchical organisation of the companion’s memory and made a link between memory 

and the affective component of the agent mind.  

 

In this deliverable, we are going to provide more information on each of these aspects by 

describing the details of implemented mechanisms (mainly retrieval mechanisms) and giving 

justification/implementation proposals to other chosen but yet to be implemented 

mechanisms (forgetting and generalisation mechanisms). The link between WP4 and WP5 is 

more strongly defined through discussion on how the retrieval mechanisms are being used by 

the cognitive processes in the Agent Mind. Other issues such as means for data capture and 

storage; and ontology as well as database integration are also discussed. 

 

We will first recapitulate our previous proposals in Chapter 2. This is followed by a 

description of the current state of the memory structure, ontological design for data in LIREC 

showcases and ontology definition and integration in Chapter 3. In respond to Year 1 

reviewers’ comments, a memory experiment to evaluate users’ preference on absolute 

memory versus selective memory with complete description of the experimental setting, 

results and discussion is presented in Chapter 4. Chapter 5 reviews the implementation of the 

retrieval mechanisms, particularly the compound cue and spreading activation mechanisms 

while Chapter 6 describes the role of the implemented retrieval mechanisms in the processes 

in the companion’s mind. Chapter 7 lists the forgetting mechanisms that we deem useful to 

the companion with justifications on why we think they are useful. Chapter 8 discusses the 

migration issues in more detail with a proposal on how it may be implemented. Chapter 9 

provides an explanation on how the user profile is currently captured and stored in the LTM, 

level 2 memory, grounding issues and integration of a relational database. Chapter 10 

presents our proposed implementation plan before the conclusion in Chapter 11. 
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2 Introduction 

 
2.1 Proposed Memory Model - Recapitulation 

 
Figure 1 shows the memory model we proposed during Phase 1 (month 1-15) of the project 

including both level 2 and level 3 memory modules. To recapitulate, the level 3 memory 

which is our main focus consists of a long-term memory and a short-term memory. Long-

term memory (LTM) is the structure that keeps information for potentially a very long time 

while short-term memory (STM) is a kind of intermediate-term memory that utilises 

temporary memory structure. A selection process takes place in the STM, which determines 

what should be retained in the LTM allowing the companion to remember only significant 

and relevant information.  

 

 
 

Figure 1: The proposed memory model 

 

The LTM composes of a semantic world knowledge (WK) component, an autobiographic 

memory (AM) component and a General Event Representation (GER) component. The WK 
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provides semantic knowledge to support the formation of a complete event. The AM holds 

events taking place in the companion’s environment while GERs can be perceived as 

memory schemata that provide expectations about what the agent will experience. The STM 

on the other hand consists of a STM buffers and a Working Memory (WM). The STM 

buffers temporarily hold a limited set of recent events while the WM holds common facts 

about objects, locations, people and so on essential to the event reconstruction process. 

 

On the other hand, in collaboration with WP9, we proposed a blackboard architecture to 

handle level 2 sub-symbolic data. The level 2 WM (actuator-dependent WM and sensor-

dependent WM in Figure 1) is a set of knowledge sources on the blackboard and each 

knowledge source is associated with a specific competency. Each competency can update 

new data from sensors or commands for actuators to the respective knowledge source on the 

blackboard allowing the low-level world model to be maintained separately from the high-

level symbolic representation in the level 3 memory. 

 

On top of this model, we proposed remembering and forgetting mechanisms that might allow 

the companion to preserve a long-term relationship with users by maintaining behaviour 

coherency during interaction. A hierarchical organisation of the companion’s memory that 

will facilitate remembering, forgetting and generalisation processes was proposed. 

Additionally, in order to address privacy and ethical issues, a link between modelling a 

“human-like” memory and the Roboethics discipline was made. Finally, as migration is one 

of the key technical innovations in LIREC, we discussed our initial attempt in designing a 

memory model for a companion that may support this process. 

 

The main objective in Phase 2 (month 16-39) is to realise the proposed concepts and 

mechanisms deem useful for the companion. Specifically, we would like to implement a 

dynamic memory that  

1)  incorporates STM and LTM with reminding and remembering processes; and  

2)  able to deal with migration between embodiments without loss of consistency and 

continuity 

Since this document is written in month 27 and 28, the main focus will be on our effort thus 

far in realising the first aim. We will discuss the second aim briefly and propose potential 

ways to achieve it. 
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3 Current State of the Companion’s Memory 
 

3.1 Current State of the Memory Structure 

 

In the current implementation shown in Figure 2 (magnified view of the LTM and STM 

components), the companion’s memory is functionally organised into semantic and episodic 

memory, each consisting of a LTM and a STM component. The semantic memory is a 

memory about facts and is made up of a long-term semantic world knowledge (WK) and a 

working memory (WM). On the other hand, the episodic memory is memory of past 

experiences and consists of a long-term autobiographic memory (AM) and a short-term 

episodic memory (STEM). The STEM component is the STM buffers in Figure 1 that 

temporarily holds actions and events before they are being transferred to the AM. Only 

significant events (events with emotional impact) and those related to goal processing 

(activation, success and failure) are transferred to the AM.  

 

 

Figure 2: Current implementation of the companion’s memory 

 

The WM temporarily holds information related to current goal processing including 

properties of objects and people and the companion’s internal representations of its 

evaluation of potential events that might take place. It contains limited slot and as the slots 

get filled up due to goal processing, the information in the oldest slot will be updated onto the 
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WK continuously. In the current implementation, the GER component of the LTM does not 

exist yet as the generalisation mechanism has not been implemented and will be discussed in 

Chapter 7.  

 

 
3.2 Current Episodic Memory Attributes 

 

As we proceed with the memory implementation, we have revised the episodic memory 

attributes to support multimedia content storage and Theory of Mind modelling (in 

collaboration with WP5) discussed in Chapter 6. Current episodic memory attributes are 

listed in Table 1 and illustrated in Figure 3. This list is not final and may still undergo 

revision as we continue the development process. 

 

Table 1: Event attributes in the current AM 

Attribute Name Description 

ID The ID of the event 

Subject The initiator of the event 

Action The action performed 

Intention The goal being carried out 

Target The person/object involved in the event 

Status The status of execution – applies to both goal and action, e.g. activate, 

success, failure, cancel 

Meaning Speech act meaning for utterance of the companion 

Path Multimedia path 

Object Other objects/person involved  

Desirability Desirability of the event – useful in ToM modelling 

Praiseworthiness Praiseworthiness of the event – useful in ToM modelling 

Feeling Emotion resulting from the event 

Time Time the event took place 

Location Location where the event took place 
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Figure 3: A snapshot of events 

 

3.3 Ontological design 

 

We proposed to organise the companion memory hierarchically as in human memory where 

single events are nested within larger cognitive structures (Neisser, 1986; Wright and Nunn, 

2000). Hierarchical organisation of data will facilitate remembering, forgetting and 

generalisation processes in the companion’s memory. Based on the revised attributes of 

episodic memory, we have identified fields that can be hierarchically organised – action, 

status, time and location. An “action” is a child of a goal creating goal-actions tree where the 

goal is the parent node and actions are the leaf nodes. The “status” field applies to both goals 

and actions, thus, we may have the status as a child of a goal or an action. The “time” field 

can be hierarchically organised as shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 
Figure 4: Time hierarchy 
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The hierarchy for location on the other hand is showcase-dependent. The tree structure for 

location in the Heriot-Watt University showcase is presented in Figure 5. Figure 6 shows the 

location hierarchy for University of Hertfordshire showcase while Figure 7 shows the 

location hierarchy for INESC-ID showcase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Hierarchical structure for Heriot-Watt showcase locations 
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It can be observed that the hierarchical graphs include objects attached to the different 

locations. This location information would be useful for the companion to determine the 

position of the objects. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 6: Hierarchical structure for University of Hertfordshire showcase locations 

  

RobotHouse Remote 
house 

General 
location 

Entrance 
Living 
room Kitchen 

Bedroom 

Office 

Living 
area 

Dining 
area 

Door Table 

Table Sofa TV 

Docking 
Station 

(Pioneer) 

Pioneer 

Table 

Docking 
Station 
(AIBO) 

AIBO 

Chair 

Worktop 

Oven Bed Desk 

Cupboard 

Utensil 

Desk Laptop 

Chairs 
Docking 
Station 

(Pioneer 2) 

Pioneer 2 

Ground floor 

First floor 

Newspaper Magazine 

Toilet Garden 

... 

