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Abstract 
 

 

 

This thesis presents a theoretical framework for the design of user-programmable 

robots. The objective of the work is to investigate multi-modal unconstrained natural 

instructions given to robots in order to design a learning robot. A corpus-centred 

approach is used to design an agent that can reason, learn and interact with a human in a 

natural unconstrained way. The corpus-centred design approach is formalised and 

developed in detail. It requires the developer to record a human during interaction and 

analyse the recordings to find instruction primitives. These are then implemented into a 

robot.  The focus of this work has been on how to combine speech and gesture using 

rules extracted from the analysis of a corpus. A multi-modal integration algorithm is 

presented, that can use timing and semantics to group, match and unify gesture and 

language. The algorithm always achieves correct pairings on a corpus and initiates 

questions to the user in ambiguous cases or missing information. The domain of card 

games has been investigated, because of its variety of games which are rich in rules and 

contain sequences. A further focus of the work is on the translation of rule-based 

instructions. Most multi-modal interfaces to date have only considered sequential 

instructions. The combination of frame-based reasoning, a knowledge base organised as 

an ontology and a problem solver engine is used to store these rules. The understanding 

of rule instructions, which contain conditional and imaginary situations require an agent 

with complex reasoning capabilities. A test system of the agent implementation is also 

described. Tests to confirm the implementation by playing back the corpus are 

presented. Furthermore, deployment test results with the implemented agent and human 

subjects are presented and discussed. The tests showed that the rate of errors that are 

due to the sentences not being defined in the grammar does not decrease by an 

acceptable rate when new grammar is introduced. This was particularly the case for 

complex verbal rule instructions which have a large variety of being expressed. 

 

 

 

 

 

 

 

 



 - 8 - 

Contents 
 

Glossary ...................................................................................................................... - 15 - 
1. Introduction ............................................................................................................ - 21 - 

1.1 Need and Aim of the research .......................................................................... - 21 - 
1.2 Corpus-Based Robotics .................................................................................... - 23 - 

1.2.1 From Corpus Linguistics to Corpus-Based Robotics ............................... - 25 - 
1.3 Overview of the Thesis ..................................................................................... - 27 - 
1.4 Main Contributions of the Thesis ..................................................................... - 29 - 
1.5 Minor Contributions of the Thesis ................................................................... - 29 - 

1.5.1 Theoretical................................................................................................ - 29 - 

1.5.2 Technical .................................................................................................. - 30 - 
2. On Learning in Robotic Systems and Natural Language Understanding ............... - 31 - 

2.1 Skill learning and Task Learning ..................................................................... - 31 - 

2.1.1 Skills and Skill learning ........................................................................... - 31 - 
2.1.1.1 Learning of Motor actions ..................................................................... - 32 - 
2.1.1.2 Skill Learning by Imitation ................................................................... - 32 - 
2.1.2 Tasks ........................................................................................................ - 32 - 

2.2 Previous Work: The IBL Project ...................................................................... - 34 - 
2.2.1 Introduction to the IBL Project ................................................................ - 34 - 

2.2.2 IBL System Overview .............................................................................. - 35 - 
2.2.3 Difference between Programming by Demonstration and Instruction-based 

Learning ............................................................................................................ - 38 - 
2.2.4 Conclusions from the IBL Project ........................................................... - 39 - 

2.3 Human-Robot Interaction Robots ..................................................................... - 41 - 
2.3.1 COGNIRON Robot Biron ........................................................................ - 41 - 

2.3.2 Karlsruhe Robots ...................................................................................... - 45 - 
2.3.3 Multi-modal Human-Robot Interaction systems ...................................... - 46 - 
2.3.3.1 Early versus Late Fusion ....................................................................... - 47 - 

2.4 Natural Language Understanding Systems....................................................... - 48 - 
2.4.1 A Brief Historical Overview .................................................................... - 48 - 

2.4.2 ELIZA ...................................................................................................... - 48 - 
2.4.3 SHRDLU .................................................................................................. - 49 - 

2.4.4 Schankôs natural language understanding systems .................................. - 50 - 
2.4.4.1 Plans & Goals ................................................................................... - 52 - 

2.5 Natural Language Understanding Systems with Speech Recognition ............. - 54 - 
2.5.1 Spoken vs. Written Language .................................................................. - 54 - 

2.5.2 Architecture .............................................................................................. - 54 - 
2.5.3 Hidden Markov Models ........................................................................... - 55 - 

2.5.4 Interpretation ............................................................................................ - 55 - 
2.5.5 Grammar .................................................................................................. - 56 - 

2.6 Semantic Representation Theories ................................................................... - 58 - 

2.6.1 Semiotic Schemas .................................................................................... - 58 - 
2.6.2 Conceptual Graphs ................................................................................... - 59 - 

2.6.3 Frame-based systems ............................................................................... - 61 - 
2.6.4 Ontolological reasoning ........................................................................... - 61 - 
2.6.5  Newell and Simon General Problem Solver ........................................... - 63 - 
2.6.6 Lambda Calculus ...................................................................................... - 64 - 

3. Corpus Collection ................................................................................................... - 66 - 



 - 9 - 

3.1 The Instruction Domain .................................................................................... - 67 - 
3.1.1 Experimental Constrains .......................................................................... - 67 - 
3.1.2 Scopa ........................................................................................................ - 68 - 

3.2 Procedure of Corpus Design and Corpus Collection ........................................ - 69 - 
3.2.1 Corpus Design .......................................................................................... - 69 - 

3.2.2 Data Sets .................................................................................................. - 73 - 
3.3 Multi-Modal Interface ...................................................................................... - 74 - 

3.3.1 A Robot with simulated Eyes and Arms .................................................. - 74 - 
3.3.2 Potential as Human-Computer Interaction interface ................................ - 75 - 
3.3.3 Simlator Software..................................................................................... - 75 - 

3.3.3.1 Interaction Control Protocol ............................................................. - 76 - 

3.3.4 World Model for Simulator ...................................................................... - 77 - 

3.4 Multi-Modal Transcriptions ............................................................................. - 79 - 
3.4.1 Transcription Tool .................................................................................... - 79 - 
3.4.2 XML Tags ................................................................................................ - 80 - 
3.4.3 Transcription Method Guideline .............................................................. - 82 - 

3.5 Initial Corpus analysis ...................................................................................... - 83 - 

3.5.1 Quantitative .............................................................................................. - 83 - 
3.5.2 Types of Instruction Primitives ................................................................ - 84 - 
3.5.3 List of Language Primitives ..................................................................... - 86 - 

4. Action and Gesture Recognition ............................................................................ - 89 - 

4.1 Gesture Recognition by spatial mapping .......................................................... - 90 - 
4.2 Gesture Production ........................................................................................... - 94 - 

4.3 Advanced Gesture Recognition ........................................................................ - 95 - 
5. Integrating Gesture and Language .......................................................................... - 97 - 

5.1 Challenges of Multi-Modal Integration ............................................................ - 97 - 
5.1.1 The Timing Problem ................................................................................ - 98 - 

5.1.2 Pairing and Unification Problem .............................................................. - 99 - 
5.2 Multi Modal Data Characteristics .................................................................. - 101 - 

5.2.1 Distribution of Information in Multi-Modal Data .................................. - 101 - 

5.2.2 Gesture Groups....................................................................................... - 102 - 
5.2.3 Grammar for Gestures ............................................................................ - 103 - 
5.2.4 Investigation of Timing for Linking Gesture Groups to Language ....... - 104 - 

5.3 Multi-Modal Integration Algorithm ............................................................... - 107 - 

5.3.1 Time-Based Integration .......................................................................... - 107 - 

5.3.2 Semantics for Multi-Modal Data Integration: Algorithm and Results... - 108 - 
5.3.3 Pointing Gestures in Multi-Modal Data Integration .............................. - 110 - 

5.4 Discussion on Multi-Modal Integration ......................................................... - 111 - 
5.4.1 Advantages of the integration algorithm ................................................ - 111 - 

5.5 Conclusions on Multi-Modal Integration ....................................................... - 113 - 

6. Corpus-Based Clause Grammars .......................................................................... - 115 - 
6.1 Corpus Tagging .............................................................................................. - 115 - 

6.2 Clause Grammar ............................................................................................. - 117 - 
6.2.1 ñOne Clause One Primitiveò Principle ................................................... - 117 - 

6.2.1.1 Clause relations .............................................................................. - 117 - 

6.2.1.2 Parsing to cut utterances into clauses ............................................. - 118 - 
6.2.1.3 Single tree structure ........................................................................ - 119 - 

6.2.2 Word Classes .......................................................................................... - 119 - 
6.2.3 Full Corpus Coverage & Generalisation ................................................ - 120 - 
6.2.4 Underspecified primitives ...................................................................... - 122 - 



 - 10 - 

6.3 Overall Grammar Structure ............................................................................ - 123 - 
6.3.1 Clause Link Level .................................................................................. - 123 - 
6.3.2 Corpus Level and Clause-Grammar Level ............................................. - 123 - 
6.3.3 Phrase Level ........................................................................................... - 124 - 

6.4 Summary on Corpus-Based Clause Grammars .............................................. - 127 - 

7 Knowledge Representation of Tasks ..................................................................... - 129 - 
7.1 Rationale ......................................................................................................... - 129 - 
7.2 Human Level Task Instructions ...................................................................... - 130 - 
7.3 Rule Frames ï an Intermediate Representation .............................................. - 132 - 

7.3.1 Rule Frames ........................................................................................... - 132 - 

7.3.2 Scope of the Rule Frame notion ............................................................. - 135 - 

7.4 Applied ontological reasoning ........................................................................ - 136 - 

7.4.1 Implementation of Ontology .................................................................. - 136 - 
7.5 Anaphora Resolution ...................................................................................... - 140 - 
7.6 Unification ...................................................................................................... - 142 - 