... 



FP7-215554 LIREC Deliverable 4.3 

12 
 

 

 

 

 
 
 
 
 

 

 

 

 

 

 

 

Figure 7: Hierarchical structure for INESC-ID showcase locations 

 

 

3.4 Ontology Integration 

 

In order to integrate the aforementioned hierarchical data structure into the companion’s 

semantic memory, an ontological database is necessary. We have investigated some existing 

ontology such as OpenCyc, Thought Treasure and Open Mind Common Sense. OpenCyc1 is 

an open source knowledge base, a smaller version of the Cyc ontology for formal 

representation of the universe of discourse. Thought Treasure2 is a common sense knowledge 

base and architecture for natural language processing while Open Mind Common Sense3 is a 

common sense knowledge base contributed by many people across the Web. OpenCyc is the 

                                                 
1 http://www.cyc.com/opencyc 
2 http://xenia.media.mit.edu/~mueller/papers/tt.html 
3 http://commons.media.mit.edu/en/ 
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most comprehensive of all for our showcases. However, due to the specificity of the 

showcases, we will still need to define most of the concepts ourselves. Common ontology 

languages such as RDF (Resource Description Framework) or OWL (Web Ontology 

Language) will be employed for this purpose to ensure compatibility with existing ontology 

databases to allow easier integration later. 
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4 The Memory Experiment 

 
4.1  Beyond “eROY”: user preferences and attitudes after 

experiencing different companion memories 

 

In previous research in LIREC, user preferences with regard to several companion 

characteristics have been studied; among them we reported user preferences regarding 

absolute vs. selective companion memory (see D4.2). The main result was that subjects 

involved in the experiment preferred selective (or more precisely, biologically inspired4) 

memory over absolute memory in companions. However, the results were somehow 

constricted because subjects had to imagine the companions they were asked to compare, 

based on written descriptions. Thus, the individual imaginations of the subjects were likely to 

influence their decisions in a manner uncontrollable by the researchers. To extend the 

“eROY” experiment, the present study aims to overcome these methodological flaws, while 

trying to answer the same research question: which memory version will be more acceptable 

in a conversational agent, absolute or selective memory? 

 

 

4.2  Apparatus & Online Questionnaire 

 

Instead of having subjects imagining their companion with various implementations of 

memory, we videotaped the interaction of one user with two versions of a companion, 

featuring absolute and selective memories (see Figure 8 for a screenshot of the video and 

http://www.mequeon.com/ (Password mem10vS) for the whole experimental setup). In this 

experiment, the companion is a conversational agent, SARAH from the HW showcase. In the 

absolute memory version, the companion remembers everything being discussed and during 

subsequent interactions is able to ‘recite’ the original conversation. The companion in the 

selective memory version on the other hand, remembers only some events that it learned from 

previous user interactions. These events were remembered through tagging of emotional 

responses from the user which allow the companion to determine the significance of each 

event. The scripts of the conversation for both versions can be found in Appendix B. 
                                                 
4 Here “biologically inspired” memory refers to the nature of human LTM that LTM is not a “warehouse” of 
static and unchanged memories and it should be often reconstructed based upon new world knowledge and 
schemata (Barlett 1932). 
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The user depicted in the video was engaged in three consecutive conversations with each 

version of the companion, the second was said to have been taking place one week after the 

first, and the third two months after the second. The conversations were videotaped and 

presented to the subjects online (as illustrated in Figure 9) and in balanced order. 

 

 

Figure 8: Screenshot of the video showing the interaction between the user and the 

companion 

 

Having watched the three videotaped conversations between the user and the companion with 

the first memory version, the participants answered demographic questions and then provided 

their opinions on the usefulness and the likability of the companion in the video as well as 

their interest in and the perceived naturalness of the conversation. The same questions were 

asked after the participants watched the videos depicting the conversations with the second 

version of the companion. In the end, questions were asked regarding the perceived 

differences between the two versions and the participants’ preference on living with a 

companion. Questions were open as well as closed, assessing not only perceived differences, 

but also what these differences were.  

 

The study was conducted with 20 German subjects, 65% of them female. Their age ranged 

from 22-37 years (M=29.6; SD=3.8) and their education level was above average (68% 

university degree; 14% university-entrance level; 18% general secondary school level). 
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Figure 9: A screenshot of the online videos and questionnaire interface 

 

 

4.3  Results 

 

1. Manipulation Check: Detection of Differences between the two versions of the 

companion (see table 2) 

 

Differences between the two versions were detected by 90% of the subjects. The most 

frequent differences reported related to the level of detail provided by the two versions of the 

agent: 8 participants mentioned that the absolute memory version provided more or more 

detailed information, or even repetitive information (3 participants), whereas the selective 

version was characterised by the use of questions, reflection of insecurities and confirmation 

seeking behaviour (each mentioned four times). The absolute memory agent was also 

associated with providing more accurate information (2 participants). One participant 

perceived the repetitive character of the absolute version as “feedback, summary, reflection” 
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for the user and rated this version as “more empathic”. Overall, the selective version was 

experienced as “more natural” (3 participants) and “more empathic / sensitive” (1 

participant). 

 

Table 2: Absolute frequencies of perceived differences between the two versions of the 

companion SARAH. 

 

Absolute version Selective version 

more detailed information  5  more questions  4  

more information  3  more insecurities / checking  4  

more repetition  3  more human / natural  3  

more accurate information  2  less perfect/accurate  2  

feedback, summary, reflection  1  uses set phrases  1  

less human  1  more empathic / sensitive  1  

more empathy  1  
  

 

 

2. Preference 

 

The primary outcome variable was the question “Which companion would you prefer?” 

Regarding this direct measure of preference, the selective version was clearly preferred over 

the absolute version (13 vs. 7 subjects KS=2.9; p=0.000). Looking for reasons, answers to 

the open questions provide some insights (see table 3). Generally, more participants tend to 

like the companion with the absolute memory, more found it useful and slightly more 

reported their interest in the respective conversation as opposed to the selective memory 

companion although these differences were not significant. However, significantly more 

participants indicated that the conversation between the selective memory companion and the 

user was natural as compared to the absolute memory companion. 
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Table 3: Differences between the subjective evaluations of the two versions of the companion 

SARAH. 

 

 
Abs Sel Wilcoxon test 

Liking of companion  20%  18%  n.s. 

Usefulness of companion  10%  4%  n.s. 

Interest in conversation 50%  45%  n.s. 

Naturalness of conversation  5%  23%  .08 

 

 

4.4 Discussion 

 

In summary, while the participants of this study clearly preferred the selective memory in a 

conversational agent over the absolute memory, this preference seems to be rooted at least 

partly in the subjective experience of a natural experience, at least when it comes to 

interaction with conversational agents. 

 

The generalisation of the results seems to be limited somehow due to the small sample size 

and biased sample composition resulting from overall young and well-schooled subjects. 

Also, characteristics of the videos and their online presentation may have influenced the 

evaluations as opposed to evaluating real interaction experiences with companions. These 

limitations can be overcome in evaluative studies featuring real companions and larger 

samples. 
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5 Retrieval mechanisms 
 
Our memory is essential not only to almost every task we perform in various contexts, it 

could also allow us to quickly retrieve personally significant events which enable us to re-

experience the past for purely social reasons. Effective memory retrieval plays a crucial role 

in helping us to manage and make use of our remote and recent events from our own personal 

past. Studies in personal information management (e.g. Tan, 2007 and the Memories for Life 

project5) have attempted to create augmented digital memory for rehabilitative purpose using 

specific wearable devices (e.g. SenseCam) that a person carries around to extend the richness 

of data-capture. While the memory stores a huge amount of audio and video data given that 

storage is plentiful and affordable nowadays, the personal information management can be a 

burden without well-designed and flexible retrieval mechanisms that can make sensible use 

of the data. As discussed by Tan and colleagues (2007, page 103), “even with convenient 

classification and labels to apply, we are still asking the user to become a filing clerk – 

manually annotating every document, e-mail, photo, or conversation".  

 

The same situation applies to a companion agent. The types of memory retrieval mechanism 

it employs may have strong impact on the perception of its intelligence, quality of interaction 

and more importantly user engagement. In the previous implementation of the companion, 

only the same exact event can be retrieved to process the current situation. If no exact event 

exists, retrieval will return a failure. To overcome this restriction and achieve a plausible and 

effective memory recall, we opt for biologically inspired memory retrieval mechanisms. We 

pursue our goal not by trying to mimic faithfully human memory but by adopting the theories 

in technologically plausible ways.  

 

We looked at two major competing theories on the process of memory retrieval: Spreading 

Activation and Compound Cue (detail in D4.2). Spreading Activation (SA) states that when an 

item is presented, activation spreads from the representation of that item to other nearby 

items in LTM (Anderson 1983a, Anderson, 1983b; Roelofs, 1992; McNamara and Diwadkar, 

1996). Compound Cue (CC) theory states that items presented are combined into compounds 

in STM and then matched against information in LTM by a global and passive matching  

(Ratcliff and McKoon 1994). These retrieval mechanisms are applied to the recall of episodic 

                                                 
5 http://www.memoriesforlife.org/ 
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memory (EM). A rule engine, Drools6  is employed to perform the association and 

comparison processes during retrieval.  

 

 

5.1 Memory Representation  

 

In order to allow retrieval through the CC and SA mechanisms, the companion's 

autobiographic memory events are assumed to be nodes that are associated to one another via 

attributes that encompass information about the object, location, time and so on forming a 

network as shown in Figure 8 (based on simplified example events in Table 4, only the nodes 

for the subject “John" is presented). The higher the number of commonly shared attributes 

between two nodes, the more related are those nodes (e.g. node 1 and 5 in the diagram are 

more related to each other than node 1 and 2). These relations between nodes form 

associative pathways between them.  

 

Table 4: Some simplified events in the companion's AM 
 

ID Subject Action Target Time Location 

1 John Watch TV Afternoon LivingRoom 

2 John Read  Book Afternoon StudyRoom 

3 Jane Watch  TV  Evening LivingRoom 

4 Jane  Read  Book Morning StudyRoom 

5 John Watch TV Morning LivingRoom 

6 John Play Game Afternoon StudyRoom 

 

 

Similarly, associative paths are also formed among attributes in each node. Each attribute 

have a strength associated to each link, which in the current implementation is a function of 

its frequency of occurrence. These values are strengthened through use. Figure 11 illustrates 

the relation between attributes for the nodes in Figure 10 (the numbers refer to frequency of 

appearance). Again, only one subject, “John" is represented and connections between action 

and target to time and place have been omitted to allow readability of the graph. 

 

                                                 
6 http://www.jboss.org/drools/ 
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Figure 10: Nodes associations 

 
 

 
 

Figure 11: Attributes associations 
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5.2 Compound Cue

 
With the implementation of the 

extended to the recall of similar but not the same event

retrieve relevant events (based on degree of similarity)

to the current situation more accurately.

 

Each event in the companion’s memory

proportional to the number of attributes they share. 

comparison of an event (usually

EM. For example, using the memory snapshot in Table 

Movie Afternoon LivingRoom

memory and found that Node 1 has the highest similarity. It can then use this event to predict 

what will happen next in the interaction.

 

Technically, an evaluation is performed on each attribute

is being carried out by the Drool

attribute will result in multiplication of 

mismatch with a factor of less than 1 (currently 0.8). At the end of the matching process, the 

highest evaluation value indicates the highest similarity between the eve

and event(s) in memory. Example rules for a match and mismatch

presented below.   

 

Rule for a Match:

For each 

Rule for a Mismatch:

For each 

The same format applies to all 

found on the LIREC

LIREC Deliverable 4.3 

Compound Cue   

the implementation of the CC mechanism, the companion’s retrieval capability has been 

recall of similar but not the same events. This enables the companion to 

(based on degree of similarity) that may help it to predict and respond 

to the current situation more accurately.  

in the companion’s memory is a compound item. The similarity

proportional to the number of attributes they share. Thus, the CC technique

(usually a new incoming event) to existing events in the companion’s 

e memory snapshot in Table 4 again, if an event “

Movie Afternoon LivingRoom” occurs, the CC will match this event against

memory and found that Node 1 has the highest similarity. It can then use this event to predict 

interaction. 

an evaluation is performed on each attribute of an event as the matching process 

by the Drools rule engine. The initial evaluation value is 1. 

will result in multiplication of the existing evaluation value with a factor of 1 and a 

mismatch with a factor of less than 1 (currently 0.8). At the end of the matching process, the 

highest evaluation value indicates the highest similarity between the event being matched 

Example rules for a match and mismatch of the attribute “subject”

Rule for a Match: 

For each LE  EM 

When subject(NE) = subject (LE) 

       evaluation(LE) = 1.0 x evaluation(LE) 

Mismatch: 

For each LE  EM 

When subject(NE) �  subject (LE) 

       evaluation(LE)  =  0.8 x evaluation(LE)

 

he same format applies to all other attributes in the EM (the complete list of rules can be 

LIREC’s svn under the rules folder 
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retrieval capability has been 

This enables the companion to 

that may help it to predict and respond 

The similarity between events is 

technique works through 

to existing events in the companion’s 

again, if an event “John Watch 

against all events in its 

memory and found that Node 1 has the highest similarity. It can then use this event to predict 

as the matching process 

The initial evaluation value is 1. A match of an 

value with a factor of 1 and a 

mismatch with a factor of less than 1 (currently 0.8). At the end of the matching process, the 

nt being matched to 

of the attribute “subject” is 

 

(LE) 

(the complete list of rules can be 

under the rules folder - 
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https://svn.lirec.eu/AgentMind/trunk/AgentMind/MemoryProcesses/src/main/rules). In the 

rules, the event being matched to is represented by NE while an event from the EM is 

represented by LE. Each time a match or mismatch occurs between two events, the phase is 

increased by 1. The matching stops when the phase is equal to the number of attributes in an 

EM event. The evaluation results are then return to the agent mind for further processing 

(described in Chapter 6).  

 

 

5.3  Spreading Activation 

 

While the CC mechanism allows retrieval of the most relevant events, the SA mechanism 

allows retrieval of related events. This mechanism is useful when the companion is trying to 

find an answer to a query or in storytelling context. Applying the Spreading Activation 

mechanism, when an attribute in the memory network is activated, activation spreads along 

the associative pathways to related attributes and nodes. The activation spreads based on 

attributes known to the companion (when the companion is searching for answer to a query) 

or predefined rules (when the companion wants to retrieve related information for narrative 

purposes, e.g. subject-object link, cause-effect link). Currently, only the spreading based on 

known information is implemented. 

 

For example, let’s say it is afternoon now and Jenny is looking for John. She asks the 

companion if it knows where John is. The companion can “spread activate” through its 

memory to find an appropriate answer. The known attributes are John and Afternoon while 

the query is location. So, it starts with John, activating node 1,2,5 and 6 in Table 4. It then 

continues to Afternoon, deactivating node 5 as it does not satisfy the query requirements. 

Thus, only nodes that satisfy a preceding phase proceed to the next phase, reducing the 

amount of memory events that need to be processed drastically as the spreading continues 

from one phase to another. The next step is to find the location of John and since LivingRoom 

is returned with frequency 1 and StudyRoom with frequency 2, the companion will chose 

StudyRoom as the answer to Jenny’s question as shown in Figure 12. 
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Technically, when the companion receives a query from the user, it will gather all known 

information from the question

attributes to find the required answer. 

spreading are as below where 

represents a temporary structure 

information. 