7.6.1 Mirrored Location References in Utterance and Gesture ...................... - 145 - 
7.7 Initiation of Learning ...................................................................................... - 146 - 

7.7.1 Timing .................................................................................................... - 146 - 
7.7.2 Overview of the unification and learning algorithm .............................. - 146 - 

7.8 Problem Solver ............................................................................................... - 148 - 
7.8.1 Overview ................................................................................................ - 148 - 

7.8.2 from Rule Frame to State Transition Rules ........................................... - 148 - 
7.8.3 Micro Planner ......................................................................................... - 151 - 

7.8.4 Generalisation and References in Rules ................................................. - 151 - 
7.8.5 Game Strategy ........................................................................................ - 152 - 

7.8.6 Low Level Robot Instructions ................................................................ - 153 - 
7.9 Advantages of Implementation in Prolog ....................................................... - 154 - 

7.9.1 Logic Programming ............................................................................... - 154 - 
7.9.2 Storing Knowledge in Prolog ................................................................. - 154 - 
7.9.3 Search Space Reduction ......................................................................... - 155 - 

7.10 Dialogue Manager ........................................................................................ - 156 - 
7.10.1 ñChoose 1. 2. 3. or 4. for an operatorò ................................................. - 156 - 
7.10.2 Issue Stack ............................................................................................ - 157 - 

7.11 Summary on Knowledge Representation ..................................................... - 158 - 

8 Test and Evaluation ............................................................................................... - 159 - 

8.1 Test and Evaluation in Corpus-Based Robotics ............................................. - 159 - 
8.2 Error Categories .............................................................................................. - 160 - 

8.3 Overview of Experiments ............................................................................... - 163 - 
8.4 Testing Completeness in Corpus collection ( E1 ) ......................................... - 164 - 
8.5 System test of dealing rule by playback from corpus in text form ( E3.1 ) .... - 166 - 

8.6 System test of pair-rule by playback from corpus in text form ( E3.2 ) ......... - 167 - 
8.7 Pilot for Full System test with people ( E4.1  ) .............................................. - 169 - 

8.7.1 Dialogue Management Issues and Solutions.......................................... - 170 - 
8.7.2 Procedure of pilot experiment ................................................................ - 171 - 
8.7.3 Findings, problems and changes from the Pilot Test: ............................ - 172 - 

8.8 Full System test with people ( E4.2 ).............................................................. - 174 - 
8.8.1 Procedure and Instructions ..................................................................... - 174 - 

8.8.2 Results Overall ....................................................................................... - 176 - 
8.8.3 Findings and Problems from the Final Test and Discussion .................. - 179 - 

8.8.3.1 Out-of-Grammar Errors .................................................................. - 180 - 



 - 11 - 

8.8.3.2 Speech Recognition errors .............................................................. - 183 - 
8.8.3.3 Human Error ................................................................................... - 183 - 

9 Conclusions and Future Work ............................................................................... - 185 - 
9.1 Achievements ................................................................................................. - 185 - 
9.2 Comment on the corpus-based Robotics approach......................................... - 186 - 

9.2.1 Human-to-Human vs. Human-to-Robot dialogues ................................ - 186 - 
9.3 Future Work .................................................................................................... - 187 - 
9.4 What is holding back user-programmable robots? ......................................... - 188 - 

References ................................................................................................................ - 189 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 12 - 

List of Tables 
 

 

Table 1-1: Corpus vs. Structural ................................................................................. - 26 - 
Table 2-1: logical operators in the lambda calculus ................................................... - 64 - 
Table 3-1: Instructions to the teachers, Set 1 ............................................................. - 71 - 

Table 3-2: Instructions to the teachers, Set 2 ............................................................. - 72 - 
Table 3-3: Data sets of transcriptions ......................................................................... - 73 - 
Table 3-4: Protocol between Server and Display Clients. .......................................... - 77 - 
Table 3-5: Properties of the Physical Object in the World Model of the Simulator .. - 78 - 
Table 3-6: Transcription Tags .................................................................................... - 81 - 

Table 3-7: Examples of transcriptions and their primitives and primitive types........ - 84 - 
Table 3-8: listing of some primitive functions found in the MIBL corpus ................ - 85 - 
Table 3-9: List of language primitives and their description...................................... - 86 - 

Table 4-1: Table of Gesture Primitives in the Corpus ................................................ - 92 - 
Table 5-1: Examples from the card game corpus ..................................................... - 101 - 
Table 5-2: example Dialogue ................................................................................... - 105 - 
Table 5-3: simplified extract of the grammar ........................................................... - 108 - 

Table 5-4: Algorithm for integration of utterances and gestures.............................. - 109 - 
Table 5-5: Deictic Words ......................................................................................... - 110 - 

Table 5-6: Example Dialogue ................................................................................... - 110 - 
Table 6-1: Expressing relationships between clauses............................................... - 118 - 

Table 6-2: Word classes ........................................................................................... - 120 - 
Table 6-3: simplified GSL-grammar ........................................................................ - 121 - 

Table 6-4: Underspecified Grammar-to-Primitive matching ................................... - 122 - 
Table 6-5: Levels of the grammar ............................................................................ - 123 - 

Table 6-6: GSL grammar of noun phrases ............................................................... - 125 - 
Table 6-7: GSL-grammar ......................................................................................... - 126 - 
Table 6-8: Summary of the procedure ...................................................................... - 127 - 

Table 7-5: extract from the implementation of the ontology in Prolog .................... - 137 - 
Table 7-1: MIBL Ontology, without instances ......................................................... - 138 - 

Table 7-2: MIBL Rule Frame ................................................................................... - 139 - 
Table 7-3: Anaphora Resolution Rules .................................................................... - 141 - 

Table 7-4: Unification possibilities .......................................................................... - 142 - 
Table 7-6: Log file from Rule Application ............................................................... - 152 - 
Table 7-7: Low Level Robot Instructions................................................................. - 153 - 
Table 7-8: Questions to the user ............................................................................... - 157 - 

Table 8-1: List of types of Errors ............................................................................. - 161 - 
Table 8-2: Test on corpus of pairing rule ................................................................. - 168 - 

Table 8-3: Human vs. Robot Dialogue control. Effect on Alignment ...................... - 182 - 
 

 

 

 

 

 

 

 

 



 - 13 - 

List of Figures 
 

Figure 1-1: Robot vs. Corpus-Centred Natural Language Interface (NLI) design. .... - 24 - 
Figure 1-2: Example of a user programmable robot................................................... - 24 - 
Figure 1-3: Summary of the formal design procedure of Corpus-Based Robotics .... - 27 - 
Figure 1-4: Overview of information flow in the MIBL system with Chapters of the 

thesis ................................................................................................................... - 28 - 
Figure 2-1: Experimental Setup of IBL ...................................................................... - 35 - 
Figure 2-2: Overview of conversion process .............................................................. - 35 - 
Figure 2-3: A graphical representation of DRS .......................................................... - 36 - 
Figure 2-4: Typical interaction with BIRON ............................................................. - 43 - 

Figure 2-5: System overview of BIRON .................................................................... - 43 - 
Figure 2-6: Albert 2 .................................................................................................... - 45 - 
Figure 2-7: Humanoid Armar III ................................................................................ - 45 - 

Figure 2-8: example of a script ................................................................................... - 51 - 
Figure 2-9: A typical Natural Language Interpretation system .................................. - 56 - 
Figure 2-10: a sensor (natural sign) ............................................................................ - 58 - 
Figure 2-11: a categorizer makes discrete decisions based on an analog belief......... - 58 - 

Figure 2-12: a robot that can feel temperature and belief if it is hot or cold .............. - 59 - 
Figure 2-13: ñJohn is going to Boston by busò .......................................................... - 60 - 

Figure 3-1: Game Primitives ...................................................................................... - 68 - 
Figure 3-2: Tree of teaching dialogues. ...................................................................... - 70 - 

Figure 3-3: Experimental Setup for Corpus collection ............................................... - 72 - 
Figure 3-4: A person is dragging a playing card on a touch screen ........................... - 74 - 

Figure 3-5: Corpus recording with two touch screens ................................................ - 76 - 
Figure 3-6: Mutli-Modal Transcription Tool MuTra ................................................. - 80 - 

Figure 3-7: Word Frequency ...................................................................................... - 83 - 
Figure 4-1: Resting Positions of Cards ....................................................................... - 91 - 
Figure 4-2: Area definition ......................................................................................... - 91 - 

Figure 5-1: Information exchange: ............................................................................. - 97 - 
Figure 5-2: Time-lines of speech and gesture ............................................................ - 98 - 

Figure 5-3: Multi -modal integration system ............................................................... - 99 - 
Figure 5-4: Spectrum of information content ........................................................... - 101 - 

Figure 5-5: Timegap between two gestures .............................................................. - 102 - 
Figure 5-6: Timegap between two gestures-groups ................................................. - 103 - 
Figure 5-7: Example of a right-recursive context free grammar for gestures .......... - 104 - 
Figure 5-8: Timing Diagram..................................................................................... - 105 - 

Figure 5-9: Histogram of the time intervals ............................................................. - 105 - 
Figure 5-10: Histogram of time intervals ................................................................. - 106 - 

Figure 5-11: Time windows ..................................................................................... - 107 - 
Figure 6-1: xml-transcription. .................................................................................. - 115 - 
Figure 6-2: xml-transcription with grammar ............................................................ - 116 - 

Figure 7-1: Overview of information flow in the MIBL system .............................. - 131 - 
Figure 7-2: Rule Frame ............................................................................................ - 134 - 

Figure 7-3: single Rule frame Instruction ................................................................ - 135 - 
Figure 7-4: Extract of the ontology of cards............................................................. - 136 - 
Figure 7-5: Unification process, ............................................................................... - 143 - 
Figure 7-6: Process for unification of primitive parameters..................................... - 144 - 
Figure 8-1: Using the corpus for  testing: ................................................................. - 159 - 



 - 14 - 

Figure 8-2: Overview of Levels in the MIBL system .............................................. - 162 - 
Figure 8-4: Novel words ........................................................................................... - 165 - 
Figure 8-5: 6 instructions primitives of the dealing phase ....................................... - 170 - 
Figure 8-6: Paper strip with card game rule for the pilot test ................................... - 172 - 
Figure 8-7: Experimental Setup for Final ................................................................. - 174 - 

Figure 8-8: Table Setup for Final Test ..................................................................... - 174 - 
Figure 8-9: Paper strips with card game rules used  for the  full test ....................... - 175 - 
Figure 8-10: Novel words in final test ...................................................................... - 176 - 
Figure 8-11: Performance of Final Experiment ........................................................ - 176 - 
Figure 8-12: Errors split in categories ...................................................................... - 177 - 

Figure 8-13: Ratio between error_oosg and no of attempts ..................................... - 177 - 

Figure 8-14: Success rate per subject ....................................................................... - 178 - 

Figure 8-15: Success rate (<error_none>) per game rule ......................................... - 178 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 15 - 

Glossary 

AI   Artificial Intelligence. A branch of computer science concerned  

   with creating intelligence in machines. 