 

For each 
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Figure 12: Spreading in memory 

Technically, when the companion receives a query from the user, it will gather all known 

question. It then “spread activates” its memory using this set of 

attributes to find the required answer. Using the above example, the rules 

as below where Q represents the query, LE represents an 

represents a temporary structure associated to LE that holds intermediate inference 

For each LE  EM 

When known(Q) contains subject 

And subject(LE) = subject(Q) 

And not CE contains extension subject 

        Increase phase(CE) 

 Set extension CE subject 

When known(Q) contains time 

And time(LE) = time(Q) 

And not CE contains extension time 

        Increase phase(CE) 

 Set extension CE time 

When query(Q) is location 

And phase(CE) = numKnown(Q) 

        Return location(LE) 
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Technically, when the companion receives a query from the user, it will gather all known 

its memory using this set of 

the above example, the rules applied for the 

represents an EM entry and CE 

that holds intermediate inference 
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Similar rules exist for all attributes in EM events (complete list is available on the LIREC’s 

svn). So, depending on incoming queries and its known attributes, the companion can spread 

using different attributes and retrieves answers to respective queries accordingly. The 

spreading stops when all the known attributes are activated and satisfied. The order of 

spreading does not follow a fixed sequence. Hence, for the example above, the spreading can 

also start with the attribute Afternoon followed by the attribute John.  

 

5.4  Implicit SA operator 

Besides finding answers to explicit queries from the user, the companion can also use the 

same mechanism to perform implicit spreading. For instance, if the companion needs to 

remind the user to take his/her medicine and the user is not in its current location, it can 

implicitly spread activate in its memory to find the most likely user’s current location. Based 

on this information, it may then proceed to look for the user.  

 
This functionality has been implemented through the SA operator which allows implicit 

performance of spreading activation to find any information necessary for the companion to 

achieve a current intention. The SA operator is basically an internal action that can be part of 

a goal. For example, the pseudocode for the SA operator to find a target’s location will look 

as below: 

 
Action:  

SA([target],location) 
Preconditions: 
 [AGENT](time) = [time] 
 [target](knowPossibleLocation,[time]) != True 
 SAQuery:  

location = [possibleLocation] 
 SAKnown:  

target = [target] 
  time = [time] 
Effects: 
 [target](possibleLocation,[time]) = [possibleLocation] 
 [target](knowPossibleLocation,[time]) = True 

 
 

In the above pseudocode, the parameters in square brackets are variables while those in round 

brackets are properties. This SA operator is executed if the companion does not have any 

prior memory about the target’s possible location for the current time. The companion 

assumes that the known attributes for the SA mechanism are the target and the current time 
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while the query is the location of the target. When this SA operator is activated, the SA 

mechanism is performed and the location with the highest frequency of occurrence in its 

memory taking into consideration all events that satisfy both target and time values will be 

returned. When the possible location of the target is found, the companion will update its 

memory with this value, associated with the current time (detail on how the memory is 

updated is provided in Section 6.1). The reason for this is to save the companion from 

performing the whole process again if it needs to find the target’s possible location for the 

same time value in the near future. 
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6 Integration of Memory in the Agent Mind (WP5) 

This chapter describes the integration of the memory component in the Agent Mind, 

explaining how new perceived events and knowledge are stored into memory, how the 

memory is used in the creation of the ToM, and how memory retrieval processes can be used 

by the agent cognitive processes. The compound cue (CC) process, which searches the 

memory for similar events, is used to provide an experience-based quick emotional appraisal. 

Spread activation (SA) is used to search for events in memory with positive or negative 

desirability, which is of crucial importance to reason about emotions in others. 

 

6.1  Updating the Memory Component 
 
In order to explain how the memory components are updated and later used, it is important to 

first point out that there is one independent memory structure for the companion, and one for 

each other agent in the companion’s ToM. Figure 13 depicts an example of three independent 

memory structures created when the companion interacts with two other agents: Agent B and 

C.  

 

 

 

 

 

 

 

 

Figure 13: Memory structures created inside the companions’s mind  

 

There are three main types of updates in the memory structure: updates caused by changes in 

the environment’s properties, updates caused by external events, and updates caused by 

internal events. Whenever a new entity (with new properties) is added to the simulation, or a 

property changes, this is perceived by the companion. For instance, in a simulation where the 

companion puts a coin in a box, it will receive a perception stating that property 

BoxA(contains,coin) is now true. In the first stage of the update process this property is added 
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to the companion’s semantic memory, and afterwards it is added to the semantic memory of 

other agents in the ToM. The rationale is that all agents that are close by will receive the 

same perception, and so the ToM should be updated accordingly.  

 

However, there is an important exception to this update mechanism. In order to model actions 

with effects that are visible only to some agents7, a distinction between global effects and 

local effects was created. BoxA(contains,coin) is an example of a global effect and represents 

an effect that is perceived by all agents that are close by when the change happens. On the 

other hand, companion:BoxA(contains,coin) corresponds to a local effect that represents that 

the effect BoxA(Contains,coin) is only perceived by the companion. In contrast to global 

effects, the perception of a local effect will only update the memory component of the agent 

indicated in the effect. 

 

External events correspond to all actions that happen in the virtual environment and are 

perceived by the agents. Whenever an external event is perceived, the event information is 

directly stored in the agent’s own EM structure and subsequently it is also used to update the 

EM of any agent that is nearby. Similarly to the update of properties, it is assumed that agents 

that are close by will perceive the same event. The difference is that there is no exception at 

the moment for the update of external events. An external event is always used to update 

other agents’ memory structure. 

 

Updating the EM requires more than just information about the event. According to table 1 

(described in chapter 3), an event in memory also stores information about the emotion 

caused by the event, together with values for the appraisal variables: praiseworthiness and 

desirability. Storing these two new variables is necessary in order for the companion to be 

able to reason about emotions of others and perform interpersonal emotion regulation (see 

Deliverable 5.2). The argument is that to understand how others react emotionally to events, 

one needs to reason about the complete emotional process. Thus, it is important to remember 

how others appraised events in order to be able to simulate their future appraisals. Storing 

only the strongest resulting emotion (as was done before) is not enough since information 

about the appraisal process is lost.  

 

                                                 
7 For example, if one wants to create an action where the companion hides the coin in one of two hands behind 
his back. 
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Associating emotional information to the event in memory is straightforward if we consider 

only the companion’s perspective. Once the event is perceived and added to EM, it is also 

used to trigger the companion’s appraisal process. The appraisal variables and resulting 

strongest emotion are then stored with the corresponding event in memory.  

 

Unfortunately, doing the same to update the memories of others is not as simple. The first 

step corresponds to simulating the appraisal of other using the existing ToM model and using 

the variables from the simulation to update the memory. Nevertheless, there are situations 

where this does not suffice. As an example, if the current model predicted that another agent 

would be sad after an event, but the agent smiles instead, it means that the prediction was 

wrong and the memory must be updated accordingly. To do so, whenever another agent 

displays an emotional expression, an inverse process of appraisal (see Deliverable 5.2 for 

more information about the inverse appraisal) is performed. This process returns the 

emotional state and appraisal variables that would have generated such emotional expression. 

This information is then compared with the predicted values, and if there is a mismatch, the 

new information about praiseworthiness and desirability is used to replace the old values and 

build up a more correct model of others. 

 

Additionally to external events, internal events are also stored in EM. Internal events are 

events associated to the status of intentions/goals of the agent. These are called internal 

because they are generated by the companion’s internal deliberative processes. At the 

moment, the internal events stored in EM are: the activation of an intention; success in 

achieving an intention; failure in achieving an intention; cancellation of an intention. Storing 

these events is very important in order for the agent to remember whether he was able to 

achieve the goal in the past or not. At the moment, the ToM component does not handle goals 

and intentions of others8, so internal events are only stored in the companion’s own memory. 

 

6.2  Application of the Compound Cue Mechanism 
 
The CC mechanism provides us with a way to search memory for past related events, and 

retrieve information about them. Since appraisal information is stored for each event, this 

mechanism is used to implement a form of classical conditioning. The idea is that by 

                                                 
8 This requires intention recognition, which is by itself a complex research issue. 
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associating emotional information with events, we can provide the companion with a type of 

emotional expectations triggered by events. If an event has triggered negative (or positive) 

emotions in the past, re-experiencing the event will automatically generate the experienced 

emotion. Notice that this happens even if what originally justified the emotion is no longer 

present.  For instance, if an event caused a threat to a goal, generating distress, re-

experiencing it will automatically generate distress even if the event no longer presents a 

threat (e.g. the goal is not active anymore).  