 

acoustic packaging Psychology. Acoustic information, usually in the form of speech 

   helps infants to structure and separate ñpackageò a stream  

of actions that is being demonstrated to them. 

 

alignment  In Natural Language: use of a dialogue and sentence structure 

that both dialogue partners understand. 

 

anaphora  Anaphora are references to explicitly mentioned nouns, earlier  

in the discourse, see Grishman (1986). 

 

AR   Augmented Reality. Usually 3D computer graphics added to a  

live video feed. 

 

BFO   Basic Formal Ontology. An ontology is a specification of a 

conceptualization, for example a specification how to network of 

semantic classes. Basic Formal Ontology is a special form for 

defining ontologies, see Smith (2006) 

 

CFG   Context Free Grammar. A grammar that consists of a single  

non-terminal symbol on the left-hand side and terminals/non- 

terminals on the right hand side. 

 

CG   see Conceptual Graphs. 

 

Conceptual Graphs  Like semantic networks, Conceptual Graphs represent concepts 

and their relationships, see Sowa (2005) 

 

context tagging The process of tagging parts of the corpus with a context marker 

that describes the situation. 

 

corpus   Latin for ñbodyò. In linguistics a corpus is a collection of texts, 

for example transcriptions or newspaper articles. 

 

corpus-based robotics  

Design method in robotics that allows the design of an artificial 

agent with natural communication skills and matching user 

requirements. The design method is based on collecting a corpus 

of instructions before implementing the agent. See (Bugmann et 

al., 2004) or Chapter 1. 

 

corpus-based clause grammars 

   Method of deriving a grammar for natural language interpretation 

from a corpus, see chapter 6. 
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DDD   determinative demonstrative deictic references: 

this, these, that, those and the. 

 

DPD   determinative possessive deictic references: 

my, your, our, his, her, its, their, ones. 

 

dependent clauses In grammar, a clause that cannot stand alone as a sentence. 

 

DRS   Discourse Representation Structure. The structure to represent 

   sentences and discourse used in Discourse Representation 

   Theory. The structure is related to predicate logic and every 

introduced object and referent is assigned an identifier, allowing 

accurate representation of anaphora..  

 

DRT   Discourse Representation Theory. A theory to express sentences 

and language discourse in a formal framework. Invented by  

Hans Kamp, see Kamp (1993). 

 

DTD    Document Type Definition. A  DTD file defines XML tags and 

their syntax for a particular document type.  

 

EPSRC  Engineering and Physical Science Research Council,  

a British research council 

 

frames    In Artificial Intelligence: Frames combine domain knowledge 

into a structure for representing and reasoning with stereotypical 

concepts or situations. 

  

GPS   General Problem Solver, problem solving A.I. program,  

see Newell and Simon (1972) 

 

HCI   Human Computer Interaction, a discipline concerned with the 

study of the interaction between humans and computers and the 

design of  user interfaces. 

 

HRI   Human Robot Interaction, a discipline concerned with the 

study and improvement of the interaction between humans  

and robots.  

 

IBL   Instruction Based Learning. IBL is the process of learning a task 

from a teacher through instructions, usually verbal. The learning 

process may be supported by, but is not depending on 

a demonstration. 

 

instruction primitive  An instruction on human level, when given verbally,  

 can be expressed using a single main verb.  

 

instruction primitive parameter 

   Information further specifying an instruction,  

like parameters of a function in programming 
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instruction primitive type 

   Either a Conditional, Context, Action or Fact 

 

instances  In Object-Oriented Languages / Ontology: 

Instantiations (ñas copiesò) of classes which serve as the template 

 

KB   In Artificial Intelligence: Knowledge Base, a database that stores 

   knowledge in an organised format. If machine-readable, 

deductive reasoning can be applied to the knowledge base by 

applying algorithms. 

 

Lambda Calculus In Computer Science: The Lambda Calculus is a formal system 

designed to investigate function definition, function application 

and recursion 

 

LISP   A high level programming language,  

popular in artificial intelligence. 

 

GSL    Grammar Specification Language.  

Language to specify grammar in the Nuance Speech  

Recognition system 

 

HMM   Hidden Markov Model, a statistical model often used in temporal 

pattern recognition.  

 

MIBL    Multi -modal Instruction Based Learning 

 

multi-modal  In Human-Computer Interaction: multiple modes of input, 

usually including modes that go beyond the traditional mouse and 

keyboard. 

 

multiple inheritance  refers to a feature of object-oriented representation in which a 

class can inherit behaviours and features from more than one 

superclass.  

 

NLI  Natural Language Interface, an interface to a robot/computer with 

natural language expressions, usually by keyboard or with speech 

recognition. 

 

NLTK Natural Language Toolkit, a suite of open source Python modules, 

for research in natural language processing 

 

NLU Natural Language Understanding, the process of interpretation 

and making sense of natural language expressions by attaching a 

meaning to the natural language expression and deductive 

reasoning. 

 

ontology  
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In computer science: An ontology is a specification of a 

conceptualization, for example a specification how to network 

semantic classes. Ontology is also a branch of metaphysics 

(philosophy) concerned with the nature of being. 

 

OOSG   Out-of-Speech-Grammar ( Error ). A common error that occurs 

when the user attempts to express an instruction with grammar 

that has not been mapped to any instruction and is therefore not 

in its speech model. 

 

pair-rule  In the card game Scopa: a rule that involves comparing ñpairingò 

two cards by their value. 

 

PCA   Principal Component Analysis, a method of reducing a data set to 

lower dimensions for analysis. 

 

primitive  see Instruction Primitive 

 

primitive verb  A finite verb in a clause indicating the Instruction Primitive  

 

PROGRAMMAR  A parsing system which interprets the grammars written in terms 

of programs from Terry Winograd. 

 

Prolog   Programming Language based on first-order logic.  

It is a declarative language such as SQL or LISP.  

 

PSL   Procedure Specification Language, in IBL. 

 

rule frame  Frame to hold information about a rule. Rules can consist of  

   several Instruction primitives of various types. 

 

rule instruction In Human-Robot Interaction: an instruction, often verbal that 

describes a rule. Rules are distinguished from sequential 

instructions by having conditionals such as ñifò, ñonlyò. 

 

Scopa   An Italian card game. 

 

SFG   Systemic functional grammar, a model of grammar developed  

by Michael Halliday, see Halliday, (1976). 

 

STR   State Transition Rule (in MIBL). 

 

SLM   Statistical Language Model. A language model that has been 

generated by the statistical occurrence and word order. 

 

syllogism  Logical argument whereby a conclusion is determined by 

combining statements 

 

tautology  In logic, a tautology is a formula that is true under any possible 

valuation. For example ("A or not-A") is a tautology. 
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taxonomy   The branch of science concerned with classification.  

from Greek ótaxisô meaning óarrangementô 

 

tuple   A ordered list of values. In databases often a row in a list  

of queried results. 

 

unification  in logic, the combination of two terms,  

if one of them is not instantiated. 

 

uni-modal  In Human-Computer Interaction: single mode of input or 

communication. Opposite of multi-modal. 

 

word class  A category of words of similar form or function.  
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1. Introductio n 

1.1 Need and Aim of the research 

ROVIDED the current trend in service robotics continues, service robots will become 

more  common in our households. According to a United Nations study, 

(UNECE/IFR 2005a), the demand in personal and service robots will rise to 7 million 

units of personal robots sold within a period from 2005 to 2008. In 2007 another market 

survey from (World Robotics 2007) suggested that there will be 3.6 million units sold in 

the period from 2007 to 2010. Current service robots on the market include automated 

vacuum cleaners, lawn mowers and toy robots.  

However, in order to expand to new areas within the household domain, robots must 

master much more complex tasks, such as identifying and manipulating clothes, 

manipulating household items and communicate efficiently. A study at the University of 

Plymouth by (Copleston and Bugmann 2008) showed that the most common tasks that 

robots should be able to do are preparing dinner, tidying and school work. However 

very few research groups are working on these problems.  

When comparing the userôs needs to what robots on the market can actually do, it can 

be speculated that the market in personal and service robots is driven and limited by 

what developers can do with robots (at the moment) rather than what users want. In 

order to meet the userôs needs, much research is still to be done.  

 

The motivation of this research project focuses on household robot scenarios. An 

important issue in the household robot scenarios is that the users of the robots are not 

trained operators or engineers. Therefore a service robot should be programmable by 

anybody interacting with them, since there are far too many possible tasks for the robot 

to be pre-programmed completely. Users want to adapt the robotôs behaviour to their 

individual preference (Wermter 2003, Bugmann 2005). For example the simple task of 

making tea is a very personal issue, water first or tea leaves first or even milk first? 

How much sugar, which kind of sugar? How would a computer-illiterate elderly person 

teach a robot these preferences? Users may not be experts in programming. Therefore 

ñProgrammingò of service robots should be done in the language of humans. 

ñProgrammingò between humans is giving instructions from person to person. So there 

is a clear need for researching human-to-human instructions. Humans instruct (teach) by 

P 
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speaking and demonstrating actions. Therefore a robot must be able to accept these 

instructions without the need for the instructor to change significantly his way of 

communicating. Users in a home environment can not be expected to read a large 

manual on how to use the robot. Many people would find it difficult or impossible to 

understand to operate a robot that has many buttons and menus. A report commissioned 

by the U.K. Government to Sir Claus Moser investigates basic literacy and numeracy 

(DfEE 1999) stated that one in five adults are functionally illiterate - that is, if given the 

Yellow Pages they cannot find the page for plumbers. It can be assumed that 

functionally illiterate people can give a robot instruction by speech and gesture in a 

similar way that they communicate with others. However they would be unable to deal 

with an un-natural complex set of instructions from a written manual or even when 

taught.  

A natural way for humans to teach is by actions accompanied by a verbal explanation. 

Therefore a natural unconstrained human-robot communication interface must be multi-

modal ( spoken natural language + gestures/actions ).  

The instructions can include rules as well as sequential instructions. Rules, for example 

are ñif it is raining, close the windows.ò How could these instructions be encoded into a 

robot? Is it possible such a truly natural human-robot interaction system, where the 

communication is unconstrained, so the user can communicate freely (free choice of 

vocabulary, free natural flow of gestures and speech in a limited domain) ? To the best 

knowledge of the author there is currently no service-robotics project with this 

emphasis. Other projects that have been devoted to verbal Robot Instruction systems 

used constrained language, which means that users have to learn specific verbal 

commands to instruct the robot (Crangle and Suppes, 1994; Torrance, 1994; Huffman 

and Laird, 1995; Matsui et al., 1999; Perzanowski, 2001; Iba et al., 2002). 

 

The target of this PhD is to contribute to knowledge in the field of human-robot 

communication. More specifically how to convert unconstrained multimodal 

instructions (spoken natural language + gestures/actions) into a knowledge 

representation usable for robot reasoning and acting. 

The investigation will build on a previous project called Instruction-Based Learning 

(Kyriacou, 2004; Bugmann et. al. 2004) and the idea of Corpus-Based Robotics which 

will be elaborated in the next sections. 
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1.2 Corpus-Based Robotics 

A user-programmable robot must use an interface that is natural to the user. User 

friendliness must be the starting point of the design procedure rather than a later 

developed feature. Corpus-Based Robotics stands for a design procedure to completely 

adapt the robot to the user rather than adapting the user to the robot by training.  Letôs 

demonstrate this user centred design approach in an example. If the engineering 

specification is the starting point, the first verbal command an engineer would add to the 

robot is ñgo forward one thousand and two hundred millimetresò. However no 

household user will say this command in practice. Furthermore, the engineer might 

conclude that there is no vision processing required to complete the task. In contrast, a 

user would say ñget me the dirty plates from the dinning tableò, which may happen to 

be 1200 mm away from the robot. The designer using the corpus-based approach would 

conclude that vision is always required for a ñmoveò command, since the user specifies 

the target in terms of visible objects e.g. ñdirty plates, kitchenò. To make robots really 

user-friendly and functional we must first examine how humans give commands and 

interact, then build a robot according to the interaction model. How to examine human 

interaction? In general by recording interaction. Interaction between a human teacher 

and a human or robotic student is recorded and investigated.  

These recordings form a so called ñcorpusò, hence the name Corpus-Based Robotics. 

This approach will ensure a perfect match between requirements of the user, the robots 

capabilities and the communication level. The design method of Corpus-Based Robotics 

ensures that the developer is guided towards creating a system that can understand and 

act upon the end-users needs, because the end-user describes his needs; this information 

is captured by the corpus. 

 

Previous work carried on the ñInstruction Based Learning Projectò (IBL) (Kyriacou, 

2004; Bugmann et. al. 2004) has shown that it is possible to extract information from a 

representative sample of the teacherôs utterances (the ñcorpusò) in order to: 

- Identify primitive procedures that the robot has to be able to carry out i.e. the 

robotôs ñprior knowledgeò 

- Write and tune speech-recognition software to call and combine these primitive 

procedures. 
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This approach to the definition of the robotôs functionality and natural-language 

interface (NLI) has been first described as ñCorpus-Based Roboticsò (Bugmann et. al. 

2004) and is outlined in figure 1. 

 

 

 
Figure 1-1: Robot vs. Corpus-Centred Natural Language Interface (NLI) design. In the Corpus-centred approach, the content 

of samples of instructions between humans defines at the same time the vocabulary to be dealt with by the speech interface and the 
required functionality of the robot. In the robot-centred approach, the functionality is defined first, then the access vocabulary, then 

the NLI. 

 

By using parts of the corpus as test data while developing the system, the focus is 

always on the end-users demands. If the corpus is not present the developer will 

incorporate his own perception rather than what the users want. This can lead to 

incongruity between the userôs need and the robots capabilities, foremost in language 

capabilities and in functionality and intelligence.  

Corpus-Based Robotics goes further than the analysis for language interface designs. A 

corpus can be used to identify functions that the robot needs to be able to do. 

 

 

Figure 1-2: Example of a user programmable robot.  
Possible Language Primitive: pick_and_place(ddd-socks-filthy,?,+laundry) 

Vocabulary sampling 
of instructions 

NLI Design 

Functional Analysis 

Robot design 

NLI Design 

User needs 
(specification) 

Robot design 

Vocabulary 
definition 

Corpus-
Centred 

Robot-

Centred 

Put these filthy socks into the laundry! 
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Based on the corpus, concepts in the field of understanding task instructions for a robot 

can be established. These concepts aim at answering questions like: 

- How to design a grammar from a multi-modal corpus? 

- What knowledge representation and reasoning engine is suitable? 

- What semantic structures are used in the language of the teacher? 

- How to map language into a semantic representation suitable for a service 

robot? 

These will be discussed in the next chapters. 

 

1.2.1 From Corpus Linguistics to Corpus-Based Robotics 

The idea of Corpus-Based Robotics is borrowed from Corpus Linguistics. The initial 

idea and the term were coined by Guido Bugmann at the University of Plymouth 

(Bugmann 2004). In Corpus Linguistics text is collected into a database. This collection 

is called ñcorpusò. These texts can also consist of transcribed spoken dialogues. The 

strength of Corpus Linguistics is that the actual use of language can be investigated as 

opposed to the traditional study of language structure (Biber et al., 1998). Similarly 

Corpus-Based Robotics also uses a corpus to determine the language and gestures used 

when interaction between a human and a robot takes place.  

 

As mentioned earlier, linguistics is divided into corpus linguistics and structural 

linguistics, whereby in ñstructural linguisticsò, sentences are defined from elements, the 

words and clear structure, the grammar. The same division could be hypothesized in 

robotics, where Corpus-Based Robotics is opposed to ñStructuralò Robotics. In 

Structural Robotics, the robot is build from components. 

 

If there is an analysis of the robotôs functionality based on a corpus then the logical 

consequence is that there is robot-function grammar. See table 1 for clarification. 
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Table 1-1: Corpus vs. Structural  

 

 

For example, a part of a robot-function grammar of structural robotics could be:  

 

robot - >  sensors processing_unit act uators  

actuators - >  drive_electronics drive_hardware  

drive_hardware - >  wheel gearbox shaft - encoder  

wheel  

gearbox  

shaft - encoder  

... 

 

Whereas in corpus-based robotics, the utterance ñdrive forwardò would create the need 

for a drive hardware design. The terminal symbols of this robot-function grammar are 

the components and software algorithms such as wheel, gearbox and shaft-encoder 

mentioned above. The idea of robot-function grammar can be exploited by designers to 

formalise and automate design. The focus of this PhD work is not robot-function 

grammars; even if  they have been discovered here. The focus is corpus-based robotics. 

Robot-function grammars are worth investigating in future projects and can possibly be 

combined with evolutionary computing to find the optimal design of a robot, whereby 

the genomes are created from grammar rules to avoid impossible configurations. 

Grammars have been applied to related ideas such as planning a task and encoding task 

constraint and operation applicability into the grammar. However in the case of robot 

function grammars, the design and configuration of the robot is also included into the 

grammar. 

 

 

 

TABLE I 

LINGUISTICS CONCEPTS APPLIED TO ROBOT DESIGN 

Symbol Corpus Structural 

Linguistics 
Corpus-Based Linguistics 
( has Corpus of words ) 

Structural Linguistics 
( has linguistic Grammar ) 

Robotics 
Corpus-Based Robotics 

( has Corpus of functions) 

Structural Robotics 

(has robot-function grammar ) 
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1.3 Overview of the Thesis 

The thesis starts with a review of related work in chapter 2 and earlier work in chapter 

2.2. The main part of the thesis is in chronological order of the robot design and in the 

order of the information flow going through the robot. The flow starts with input of 

gesture (chapter 4), its integration with language (chapter 5), the creation of speech 

recognition grammars (chapter 6), and continues with reasoning and action upon those 

inputs (chapter 7). Finally actions that the robot produces are described in (chapter 

7.8.6). Chapter 8 describes experiments and results and the thesis is concluded in 

chapter 9. Along the way important scientific contributions are described which 

advance human-robot interaction and learning. A particular focus will be true natural 

interaction which can only be achieved through contributions in multi-modal integration 

(chapter 5.3), the application of rule frames (chapter 7.3) and the formalisation of the 

corpus-based approach. 