 

This automatic appraisal process is performed in the companion’s reactive layer. When a new 

event is perceived, the information about the event (subject, action, target, parameters and 

location) is used to activate the CC process. CC then returns the most similar event stored in 

memory (as is described Chapter 5) together with the final CC evaluation value. The 

evaluation value returned represents how similar is the returned event to the original one. A 

value of 1.0 means that the returned event is exactly the same, while a low value indicates 

that the closest event found is only slightly related to the original one. As such, it is 

reasonable to use this value to influence the automatic appraisal process. The appraisal 

information (desirability, praiseworthiness) stored inside the returned event is multiplied by 

the evaluation value in order to determine the final appraisal values. Finally, these appraisal 

values are used to generate emotions. If a returned event has a high evaluation, the resulting 

emotion will be as strong as the original emotion experienced, but if the evaluation is small, 

the resulting emotion will be much less intense.  

 

Having the CC mechanism returning similar events (when an exact match is not found) has 

some interesting effects on the automatic appraisal mechanism. Suppose that the companion 

perceives an action A towards a target B. If the companion only remembers action A towards 

target C, this event will be retrieved and the companion will experience a similar emotion 

(albeit slightly less intense). Nonetheless, this also creates a potential problem. If the agent 

never experienced action A before, CC may return a distinct action but with the same subject, 

target, parameters, and location with a relatively high evaluation (e.g. 0.8). This may cause 

awkward situations, such as the companion appraising an insult as something positive 

(because the companion remembers a positive action). In order to solve this problem, we are 

currently analyzing and testing the assignment of different weights to different attributes in 

the CC process (currently all attributes have the same weight). For instance, it makes sense 
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for the action attribute to have a very strong penalty in the evaluation value when there is no 

match, while a mismatch of the location attribute should not require a strong penalty. 

 

6.3  Application of the Spreading Activation Mechan ism 
 
The SA mechanism can be used to query the EM for events related to a given attribute (or set 

of attributes). For instance, if we specify the location attribute, we can query the memory 

searching for past events that are related to the specified location (events that happened in the 

specified location). Since it is possible to spread activate on any attribute, SA provides us 

with a very flexible mechanism to search for information stored in EM, which can be used 

either in a goal or action’s conditions or even inside a plan being developed. One relevant use 

of this mechanism, already mentioned in chapter 5, is through the use of a special internal 

operator (the SA operator) in the companion’s planning process.  

 

Whenever a plan requires an educated guess or prediction about an attribute, it can use one of 

several predefined SA operators that map a set of attributes into another attribute.  Figure 14 

shows two simplified examples of SA operators9. The first one receives a time and a target 

and returns the most likely location where the target might be at the given time. The second 

one receives an action and returns the subject that is more strongly related to the action, or in 

other words the subject that is more likely to perform the given action.  

 
 
 
 
 
 
 

Figure 14: Simplified examples of two SA Operators 
 
Once the SA operator is added to a plan, it is executed internally (no action is executed in the 

environment), and will trigger the SA mechanism with the input variables as Known 

Attributes, and the desired return value as the SA Query. The value returned by the SA 

mechanism is directly used as the return value of the SA Operator (please refer to section 

5.4). 

 

                                                 
9 The examples provided are grossly simplified. The definition of an SA operator is actually much more 
complex, but the main idea is exactly the one provided here. 

SA1: Time x Target ��� �  Location 
 

SA2: Action ��� �  Subject 
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Another important use of the SA mechanism is when the companion’s performs interpersonal 

emotion regulation in order to explicitly change someone else’s emotional state. 

the companion has the goal of making

the user smile. Figure 15 shows the development of the plan to achieve this goal in 

deliberative component. Using the ToM model (in particular the Action Tendencies 

component) about the user, the companion knows that the user will smile if it is in a state of 

joy. After this step, the planner adds an operator that specifies

desirable event. This operator has a special condition, named AppraisalCondition

this case is responsible to find all actions that are considered desirable by the user.

 
 
 

 
Figure 15: Building up a plan to make the user happy
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Another important use of the SA mechanism is when the companion’s performs interpersonal 

emotion regulation in order to explicitly change someone else’s emotional state. Suppose that 

the goal can be to make 

Figure 15 shows the development of the plan to achieve this goal in the 

Using the ToM model (in particular the Action Tendencies 

component) about the user, the companion knows that the user will smile if it is in a state of 

that joy is caused by a 

. This operator has a special condition, named AppraisalCondition, which in 

this case is responsible to find all actions that are considered desirable by the user. 
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More generally, an appraisal condition links an event to an appraisal variable. It works by 

searching in EM for events that satisfy a defined appraisal variable (e.g. Desirability or 

Praiseworthiness or both) for a given target. After an appraisal condition is added to a plan, it 

will be selected and executed in the next planning cycle. Executing an appraisal condition 

involves two steps. The first one is to simply select in the ToM the EM of the target. 

Remember that the ToM has one independent memory structure for each agent known, so the 

search has to be done in the corresponding EM. In the example depicted above, since we 

want to search for events desirable for the user, the ToM’s memory structure that represents 

the user’s memory is selected. Once this is selected, a special type of SA will be performed 

on that memory, searching for actions that were considered desirable by the user in the past. 

 

This SA is done by selecting the desired appraisal variables as Known Attributes (since 

desirability and praiseworthiness are memory attributes, they can be used to trigger the SA 

mechanism) and by defining the query as the action attribute. Unlike other attributes, 

desirability or praiseworthiness do not require an exact match in the spreading process. For 

instance, if we search memory for a desirability of 3.0, any event that has a desirability of 3.0 

or higher has a positive match. There are other two relevant differences between this 

spreading mechanism and the conventional one. First, this one returns the entire event and not 

just one of the attributes. The second difference is that the SA returns not one, but a list of all 

events found. The rationale is that the companion needs to consider all possibilities that may 

satisfy the appraisal variables. If one of them fails, he can always try another. 

 

Using the list of events resulting from the Spread Activation, the Appraisal Condition creates 

several alternative bindings for the event variables specified in the plan, one for each returned 

event. This will lead to the creation of several alternative plans. For instance, if an CheerUp 

action towards the user was remembered as desirable in the past, the Appraisal Condition will 

apply the following substitutions to the plan: {[a]/CheerUp,[t]/User}. Finally, the planner will 

add the corresponding action to the plan as shown in Figure 16. 
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Figure 16: Final plan to make the user happy
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Figure 16: Final plan to make the user happy 
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7 Forgetting mechanisms 
 

In D4.2, we reviewed many forgetting mechanisms from psychology and neuroscience 

viewpoints. We argued that forgetting is important for a long-term companion not just for 

improved performance through reduced information processing but also to increase 

believability and naturalness of the companion. The aim is to develop companion agent with 

certain features of human-like memory that support natural and social interactions. Most 

humans routinely forget details of their experiences (Ebbinghaus, 1885/1913) although the 

real reason for this – whether it is due to actual loss of information or inability to retrieve it – 

is unclear. 

 

 

7.1 Implemented Mechanisms 

 

Currently, a few of the proposed mechanisms of forgetting have been implemented – 

motivated forgetting, forgetting due to low relevance, intentional forgetting, time-based 

decay and displacement. Motivated forgetting (Freud, 1937) occurs when the companion 

blocks sensitive information that might jeopardise its relationship with a user from other 

users of whom the information is sensitive to (demoed in the First Experiment during year 1 

review, described in Chapter 3 of D4.2). It enables the companion to recognise and tag 

sensitive information – information that is private to the user so as to form more socially 

acceptable interactions.  

 

Forgetting due to low relevance takes place when events without emotional impact are 

deleted from the STEM. The deletion of unemotional events from STEM is also due to 

displacement. It happens when the STEM is full and is clearing up space to accommodate 

new incoming events. Intentional forgetting, which is a type of interference (Baddeley, 1997; 

Baddeley, 1999) occurs when the companion updates its semantic memory with the most 

recent information, e.g. when the user relocates. It permits the companion to adapt to its 

environment continuously by replacing obsolete memory items with new incoming 

information. Additionally, time-based decay which is based on trace decay theory (Brown, 

1958) gives focus to the most recent events allowing the companion to keep track of its goals 

and actions, hence preventing it from performing the same goal continuously.  
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7.2 Other Proposed Mechanisms and Justification 

 

In future, we aim to give the companion the following forgetting capabilities: activation-

based forgetting (Nuxoll et al 2010), functional decay theory, forgetting on change of beliefs 

(interference) and generalisation (discussed in Section 7.3). 