In a nutshell the Corpus-Based Robotics approach can be formally described as the 

following procedure: 

 

 

Figure 1-3: Summary of the formal design procedure of Corpus-Based Robotics 

 

 

 

 

 

 

 

 

Summary of Design Procedure 

 

1. Collection of the Corpus   (Chapter 3) 

2. Transcription (Section 3.4) and Corpus Context tagging (Section 6.1) 

3. Identification of Primitives (3.5.2, 3.5.3 and Ontology ( 6.2.2 , 7.4) 

4. Implementation of Gesture Recognition (Section 4.1) 

5. Creation of Timing Histograms for Multi-Modal Integration (Section 5.2.4) 

6. Creation of Grammar (Chapter 6) 

7. Implementation of Primitives, State Transition Rules and Robot Low-level Primitives 

(Chapter 7) 

8. Dialogue Design (Chapter 7.10, 8.7.1) 
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Figure 1-4: Overview of information flow in the MIBL system with Chapters of the thesis. Generally the 

information flow is from the inputs of Speech and Gesture at the top through to the output of ñRobot Actionsò. This 

diagram gives an overview so it is easier to see how the parts described in the thesis fit together. Grammar will be 

described in chapter 6 while the multi-modal module will be described in chapter 5. Refer to the Chapter titles for an 

explanation of the modules.  
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1.4 Main Contributions of the Thesis 

- The Corpus-based design method: the detailed description of the corpus-based 

design method which applies to robotics, but may extend to a engineering 

product design method (throughout thesis, Figure 3) 

 

- A multi-modal integration algorithm: Includes speech-to-language pairing and 

unification during unconstrained free flowing interaction (sections 5.3 and 7.6) 

 

1.5 Minor  Contributions of the Thesis 

1.5.1 Theoretical 

 

- A High level learning and reasoning engine for a service robot: Most current 

service robots are only able to learn simple movement or a simple sequence of 

actions from a human instructor. The development of rule frames, which are a 

frame-based intermediate representation for human level instructions (sections 

7.3, 7.4 and 7.8) are presented in this thesis as the core of the reasoning engine. 

- The application of linguistics concepts to robotics: the discovery of robot-

function grammars (section 1.2.1) 

- anaphora resolution in a natural language discourse using rule frames (section 

7.5) 

- A Grammar generation method: Improves speech recognition through the 

application of an ontology and a clause-based grammar that fits the corpus and 

therefore the users most frequent utterances (section 6.4). Reduces 

overgeneration that can lead to nonsense translations.  

- Gesture Grammar: Application of context free gesture grammar for grouping of 

gestures in order to align with the speech modality  (section 5.2.3). 

- Observations on human behaviour during teaching card games and rules: The 

corpus-based approach uses human behaviour to create recognition and 

understanding robots. The results described in chapter 8 give descriptions on 

how humans perform when they teach and how often they make mistakes. 
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- An Investigation of out-of-grammar errors in a growing corpus-based grammar:  

In a deployment test (chapter 8.8), the investigation will show that the influence 

of adding new grammar rules to a corpus soon loses its impact when the corpus 

grows to a considerable size.  

 

1.5.2 Technical 

 

- An Implementation of an agent:  with associated test results (section 8.7 and 8.8) 

- A Multi-modal transcription tool (MuTra) (section 3.4.1) 

- An annotated multi-modal corpus: The corpus can be used for further research 

(section 3.5) 

- A novel method of corpus collection for Multi-modal corpora for service robots: 

The use of a touch screen and not allowing direct visibility between human-to-

human gestures provides a novel method of collecting data for free-flowing 

future human-robot interaction without the need of building the robot first. 
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2. On Learning in Robotic Systems and 

Natural Language Understanding 

This chapter gives an overview of and discusses the relevant background and literature 

in Artificial Intelligence and Robotics. In particular natural language understanding and 

learning robotic systems are investigated. Initially the difference between skill and task 

learning is laid out and previous work on the IBL project is presented to gain an insight 

of the background and motivation for this PhD work. 

 

2.1 Skill learning and Task Learning 

Learning methods for teaching robots can be divided into subsymbolic skill learning 

and symbolic task learning.  

 

2.1.1 Skills and Skill learning 

Skill learning for a robot means refining the robots closed loop control systems that are 

responsible for actions. Skill learning also extends to learning to recognise salient 

features in sensor data. It could be summed up as learning to use the basic sensori-motor 

system. A typical skill learning example would be the skill to balance and walk or to 

pick up an object without dropping it. Most skill learning involves negative feedback 

systems. They may also include a model of the robot and a prediction of the 

consequence of its own action (Demiris and Johnson, 2003). Many skills, such as 

learning to balance could be described as skills that a human learns in its early years of 

childhood, and hence many researchers are inspired by human learning and try 

implementing these biologically inspired learning mechanisms in robots. This has 

initiated an investigation into developmental robotics (Lungarella et al., 2003, Asada et 

al., 2001). Recently the involvement of the motor systems during observation has 

become of particular interest. 

  

Skills can be defined as the ability to use the sensori-motor system successfully. 
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2.1.1.1 Learning of Motor actions 

Before being able to learn skills from others the robot must be able to drive its own 

actuators to a desired configuration. This can be achieved by feeding back information 

about the configuration of the robotôs end effectors and compare them to the input. With 

this method it is possible for the robot to learn to predict the consequences of its own 

actions stored as a model. Using this model as an inverse it becomes a controller see 

(Dearden and Demiris 2005). The alternative to this pre-stage is of course to manually 

implement a traditional control system and to combine it with robot kinematics 

(McKerrow 1991). 

 

2.1.1.2 Skill Learning by Imitation  

(Schaal 1999) defines imitation learning as being concerned with three important issues: 

efficient motor learning, the connection between action and perception, and modular 

motor control in the form of movement primitives.  

(Calinon and Billard 2007) use principal component analysis (PCA) in the recognition 

phase to identify parts of the action that is demonstrated. The learning robot from 

(Calinon and Billard 2007) must then generalise over multiple demonstrations. They 

describe learning sequential motor actions as challenging and use Hidden Markov 

Models (HMMs) to encode the sequential actions (patterns of motion ).  

 

2.1.2 Tasks 

In this PhD work learned motor actions are defined as action primitives and a task can 

then be defined as follows: 

 

A task can be defined as the organisation and application of skills in a sequence to fulfil 

a goal. 

 

The structure of a task has an inherently symbolic nature. Evidence for that is that a task 

can be easier explained by verbal communication than a skill. A task such as finding a 

route can be explained and ñlearnedò verbally, however how to play tennis with a racket 
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can not be learned verbally, especially without demonstration and imitation. Verbal 

communication is inherently symbolic. 

A robot that is able to learn and apply tasks must previously have learned the skills. 

This makes skill learning a necessary foundation and therefore more important than task 

learning. However, to make service robots a reality, both are required and the focus of 

this PhD work is task learning. The skill learning processes have been minimised by the 

use of a touch screen rather than a camera and a humanoid robot arm. 

 

In corpus-based robotics skills are called action primitives. 

Mental skills are called knowledge primitives. 

 

Skills can be named and listed; therefore the corpus-based robotics approach lets the 

robot designer identify primitives at a human level. In the IBL and MIBL scenario, 

these primitives are in the form of task learning rather than skill learning. There are no 

utterances such as ñpush a bit harderò which would indicate skill learning. In other 

scenarios, such as learning to drive a car with a driving instructor would contain many 

instructions of skill learning. Table 3-9 shows the identified language primitive types: 

fact, conditional, context, action. In a corpus containing skill learning, it is debatable if 

new primitive types are required, or if skill learning is part of action primitives.  

 

An early robotic task learning system is described by ( Kuniyoshi et al., 1994 ). The 

system extracts knowledge to learn a sequence of an assembly by observations of a 

human. Kuniyoshi shows how visual recognition can be segmented into an action 

sequence. This sequence has dependencies which are described in a hierarchical task 

plan. In experiments, Kuniyoshi shows how a robot learns the assembly of blocks on a 

table and stores all information about the task in these clean hierarchical structures. 

Typical for task learning systems, is the storage of usually sequential actions into 

hierarchical structures or frames. 
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2.2 Previous Work: The IBL Project 

2.2.1 Introduction to the IBL Project 

Previously a project on Instruction-Based Learning (IBL) was carried out at the 

University of Plymouth in cooperation with the University of Edinburgh (Dr. Ewan 

Klein). The Project was running from 2001-2004 and my PhD work, the MIBL project, 

is partly a continuation of this work. The IBL project focused on route instructions 

given to robots by naive users. A dialogue such as the following was possible between 

the user and a robot: 

 

  User: ñGo to the University.ò 

  Robot: ñHow do I go there?ò 

  User: ñTake the third turning to the left...ò 

  Robot: ñNext instruction please.ò 

  User: ñ...take the third exit off the roundabout...ò 

  Robot: ñNext instruction please.ò 

  User: ñThe University will be on our right.ò 

  Robot: ñOK, itôs done.ò 

 

The route instructions were then carried out by an 8 cm by 8 cm wide robot in a model 

town. The robot had an onboard camera to identify road junctions. At the beginning of 

the project subjects were invited to give route instructions. These instructions were 

audio recorded and formed the IBL corpus. The corpus contained 144 routes produced 

by 24 paid subjects instructing 6 routes each (Bugmann 2003). The subjects were told 

that a human would remote control the robot through the eyes of the onboard camera 

from another room. 
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Figure 2-1: Experimental Setup of IBL : Subject giving route instructions to the mobile robot. 

 

Using the corpus of recordings a speech recognition system was build that could 

recognise the route instructions and convert them into executable procedures.  

 

2.2.2 IBL System Overview 

The robot translated human instructions to robot procedures in a two stage process. First 

the text was converted into an intermediate semantic representation known as Discourse 

Representation Structure (DRS). From there the structures are mapped to robot 

procedures by the use of mapping rules defined in Procedure Specification Language 

(PSL).  (Lauria et al., 2002). 

 

Figure 2-2: Overview of conversion process of speech to robot exec. procedures in IBL 

 

When the robot operates, the speech recognition grammar converts an utterance directly 

into DRS. The idea of mapping utterances directly into semantics has advantages. An 
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intermediate parsing stage is eliminated. Possible mismatches, at the intermediate stage 

that could create strings that do not make sense in semantics, are eliminated, although 

other problems remain. 

The final grammar is in GSL (Grammar Specification Language) format. This is the 

format used for the Nuance
1
 speech recognition software that is used in the IBL project 

(and in this work).  

 

In order to create an utterance-to-DRS grammar, firstly a context-free backbone of the 

unification grammar is created (Bos 2002). Johan Bos created a compiler called 

UNIANCE that will carry out the conversion. It used syntactic features in the translation 

to non-terminal symbols in GSL. Terminal symbols represented the vocabulary of the 

corpus. Unification grammars can contain left recursive rules; however GSL only 

allows right recursive rules. Therefore the UNIANCE compiler eliminated left recursive 

rules.  

The vocabulary and grammar rules have to be limited to the domain, so that speech 

recognition performance is increased. In order to achieve that, only the grammar rules 

of the context-free backbone, that were hit when parsing the IBL corpus, are used in the 

final grammar. The vocabulary used in the IBL corpus became the terminal symbols of 

the final grammar. 

 

 

 

D={d1,d2,d3,d4,d5,d6,d7,d8} 

F(possible_world)={d1,d2,d3} 

F(robot)={(d1,d4),(d2,d4),(d3,d4)} 

F(postoffice)={(d1,d5),(d2,d5),(d3,d5)} 

F(action)={(d1,d2,d3)} 

F(go_from_to)={(d2,d4,d6,d5)} 

F(at_loc)={(d1,d4,d6),(d3,d4,d5)} 

 

Figure 2-3: A graphical representation of DRS of the utterance ñGo to the post officeò. On the left. !ŭ denotes that there is an 
action and the action is commanded. e, x, and y are discourse referents to show the dependency between the terms robot, go, to, 

postoffice and agent. On the right is a text representation of the same command. It shows that DRS is difficult to read.  

                                                 
1
 Nuance Communications, Inc., 1 Wayside Road, Burlington, MA 01803,USA (www.nuance.com ) 

Nuance 8 and 8.5 was kindly provided by Nuance Communications for research purposes free of charge. 
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Discourse Representation Structures (DRS) are a well understood framework that 

accurately describes dependencies between the semantics and allows the interpretation 

of pronouns and other anaphoric expressions (Kamp and Reyle 1993). It allows 

representation of text in first order logic. Again the ñgo to the post officeò example now 

in first order logic: 

 

ʕw ʕx ʕy (possible world(w) ^ robot(w,x) ^ postoffice(w,y) 

 

^ ʕv ʕa (action(w,a,v) 

 

^ ʕe (go(a,e) ^ to(a,e,x) ^ agent(a,e,y)))) 

 

While DRT is a valid semantic representation, it is not a procedure that can be carried 

out by a robot. In general terms DRT is more orientated at natural language structures 

rather than actual robot functions. In order to map this representation to a robot function 

(Robot Primitive) a rule base for mapping rules had to be created. The rules of this rule 

base are described as Procedure Specification Language (PSL). Several utterances that 

have different DRT representations can still have the same meaning to the robot and 

must therefore point to the same Robot Primitive. For instance, the expressions ñtake 

the next left,  turn left,  take the first turn left, etcò must all be mapped to the Robot 

Primitive turn(direction=òleftò,ordinal=òfirstò)  According to the final EPSRC report 

(Bugmann 2003) a total of approximately 200 PSL rules were required for the 15 Robot 

Primitives of the IBL corpus. As an example for PSL the utterance ñGo to the post 

officeò can be mapped with the following PSL rule: 

 

event(X) &go(X) &to(X,Z) &$landmark(Z)->  

go(prep =ôtoô; landmark = $landmark(Z))  

 

to the Robot Primitive procedure  go(prep='to', landmark='postoffice') 

 

Since the IBL project was using route instructions, the resulting system was developed 

to deal with sequential instructions. Other forms of instructions, such as general rules, 

which apply at any time during the task, such as ñStop at the petrol station if you run 

low on petrolò, did not occur in the IBL corpus, and were therefore not investigated. 
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The system could not deal with conditionals, such as the one above, that were not found 

explicitly in the corpus (Lauria et al., 2002). In route instructions, sentences starting 

with ñifò instructions are generally just a colloquial way of expressing a sequential 

instruction, as in the following example from the IBL corpus: ñ...okay if you carry on 

straight along this road and if you take the third left you will go over a bridge...ò 

Therefore, to develop a more general instruction system, there is a need for looking at a 

different application, where instructions not only include sequences, but also other 

instruction structures. In imperative programs these would be decisions and repetitions. 

However, in the declarative paradigm, programs consist of lists of goals and a set of 

rules (see e.g. PROLOG). It is unclear which paradigm is a more useful representation 

of human instructions. This is one of the questions that need to be addressed by 

analysing a new corpus of instructions in a different domain. 

 

2.2.3 Difference between Programming by Demonstration and 

Instruction-based Learning 

It was found that the task in the IBL project was only explained once, and in MIBL 

project instructions have been explained once and typically the teacher was giving a 

demonstration with verbal comment after. Following that, the robot / human student had 

understood the instructions. This is called a one-shot task learning process by (Jung H.C 

et al., 2007). Other researchers would refer to this as ñProgramming by Demonstrationò 

(Dillmann et al., 2002). Programming by demonstration can be broadly defined as 

creating an generalised representation / program of a task that has been demonstrated to 

the robot. The robot should then be able to execute the learned task using the abstract 

representation (program).   

Defenders of one-shot task learning, including this work argue that a service robot can 

only be useful and efficient if it can learn a task as fast as a grown up human, in one 

shot. An adult robot must have learned all basic sensori-motor skills, like a grown up 

human, to be able to accept one-shot learning tasks. In the robotôs ñchildhoodò it must 

learn its skills, such as how to move its actuators accurately, with methods described by 

(Demiris and Johnson 2003).  A competent robot should be able to do both, ñone-shotò 

learning and skill learning. 
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Let us try to give a definition of Instruction Based Learning, to distinguish better from 

skill learning, ñProgramming by Demonstrationò and other approaches of robot 

learning: 

 

IBL is the process of learning a task from a teacher through instructions, usually 

verbal. The learning process may be supported by, but is not depending on a 

demonstration. 

 

Integrating these supporting demonstrations require a multi-modal system, therefore 

MIBL is defined as Multi -modal IBL.  

 

2.2.4 Conclusions from the IBL Project 

The IBL project concluded in the EPSRC final report (Bugmann 2003) that the domain 

of route instructions only included sequences and no decision making processes and 

loops. This led to only limited reasoning capabilities of the robot. Attempts were made 

to check the consistency of an explained route and also to recognise previously learned 

routes. A state based reasoning approach was taken allowing the robot to predict the 

consequences of an action, such as ñturn leftò.  

 

In principle the first order logic representation that DRS allowed, is a powerful 

mechanism for reasoning and representation of rules, as well as sequences. However the 

lack of grounding of the produced semantics and incompatibility with the robot 

functions required the translation with PSL. At this point the grounding (mapping) is 

made between DRS semantics and actual robot functions. However the clear structure 

of the lambda calculus that would enable deduction and reasoning is lost at this point. 

 

In corpus based robotics the robot is build according to the findings of the corpus. 

Therefore only being able to process sequences is not a disadvantage. However the aim 

of generalising and researching the concept of corpus-based robotics and the translation 

of human instructions to robot instructions, another domain has to be investigated, 

where decision making and loops is significant. This is a further reason why a follow-up 

project started which is presented in this thesis.  
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The corpus-based approach aims at covering the most common expressions that the 

users say to the robot, and this was demonstrated in the IBL project. The project also 

has shown that the corpus is never complete, i.e. there are always instructions that have 

not been covered by the corpus and that the robot then can not deal with. This is a 

limitation of the corpus-based approach. In a future project, this limitations have to be 

investigated. 

 

Previous research in our group focused purely on verbal instructions which are 

sufficient in some cases where a demonstration with physical objects is not required. In 

practice, many tasks are explained using a mixture of verbal instructions, gestures and 

demonstrations. Thus, a truly natural interface between human and robots must be 

multi-modal. This is one of the features included in this PhD work and has been the 

inspiration of the name of the project: MI BL  (Multi-Modal Instruction Based 

Learning). Multi-modal systems combine gesture and language.  

 

Many ideas and concepts of this PhD work have their origins in the previous work. The 

idea of Corpus-Based Robotics and the search for language primitives are from the IBL 

project. Furthermore the idea of verbal communication that appears unrestricted to the 

user. Whereas Corpus-Based Robotics was coined during the IBL project, in this PhD 

work the starting point was how to formalise the idea of Corpus-Based Robotics. A 

major difference in architecture between the IBL and MIBL system is that utterances 

will be directly converted to language primitives in the grammar, rather than going 

through the complex DRS and PSL system. The advantage is the simplification of the 

process, however DRS is a powerful tool showing the relationships between semantics 

in an utterance and to the whole dialogue. MIBL has a more primitive reference 

resolution as will be shown later in Section 6.2.4, 7.5 and 7.6. 
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2.3 Human-Robot Interaction Robots 

A general overview of Human-Robot Interaction systems can be found at Fong et al., 

(2002) , Kiesler and Hinds (2004), Yanco and Drury (2004). However, this review will 

focus on Human-Robot Interaction systems which have the most similarities in 

philosophy and implementation to the MIBL project. 