 

Activation-based forgetting operates based on frequency of access. The more frequent a 

particular item in memory is accessed, the higher its activation value and the more active an 

item, the more accurately and quickly it can be retrieved from memory. These activation 

values reflect the importance of items in memory to the companion’s tasks in general.  

 

On the other hand, the core idea of functional decay theory (Altmann and Gray, 2000) is that 

the most recent information must be the most active in memory to allow reliable and fast 

retrieval. Forgetting of unrelated information is essential to allow situational awareness, 

hence, enabling the companion to concentrate on the current task. As the current task finishes 

and decays with time, retrieval becomes more difficult.  

 

By combining the activation-based forgetting and functional decay theory, the companion 

will be able to determine a set of information that is important to its tasks in general and 

information that is particularly relevant to the current task. Hence, it will be able to extract 

the subset of information for migration that may ensure its behavioural continuity when it 

moves from one platform to another (see Section 8 for details). 

 

Forgetting on change of beliefs is a type of retroactive interference where information 

encoded later interferes with information that was encoded at an earlier stage. We think this 

mechanism will be useful in the companion’s appraisal processes, particularly in Theory of 

Mind modelling because it will allow the companion to update its belief about the user as it 

gets to know him/her better. For example, after a few interactions with user A, it might learn 

that action X which makes user B happy does not apply to user A. It can then update its 

memory with this new belief about user A. 
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7.3  Generalisation 

 

Generalisation describes abstraction processes in memory. The ability to form abstraction 

from details is important because it will allow the companion to pay attention to only high 

level information rather than details with prolonged interaction. It enables the companion to 

regulate the amount of data in its memory. This concept is consistent with the reconstructive 

nature of memory (Schank, 1982; Barlett, 1932; Alba and Hasher, 1983) and is part of the 

learning process. Through generalisation, the companion will be able to create basic 

categories to represent its complex, ever-changing environment. When necessary it can 

combine this abstraction with its semantic world knowledge to reconstruct complete events.  

 

We proposed the application of a novel data mining approach – hierarchical classification 

(HC) (Freitas and Carvalho, 2007) for generalisation of the companion’s memory. A 

description of hierarchical classification can be found in Appendix A. We are considering the 

top-down approach for HC. Our problem is more complex than a conventional hierarchical 

problem for in our case not only the class attribute has a hierarchical structure, some predictor 

attributes also have hierarchically-structured values. Given the complexity of the target 

problem and the lack of previous work in the area, it seems sensible to start with a relatively 

simple approach before trying more complicated ones. 

 

 

7.3.1 Generalisation example 

 

Let’s take a look at an example on how we propose to implement the HC using a set of 

simplified data presented in Table 5. In order to define our target HC problem, we must first 

define instances, class attributes and predictor attributes. Instances are the input to the 

machine learning scheme and are events in the companion’s memory. Class attribute refers to 

the attribute to be predicted while predictor attributes refer to all other attributes that defines 

an instance. Since this is a HC problem, we are interested only in prediction/classification of 

class attribute which is hierarchically-structured. Using instances in Table 5, suppose that the 

attribute location is chosen as the class attribute. Assuming the companion is moving inside a 

house, the first data instance shows that the event occurred in the general location living 

room, and more specifically at the table. 
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Table 5: Some simplified AM instances with hierarchical attributes

ID Subject Action 

1 Amy Eat 

2 Claire Play  

3 Amy  Play  

4 John Read 

5 John Chat  

6 John  Watch 

 

In order to implement the proposed top

classifier for the root node that will discriminate between

a classifier for the living room 

and a classifier for the study room 

chair. In the testing phase, each test instance

 

We will show how the generic method can be implemented

classifier (Witten and Frank,

classification algorithm. We are using it here for its conceptual

 

Here, we show a subset of probability calculations

Bayes at the root node, a conceptually similar set of probability calculations would be

performed for the Naïve Bayes trained at the class nodes 

location be the class attribute to be

attributes subject, action, target 

class, the value of its posterior probability 

class’s prior probability. It then assigns to an instance to be classified the class with the 

largest posterior probability value.

 

 P(class|attributes)  

Using the very small dataset in Table 

root node would be: P(living 
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Table 5: Some simplified AM instances with hierarchical attributes
 

 Target Location 

Apple  LivingRoom.Table 2010.05.18.Morning

 Game LivingRoom.Sofa 2010.05.18.Evening

 Game LivingRoom.Sofa 2010.05.19.Evening

 Book StudyRoom.Desk 2010.05.20.Afternoon

 Andy  StudyRoom.Chair 2010.05.21.Evening

Watch  TV StudyRoom.Desk 2010.05.22.Evening

proposed top-down HC approach, we would need to train a

classifier for the root node that will discriminate between classes living room 

living room node that will discriminate between subclasses 

study room node that will discriminate between subclasses 

. In the testing phase, each test instance is first assigned to the root classifier.

the generic method can be implemented by using a simple Naïve Bayes 

classifier (Witten and Frank, 2005) as the base classifier. Naïve Bayes is a well

classification algorithm. We are using it here for its conceptual simplicity. 

t of probability calculations associated with the training of Naïve 

conceptually similar set of probability calculations would be

performed for the Naïve Bayes trained at the class nodes living room and 

the class attribute to be predicted and let Xi, i = 1,.,,4, denote the predictor 

subject, action, target and time, respectively. Naïve Bayes has to compute, for each 

value of its posterior probability as shown in Equation (1) where 

It then assigns to an instance to be classified the class with the 

largest posterior probability value. 

= P(attributes|class) x P(class)  

= iP(Xi|class) x P(class)    

 

small dataset in Table 3, the prior class probabilities for the classifier at the 

 room) = 3/6 = 1/2, P(study room) = 3/6 = 1/2. The conditional

38 

Table 5: Some simplified AM instances with hierarchical attributes 

Time 

2010.05.18.Morning 

2010.05.18.Evening 

2010.05.19.Evening 

2010.05.20.Afternoon 

2010.05.21.Evening 

2010.05.22.Evening 

down HC approach, we would need to train a 

living room and study room, 

will discriminate between subclasses table and sofa, 

subclasses desk and 

is first assigned to the root classifier.  

by using a simple Naïve Bayes 

2005) as the base classifier. Naïve Bayes is a well-known 

 

associated with the training of Naïve 

conceptually similar set of probability calculations would be 

and study room. Let 

, denote the predictor 

respectively. Naïve Bayes has to compute, for each 

where P(class) is the 

It then assigns to an instance to be classified the class with the 

  (1)  

probabilities for the classifier at the 

) = 3/6 = 1/2. The conditional 
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probabilities of the form P(X1|class), for example, would be computed as P(subject = 

Amy|living room) = 2/3, P(subject = Claire|living room) = 1/3, P(subject  = John|living room) 

= 0/3 = 0, P(subject = Amy|study room) = 0/3 = 0, P(subject = Claire| study room) = 0/3 = 0, 

P(subject = John| study room) = 3/3 = 1. The conditional probabilities of the form P(Xi|class) 

for i = 2,…4 can be computed in an analogous way. 

Suppose now that a given test instance is submitted to the Naïve Bayes classifier trained for 

the root node. After considering the values computed by Equation (1), for each class, as a 

function of the attribute values observed in the test instance, the classifier would assign the 

class living room or study room to the instance. Note that, if the test instance has the value 

John for the attribute subject, this fact by itself would suggest (ignoring other attributes for 

now) that the most likely location for an event involving John (at the first level of the class 

hierarchy) would be the study room, since P(subject = John| study room) = 1 and P(subject = 

John|living room) = 0 and the two classes have the same prior probability (1/2). Of course, 

the prediction of the location of an event involving John will also consider all the other 

predictor attributes. So, if the user wants to predict the location of an event involving John, 

the user will have to provide all the contextual information for the event, such as with whom 

John would be interacting, what John would be doing and so on. A similar prediction process 

would be performed for the most specific level of the location class hierarchy, as per the 

above-described top-down approach.  

Thus, this mechanism will allow the companion to create abstraction from data in its 

memory, reducing the amount of data that it needs to process in future. The resulting 

abstractions are stored as GERs. This process is what we called “dreaming” process that 

“cleans up” the companion’s AM when it is not performing other tasks, e.g. in the evening.  
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8 Migration 

 

8.1 Overview 

 

Migration is one of the key technical innovations in LIREC. When considering migration of 

the companion between different embodiments including robots, mobile phones and 

graphical screens, maintenance of identity is critical to sustain the user’s belief that they are 

still interacting with the same companion despite the differences in appearance and 

capabilities. In order to achieve this, the mind of the companion will be migrated and only 

one copy of it will be active at a particular instance of time to ensure consistency. However, 

due to the limited resources on platforms such as mobile phones, it would be infeasible to 

migrate the complete memory of the companion.  Thus, the memory model has to be 

designed in a way that supports this process. 

 

 

8.2  Migration of STM 

 

We propose to migrate only the STM of the companion when it moves from the robot or the 

graphical screen to the mobile phone platform. The capacity of the STM will be extended for 

this purpose to ensure that the companion has almost all the necessary data it needs to 

maintain continuity in its behaviour.  

 

As discussed in Section 7.2, the subset of memory that will be migrated will be determined 

by activation values. These activation values will be generated continuously throughout the 

companion’s interaction with users and while performing tasks by the activation-based 

forgetting mechanism and the functional decay theory.  The SA and CC mechanisms can be 

applied to retrieve relevant and related memory elements for migration based on these active 

elements. In the case of task-dependent migration (migrating to achieve a certain task), SA 

and CC mechanisms will help to determine the subset of memory necessary for the task. 

 

By migrating only a small subset of the memory, the companion will be better able to cope 

with various data transfer bandwidth as well as the performance of the mobile phone CPU 
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and memory size. In conjunction with this aim, the SA and CC processes might also be made 

unavailable to the companion when it is on the mobile platform. 
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9 Other Memory-Related Issues 
 

 

9.1 LTM and user preferences 

 

One of the important goals of the artificial companion is to remember and support individual 

user’s activities; therefore to certain extent the user-companion interaction can be tailored to 

meet one’s personal requirements. The first step towards achieving this is to allow a user to 

initialise the companion’s long-term semantic world knowledge (WK) with some basic 

preferences and daily routine activities. 

 

Collecting the user’s personal information10 in the companion’s initialisation process is 

essential to facilitate the social interaction between a user and the companion. There are 

several important psychological implications with regards to Social Motives (see Deliverable 

2.1 for details): 

 

Belonging: The companion is able to obtain information about proxemics, attention level and 

the user’s preferences to increase the feeling of belonging in the user. 

Understanding: The user’s preferences are remembered in the companion’s LTM WK to 

show a better understanding of the user’s daily routine and habits 

Controlling: As the companion should carry out the user’s appointed tasks with high priority, 

the companion’s autonomy is regulated to a certain extent by the user's requirements. This 

allows the user to have more control over the companion’s behaviour. 

Trust: A companion initialised with the user’s personal information can perform its tasks in a 

consistent manner, thus can gain the user’s trust. Additionally, better predictability of the 

companion’s behaviours can increase the user’s trust towards it. 

 

                                                 
10 Given the fact that ethical concerns may arise with the collection and storage of user’s personal information, 
the future development of this research direction will take into account the ethical issues regarding companion’s 
memory control. Details can be found in Deliverable 4.2, Section 8. 
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Therefore, the initialisation process can be seen as the first step for a user to personalise the 

artificial companion. By allowing the companion to learn about the user's routine activities 

and personal preferences, the reaction time of the companion can be minimised when a 

request is received or a goal is initiated. In the UH Robot House Showcase, the companion’s 

WK is currently initialised with the following: user information, routines and preferences, 

and properties of objects in the house.  

 

The following picture and screenshots show the prototype of Companion Initialisation 

Interface used in the UH Robot House Showcase. A Samsung Q1 Ultra tablet PC with a 7 

inch touch screen was used and placed on top of the Pioneer robot for the implementation of 

the interface. 

 

 

 

 

 

 

 

 

 

 

 

UMPC with touch 
screen interface 
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9.2  Level 2 Memory and Grounding Problem 

 

The problem of symbol grounding has been a huge challenge in AI research for decades. In 

LIREC, the input from different sensors is translated to symbolic information by Level 2 

competencies in CMION (refer D9.3). A blackboard that acts as the Level 2 working memory 

(refer Figure 1) has been implemented for this purpose to allow competencies to write on. 

The blackboard stores sub-symbolic information that competencies share between each other.  

 

For example, there could be different user identification competencies such as face 

recognition competency, voice recognition competency and so on. All these competencies 

can be used to identify users with a degree of certainty (probability). These probabilities 

information which is sub-symbolic can be written onto the blackboard for further processing 

by an overarching user identification competency. The user identification competency will 

take all probabilities from the blackboard as input and perform necessary analysis. It can then 

update the world model (Level 3) with the symbolic output it generates. This example is on 

sensor-dependent working memory in Figure 1. The same blackboard can be used as 

actuator-dependent working memory. 

 

 

9.3  Database 

 

The main goal of LIREC – to establish long-term relationships between artificial companions 

and humans – entails the maintenance of the companion’s memory for a long period of time. 

As the interactions with users are prolonged, the size of the memory will grow substantially 

and quickly. In order to systematically store this large amount of data, we plan to integrate a 

relational database such as MySQL in future.  
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10 Implementation Plan 
 

10.1 Proposed Experimental Schedule 

 

Table 4: Proposed Design and Implementation Schedule 
 

Tasks Time Scale 

Detailed design: 

Forgetting mechanisms 

Hierarchical classification 

3 months 

Start: month 28 

End: month 30 

 

Implementation and testing: 

Forgetting mechanisms 

Memory migration 

Ontology definition and integration 

Hierarchical classification 

Integration with WP5 on modelling ToM 

·  Application of forgetting based on 
change of belief 

9 months 

Start: month 31 

End: month 39 
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11 Conclusion 

In this document, we presented our progress thus far in the design, experimentation and 

implementation of the companion’s memory. Briefly, we  

- recapitulated on our proposed memory model and presented the current state of the 

memory implementation 

- presented an experiment on users’ preference of a companion with an absolute 

memory versus one with a selective memory (WP2) 

- provided technical descriptions of the different retrieval mechanisms, specifically 

compound cue and spreading activation mechanisms with example applications in the 

agent mind’s processes (WP5) 

- provided justification and proposal on how we are going to implement the forgetting 

mechanisms including generalisation 

- discussed migration issues and other memory related issues such as users‘ preferences 

initialisation, level 2 memory, grounding problems and database integration issue 

 

So, the next step is to complete the detailed design of the forgetting mechanisms proposed 

before we proceed with the implementation and testing of these mechanisms. An ontology 

database will also be integrated to allow the companion to perform common sense reasoning 

and hierarchical organisation of its memory. In order to store the increasing amount of data 

systematically, a database will be employed in future. 
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Appendix A Hierarchical Classification 
 
Classification is one of the most important problems in data mining (Witten and Frank, 

2005). Basically, it can be defined as (Freitas and Carvalho, 2007): given a set of training 

instances (examples) composed of pairs {xi, yi}, find a function f(x) that 

maps each attribute vector xi to its associated class yi, i = 1, 2, …, n, where n is the total 

number of training instances. 

 

After training, the predictive accuracy of the classification function induced is evaluated by 

using it to classify a set of unlabeled (unknown-class) instances, unseen during training. This 

evaluation measures the generalisation ability (predictive accuracy) of the classification 

function induced.  