The current trend is to focus on the fundamental issues of Human-Robot interaction and 

general Robot learning from a developmental Robotics point of view. This trend has 

continued with the start of new research projects around the world. iTalk is a new 

project with regards to the fundamental perspective since its focus is to create a child 

robot with the capabilities of a 2 year old (Cangelosi 2007). 

 

A further multi-million project that has started with possible impact on Human-Robot 

interaction is CoTeSys (Cognitive Technical Systems). CoTeSys explores cognition for 

technical systems such as vehicles, robots and factories (Buss et al., 2007). The 

emphasis is on the incorporation of cognitive capabilities such as perception, reasoning, 

learning, and planning into traditional technical systems. One of the outcomes is the 

improvement of interaction with these systems. Buss recognises that multi-modal 

interaction of humans and systems which involves emotion, action and intention 

recognition lies at the highest and most complex levels of cognitive systems. The main 

aims of CoTeSys are wider, they are the technical systems will have a form of self-

assessment and can therefore learn and improve themselves. 

 

2.3.1 COGNIRON Robot Biron 

COGNIRON (The Cognitive Robot Companion) is a European Union funded project 

that had the objective of the development of cognitive robots whose ñpurpose in lifeò 

would be to serve humans as assistants or ñcompanionsò (Kyriakopoulos and Siciliano, 

2004). It aims at developing methods and technologies for the construction of such 

cognitive robots able to evolve and grow their capacities in close interaction with 

humans in an open ended fashion. Parts of these projects have identical objectives with 

the motivation behind IBL and MIBL. In particular the investigations by the 

COGNIRON research groups at the University of Bielefeld (Haasch et al., 2004) and 

the University of Karlsruhe (Dillmann et al., 2002) have relevance to this work. In the 
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COGNIRON project a research groups under the leadership of Kerstin Severinson 

Eklundh at the Royal Institute of Technology in Sweden worked on the social aspects 

such as the distances and orientation of the robot when giving commands (Huettenrauch  

et.al. 2006). A further group of COGNIRON at the University of Hertfordhire 

concentrates on social aspects and on how a robot can learn new skills from a human 

demonstrator (Saunders et al., 2007).  

 

The COGNIRON project addressed a large variety of real world human-robot 

interaction problems and produced multiple HRI robots to carry out the research.  

 

As part of the COGNIRON project, a group at the KTH-Sweden collected corpora on 

multi-modal human-robot interaction. The corpora were used to study the users 

behaviours (Green et al., 2006). As in this PhD work, they have identified the 

importance of user-based studies with multi-modal corpora. The results showed that 

users can be put into 4 types:  

    ñDirectorsò:  actively persistively controlling the robot 

    ñPlayersò:  interactive with the robot, passively let the robot act first 

    ñManipulatorsò: also interactive with the robot, actively controlling the robot 

    ñPointersò: little control over the robot or the environment,  

              adopting interaction to the situation 

 

These user types have possible robot design implications so that the robot can adopt to 

the type of user. In the MIBL project, where all these types of users can easily be 

identified in the corpus, an adoption of the dialogue model to the user types would be 

useful in future work.  

 

The University of Bielefeld, investigates multi-modal dialogues in a home tour scenario. 

Their robot, called BIRON, has the capability to detect which person out of a group it 

has to pay attention to (Haasch, A. et al., 2004). The person can then engage in a simple 

dialogue with the robot introducing objects to the robot. (see figure 2-4). BIRON can 

focus microphone beams on the person thus improving speech recognition performance. 

The domain of the reasoning and speech recognition engine of BIRON is limited to a 

simple dialogue. BIRON only understands simple sentences that introduce objects, e.g. 



 - 43 - 

ñThis is a plantò. The robot has a vision system with gesture recognition and object 

recognition, a natural language interface and laser range finders.  

 

        Figure 2-4: Typical interaction with BIRON. ñThis is a plantò. picture from (Haasch A et al., 2004 with permission) 

 

 

 

Figure 2-5: System overview of BIRON: horizontal layers in the hierarchy ensure that low level behaviour (reactive layer) 

continues to operate while high level plans are executed (Intermediate Layer). Speech recognition is based in the deliberative layer, 

since recognized sentences contain high level spoken instructions that command the robot. The layout of the architecture was 
inspirited by Brooks 1986. Figure from (Haasch A et al., 2004 with permission). 
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The Bielefeld group recognized some important points which are relevant to this 

research: 

- Combining uni-modal processing results into a multi-modal data-association 

framework makes the system robust against errors. 

- Human communication partners can not be expected to wear special equipment such 

as close-talking microphone or data-gloves. 

- a semantic-based grammar is necessary to extract the meaning of the sentence 

(parsing and subsequent interpretation is not acceptable since these kind of parser do 

not consider semantics and therefore introduce errors) 

- missing information in an utterance can often be acquired from the scene with other 

sensors (Wrede et al., 2004) 

- the system uses a horizontal hierarchy (Reactive Layer, Intermediate Layer, 

Deliberate Layer (see figure 4) 

 

The research in Bielefeld concentrated on the reactive layer (Person Attention etc.). The 

dialogue and high-level reasoning was not investigated enough to make this service 

robot execute all commands necessary in its domain. This was not directly the aim of 

the project, the project scenario concentrated on a home tour where the service robot has 

just been bought and is shown around the house. The human-user introduces objects in 

the house to the robot. The robot understands sentences such as ñThis is a plantò, 

however it might not understand sentences such as ñPlease water cactuses only once 

every fortnight and the other plants weeklyò. That is what people really want to tell the 

robot. That would be a typical household job. A corpus-based approach would 

potentially reveal this and this PhD work will develop the methodology of how to 

approach such complicated instructions. 

 

For further reading, there is another project by Bielefeld University (Steil et. al 2004 ) 

about a robot called GRAVIS. The project concentrates on gesture recognition and 

learning of grasping of objects. The dialogue system is based on an investigation of a 

corpus of human-human and simulated human-machine dialogs. Language and gesture 

integration is achieved with a Bayesian network. In contrast the MIBL project tried to 

avoid probabilistic approaches if they are replaceable by symbolic algorithms.  
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2.3.2 Karlsruhe Robots 

The German Collaborative Research Centre (Sonderforschungsbereich) for ñHumanoid 

Robots - Learning and Cooperating Multimodal Robotsò at the University of Karlsruhe 

has built two humanoid robots (Albert and ARMAR) with the target of interacting with 

humans in a service robot scenario (Dillmann et al., 2002). Their emphasis lies in 

building a complete system that can interact through observation and tracking of 

objects, gesture recognition and speech recognition. The research group recognizes that 

interactive programming must be a One-Shot-Learning process or it would be very 

annoying to the user. Another important point from the Dillmann paper is that there 

seem to be no system so far that integrates the control, basic interaction methods and 

programming techniques for humanoid robots into a single system. The robot build by 

the research institute can learn to fetch and carry tasks and can be taught fine 

manipulations of simple objects. 

 
Figure 2-6: Albert 2  (figure from Dillmann et.al. 2002, with 

permission) 

 

 

 

Figure 2-7: Humanoid Armar III  : 43 degrees of freedom on a 

holonomic wheeled platform (figure from Asfour et.al. 2007 with 

permission) 

 

Data from the recognition of trajectories and grasping is segmented so it can be broken 

down into a sequence in a semantic format. This system conforms with the ideas of this 

PhD in this respect. However sequence learning alone is not enough. For more 

advanced tasks, rule learning is necessary. 
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2.3.3 Multi-modal Human-Robot Interaction systems 

Multi-modal human-robot interaction systems have been investigated by several 

research groups around the world (Iba et al., 2002; Wermter et al., 2003; Dillmann et. 

al., 2002). The challenge of multi-modal robots lies in combining the modalities to form 

a coherent information stream that modifies the internal model of the environment.  

One of the first research projects to investigate multi-modal integration is described in 

Boltôs famous paper ñPut-that-thereò (Bolt, 1980). Bolt describes a ñMedia Roomò with 

a virtual space projected against the wall, a DP-100 NEC speech recognition system and 

a tracking device, strapped to the users wrist. The user can point to objects on the 

projection and say utterances like ñCreate a blue square there.ò The system recognizes 

the pointing direction with the tracking device at the time the word ñthereò was uttered. 

Combining gesture and language is one of the focus points of this PhD work (Wolf and 

Bugmann 2006). 

 

Multi -modal integration has also been addressed in the past by (Oviat 1999; Johansson 

2001; Nigay and Coutaz, 1995 and Chai, 2003), where it is sometimes referred to as 

multi-modal fusion (see Djenidi et al., 2004). Curiously, most researchers working on 

multi-modal interfaces do not appear to have addressed the problem of pairing the 

gesture and language channels before integration. This is probably due to the fact that 

experiments often constrained the human-computer interaction in such a way that 

pairing which gesture with which language was not an issue. Constraints such as click-

to-speak or limitation in computing power influence the timing of the natural flow of 

speech and gesture. (Oviatt et al., 2000) gives a good overview of multi-modal 

integration research projects for further reading. 

 

Long response times of the robot/computer are often the cause of an interrupted flow of 

conversation. This actually simplifies the pairing problem and therefore may not have 

come to the attention to many other researchers. The pairing problem, especially in a 

free flowing conversation is therefore one of the focus points of this PhD work. 
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2.3.3.1 Early versus Late Fusion 

The concept of early fusion interlinks the gesture recognition system with the speech 

recognition system at an early stage. In this case the recognition systems are usually 

based on the same computational model. Recently (Schillingmann et al., 2007) 

investigated Hidden Markov Models and n-gram models to generate action-specific 

language models, with the goal of early integration. Another computational model that 

incorporates the early fusion of speech recognition and vision are Semiotic Schemas 

(Roy,  2005). Roy showed that early fusion improves speech recognition in (Roy and 

Mukherjee, 2005). Early fusion models have also been used in emotion recognition; see 

(Wimmer et al., 2008). 