 

In Hierarchical Classification (HC) problems (Sun and Lim, 2001; Freitas and Carvalho, 

2007; Vens et al., 2008), the classes are disposed in a hierarchical structure, such as a tree or 

a direct acyclic graph. In these structures, the nodes represent classes, and the edges typically 

represent a “is-a” relationship between classes. If an instance is assigned to a given class c 

that instance should also be assigned to all of the ancestral classes of c. We emphasise that in 

general what defines a HC task is the fact that the class attribute has hierarchically-structured 

values, regardless of whether the other attributes (the predictor attributes) have hierarchically-

structured values or not.  

 

There are two major types of HC approaches, namely the “top-down” approach and the “big-

bang” approach (Witten and Frank, 2005). In essence, in the top-down approach a set of 

classification models is built from the training set and their predictions are combined in a top-

down fashion. The classifier predicts, for the current instance, one of classifier’s child classes 

at level 1. The instance is further passed down to the classifier whose child class was just 

predicted, and so on until the instance cannot be further classified (e.g. when a leaf class node 

is reached).  

 

In the big-bang approach, a single classification model is induced which is in principle 

capable of predicting any class, at any level of the hierarchy, for a test instance. HC 

algorithms following the big-bang approach in general are more difficult to design and 
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implement than algorithms following the top-down approach, since in the latter each of the 

classifiers can be induced in a modular fashion, solving a simpler problem, therefore 

implementing a kind of “divide and conquer” approach. 
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Appendix B Scripts for the Memory Experiment 
 
Narrator: Asad is a Phd student at Heriot-Watt University. He enjoys watching movies and 

hanging out with friends. Asad has a companion whom he usually talks to and gets help in his 

daily tasks. The name of his companion is Sarah, a virtual character on a screen. You are now 

going to see a few snapshots of Asad’s interaction with Sarah. 

 

B.1 First Interaction (Same script for both absolut e and selective 
memory versions) 

 
C: Hello Asad, how are you today?  

A: I am good, how are you?  

C: I am fine, thank you. Did you watch Avatar that came on screen yesterday?  

A: Not yet. But I really want to watch it eventually, I am so curious. 

C: I saw on the internet that it is a very good movie. It has a very good score from reviewers.  

A: I know. I am going to watch it soon. 

C: When are you going to watch it?  

A: This Wednesday evening.  

C: Who are you going to watch it with?  

A: With my girlfriend, Jenny. 

C: I see, with your girlfriend Jenny. That’s great! I would recommend you to watch it in 3D 

for a better experience 

A: I will.  

C: Are you doing something before the movie?  

A: Hmm... I think some of my friends are planning to have a game of bowling at a Bowling 

Centre called Ten Pins or something, but I don’t care too much for bowling. 

C: I see. Anyway - have fun!  

A: What’s the time now? I have an important meeting at 2.15pm.  

C: It is 2 o’clock. Is it a regular meeting?  

A: Yes, once a week. 

C: Who are you meeting?  

A: I am meeting my supervisor in her office.  

C: Is it to discuss about your Ph.D work?  

A: Yes, about the literature review. I have spent a lot of time and energy on that lately. 

C: I hope your work is going well  
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A: Yes, I hope so too. 

C: Good luck in your meeting. Good bye.  

 

 

B.2 Second and Third Interaction (Absolute memory v ersion)  
 

Second interaction: a week later on Monday  

C: Hi Asad, nice to see you again.  

A: Hi. 

C: Did you know that Avatar is now the number one movie in the box office?  

A: No, but I am glad to hear that.  

C: Last week, you told me that you are going to watch it in 3D on Wednesday evening with 

your girlfriend, Jenny. Did you enjoy it?  

A: Yes. Although it was quite a long movie, I really enjoyed it. The animation was brilliant.  

C: I see.  

A: James Cameron is the director of Avatar. He is so great. He also directed the movie 

Titanic, an Oscar winning movie.  

C: Yes, that’s right. By the way, how was the game of bowling with your friends at Ten Pins 

Bowling Centre?  

A: It was ok. 

C: It is quarter to 2 now. Last week, you told me that you have an important meeting every 

Monday at 2.15pm with your supervisor in her office to discuss about your Ph.D work  

A: Yes. Do you remember about the meeting last week? 

C: Yes. You discussed the literature review last week. Did it go well?  

A: Yes, this week I will start with the system design. I need to draw the UML diagrams for 

my system.  

C: System design sounds like an interesting topic! I can help you to find some information 

from the internet.  

A: Don’t worry. I will get some books from the library and I will be working with Steve. 

A: I have to go now. Bye! 

C: Good bye!  
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Third interaction: two months later  

C: Good morning Asad.   

A: Good morning. What is on the news today? 

C: Do you know that James Cameron has been nominated for the Best Director 2010 Golden 

Globe award?  

A: Oh... that’s good news. Do you remember our chat about Avatar? 

C: Yes, I remember that you went to watch it two months ago on a Wednesday evening with 

your girlfriend, Jenny and before that you had a bowling game with your friends at Ten Pins 

Bowling Centre.  

A: Yes, I did.  

C: You mentioned that although the movie was quite long, you enjoyed it and the animation 

was brilliant.  

A: Yes.  

C: You also mentioned that he is a great director and directed the movie Titanic, an Oscar 

winning movie, so I guess you are pleased for his nomination.  

A: Indeed. 

C: Are you having a meeting at 2.15pm with your supervisor in her office to discuss about 

your Ph.D work today?  

A: Yes. 

C: Everything is going well I hope. You mentioned that the regular discussions went well 

over the last weeks, since you started to meet your supervisor two months ago to discuss the 

literature review.  

A: Not really. 

C: I am sorry to hear that. I remember that you were going to get some books from the library 

and working with Steve to draw some UML diagrams. Did something go wrong?  

A: No. I just need to refine some of the diagrams. 

A: I should go now. Bye! 

C: Good bye! Asad  
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B.2 Second and Third Interaction (Selective memory version) 
 
Second interaction: a week later on Monday  

C: Hi, Asad, nice to see you again.  

A: Hi. 

C: Did you know that Avatar is now the number one movie in the box office?  

A: No but I am glad to hear that.  

C: Did you enjoy it? You said that you were going to watch it last week.  

A: Yes, absolutely. Although it was quite a long movie, I really enjoyed it. The animation 

was brilliant.  

C: I see.  

A: James Cameron is the director of Avatar. He is so great. He also directed the movie 

Titanic, an Oscar winning movie. 

C: Yes, that’s right. By the way, I think you have told me that you wanted to do something 

else before the movie… what was it? Was it bowling?  

A: Oh yes, that’s right. Yes, I went bowling with my friends. 

C: How was the game of bowling?  

A: It was ok. 

C: It’s nearly time for your regular Ph.D meeting with your supervisor.  

A: Yes. Do you remember about the meeting last week? 

C: Yes. How did the discussion go? Did it go well?  

A: Yes, this week I will start with the system design. I need to draw the UML diagrams for 

my system. 

C: System design sounds like an interesting topic! I can help you to find some information for 

you from the internet.  

A: Don’t worry. I will get some books from the library and I will be working with Steve. 

A: I have to go now. Bye! 

C: Good bye!  
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Third interaction: two months later  

 

C: Good morning, Asad.   

A: Good morning. What is on the news today? 

C: Do you know that James Cameron has been nominated for the Best Director 2010 Golden 

Globe award?  

A: Oh... that’s good news. Do you remember our chat about Avatar? 

C: I remember that you went to watch it a while ago. It must be some weeks ago, am I right?  

A: Yes, I did. 

C: I remember you saying that although the movie was long, you enjoyed it and I think you 

said you really liked the animation. Do I remember this correctly?  

A: Yes, absolutely.  

C: I think you told me that he is a great director, so, I guess you are pleased for his 

nomination.  

A: Indeed.  

C: Who did you watch the movie with again?  

A: With my girlfriend, Jenny. She also enjoyed the movie very much. 

C: That’s great!.  

C: Are you having your regular Ph.D meeting today at 2.15 pm?  

A: Yes. 

C: Everything is going well I hope. As far as I remember, you mentioned that the regular 

discussions went well over the last weeks.  

A: Not really. 

C: I am sorry to hear that. Did something go wrong with your system design?  

A: No. I just need to refine some of the diagrams. 

A: I should go now. Bye! 

C: Good bye! Asad.  