In contrast, in the late fusion model, the fusion happens after speech recognition and 

gesture recognition is completed (Djenidi et al., 2004). In the MIBL project recognition 

and grouping of actions are processes that are designed to initially be independent from 

speech processing.  This approach corresponds to the late-fusion model. It is the opinion 

of the author that the method of late fusion is far easier to implement, since an off-the 

shelf language recognition package can be used. In our case the package NUANCE 8.5. 

was used. 
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2.4 Natural Language Understanding Systems 

2.4.1 A Brief Historical Overview 

Literature in the areas of natural language processing and natural language 

understanding will be reviewed here. Major historical works include ELIZA 

(Weizenbaum, 1966,1976),  SHRDLU (Winograd, 1971),  MARGIE (Schank and 

Abelson, 1977). All these mentioned above use text input, rather than speech 

recognition. For further reading on contemporary work see (Mann, 1996; Bos 2002; 

Bugmann et al., 2004) is recommended.  

 

2.4.2 ELIZA 

ELIZA is a natural language processing system that enables a user to communicate with 

it via a console (Weizenbaum, Joseph.(1966)).  ELIZA poses as a Rogerian 

psychotherapist. A Rogerian psychotherapist is very passive and understanding and lets 

the patient talk about their problems. Empathic understanding supposed to have 

psychological healing powers according to Rogers.  

This is why Weizenbaum decided to make ELIZA a psychotherapist. When he was 

confronted with the question: ñAnd what was it that motivated this Rogerian guise?ò 

Weizenbaum answered: 

ñFrom the purely technical programming point of view then, the psychiatric 

interview form of an ELIZA script has the advantage that it eliminates the need 

of storing explicit information about the real world.ò 

  

This statement tells us that Weizenbaum recognized that ñreal world knowledgeò i.e. 

semantic processing using a knowledge base is a difficult thing to implement. The 

program ELIZA demonstrates also that even it has no ñgroundedò language it can pose 

intelligent by replying to the user with sentences that refer to what the user said. For 

example if the user says ñI'M DEPRESSED.ò , ELIZA is programmed to answer ñI AM 

SORRY TO HEAR YOU ARE DEPRESSEDò because it was programmed to do so by 

a simple statement along the lines of: 

 

IF sentence has Subject=òIò AND Verb=òamò AND object=òdepressedò  

THEN Answer=ñI AM SORRY TO HEAR YOU ARE DEPRESSEDò 
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Even if the program only responds to key-words, the users are under the impression to 

be understood by ELIZA. As the example above shows, however, there is no attempt to 

connect the rule sets to infer new knowledge or even to ground it to the physical world. 

ELIZA became a very popular program, since it was one of the first attempts to imitate 

humanlike communication. 

 

2.4.3 SHRDLU 

SHRDLU is a program written by Terry Winograd between 1968 and 1972. It is able to 

understand natural language text input. He showed by this implementation, that if 

language is confined to a domain (ña micro worldò), the computer is able to understand 

and act upon user requests. The micro world he chose is a table with blocks, cubes, 

pyramids and a box. These objects have colours and sizes assigned to them.  This 

representation has become quite famous in A.I. under the name ñBlocks Worldò as an 

idiom for simplifying a problem by restricting the complexity of the environment. It has 

a vocabulary of around 200 words. 

Winograd recognized that syntactics, semantics and logical inference are inseparable in 

his PhD thesis, (Winograd, 1971). He represents knowledge as procedures, rather than 

as declarative statements. A procedure can make use of: 

- grammar 

- semantics 

- deductive logic 

- other procedures 

 

As the system parses a sentence it will make use of the grammar procedures which can 

also call semantic interpretation procedures during the parsing process. This is a flexible 

and powerful method of language parsing.  

This increases the flexibility of his representations, since a procedure can call and 

combine with any other procedures. This is the reason why Winograd has chosen to 

implement SHRDLU in Lisp. Lisp has the capability to ignore the difference between 

procedures and data. 
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The grammar used in SHRDLU is a form of context sensitive grammar called systemic
2
 

grammar. Systemic grammar helps to organize the correlation between features of 

natural language constituents and their semantics. This is important for understanding 

systems, and this was probably the reason why Terry Winograd has chosen systemic 

grammar. Winograd recognized that context free grammars are over-generative. The 

grammar rules are written in ñPROGRAMMARò, a general parsing system which 

compiles the grammar to Lisp code. Winograd admits that it was not practical to 

implement the whole of systemic grammar, and that the resulting grammar is more 

ñpracticalò. It should be noted that the implemented grammar is not a complete valid 

grammar for English language. And it is definitely not a standard English grammar. 

However, it enables the extraction of the semantics of most sentences in order to build a 

natural language understanding system. 

 

2.4.4 Schankôs natural language understanding systems 

In the late seventies and eighties Roger Schank developed several natural language 

understanding systems. Schank was working with a group of scientists (Cullingford, 

Rieger, Goldman, Abelson, Riesbeck, Lehnert and others) perusing the same basic ideas 

i.e. : creating a methodology that leads towards the eventual computer understanding of 

natural language (Schank and Abelson 1977).   

 

MARGIE was one of the first parsers that created conceptual representations directly 

from the input text without doing an intermediate syntactic description of the sentence. 

 

SAM (Script Applier Mechanism) is a natural language understanding program in the 

domain of stories. It is a successor of MARGIE (Schank and Abelson 1977).  SAM was 

created by Richard Cullingford and Riesbeck in 1975. 

Schank goes into great detail of what ñunderstandingò means. To clarify the level of 

understanding, systems build upon his theory have, the following characteristics are 

given below. 

 

 

                                                 
2
 Systemic functional grammar (SFG) is a model of grammar developed by Michael Halliday, see 

(Halliday, (1976). 
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The system is able to:  

- create a linked causal chain of conceptualizations that represent what took place 

in a story (a paragraph of written text). 

- make inferences from the created concepts 

- turn created concepts back into text in any language. (paraphrasing) 

 

Since the programs use background knowledge the following is possible with the 

systems: 

- Inferences can be made which are specifically mentioned from the given text. 

 

In order to encode background knowledge of a particular context, Schank invented the 

idea of using ñscriptsò. A script is a structure that describes appropriate sequences of 

events. Scripts are used if a situation has a stereotyped sequence of action. Stereotype 

sequences are situations that are a well known series of events. For instance in the 

context of a customer going shopping the following script could be used: 

 

 
Figure 2-8: example of a script 

 

Script items are first hypotheses of events that are going to happen in a particular 

situation. 

The events are in an order, one event happens after another. Schank calls this a ñcausal 

chainò. As the natural language text is processed script events are instantiated with 

values - a kind of slot filling. If an event happens it can enable the occurrence of another 

Shopping Script 

 

Entry conditions:  

- customer needs an item 

- customer has money 

Results: 

- customer has item 

- customer has less money 

 

Script scenes/events: 

- entering the shop 

- looking for the item 

- taking the item or requesting the item 

- paying for the item 

- leaving the shop 

Script Header 
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event. In the example above: If the customer has taken an item off the shelf then the 

event ñpaying for the itemò is enabled. Since a customer in a shop can only pay if there 

are items he/she wishes to pay for. 

Unfortunately scripts only work for stereotypical situations; therefore they are by no 

means the answer to how to understand natural language text. Like the title of Schankôs 

book says ñScripts, Plans, Goals and Understandingò (Schank and Abelson 1977), there 

are three theoretical entities necessary, namely Scripts, Plans and Goals to understand 

natural language. 

 

2.4.4.1 Plans & Goals 

If there is no script available, there needs to be a method of understanding a text. The 

first thing to do then is to identify the main ñgoalò of the entities in the text. Suppose 

the text starts with ñJohn is hungryò then the goal of John is to find food. There might 

be several sub-goals that are identified during the processing of the text, such as going 

to a location where food can be found.  

If a goal can be identified then the computer is able to: 

- make prediction what might happen 

- build up a script on how to achieve the goal by following the text 

- put the text and word meanings in the right context (not specifically mentioned 

in Schankôs book) 

 

To deal with situations, that are not available as scripts, mechanisms 

(conceptualisations) that underlie the normal scripts must be accessed. Any 

conceptualizations that are instantiated must be placed so that it is possible to trace a 

path between them. The path is called a ñplanò. Although Schankôs scripts, plans and 

goals idea lacks flexibility, it may be the most practical approach since a service robot is 

confined to a limited set of skills. Especially if a practical/commercial service robot 

with natural language interface would be build at present or in the near future it would 

most likely use a script based learning approach. Its practical nature makes it so 

attractive, and commercially feasible, a further reason to consider here that hopefully 

brings service robots closer to reality. 
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The programs for natural language understanding (NLU) developed by them make use 

of conceptual dependency theory. However, the inventor of conceptual dependency 

theory John Sowa argues that the implementations that Schankôs research group used, 

does not explore the full potential of conceptual dependency (Mann 1995). For 

example, a word is assigned to a single meaning or word-sense where a word could 

have multiple meanings. 
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2.5 Natural Language Understanding Systems with 

Speech Recognition 

This section reviews speech recognition architecture and tools required for natural 

language understanding systems with speech recognition. 

 

2.5.1 Spoken vs. Written Language 

Spoken language is different to written language. This has to be taken into account. 

Spoken language is more spontaneous and instant. It has a looser construction and 

unnecessary repetition. Often the speaker is rephrasing and stops in the middle of a 

sentence (Crystal 1997). On the other hand spoken language is part of a conversation, 

and the other parties can communicate to ask clarification questions immediately. The 

grammar of spoken language is different from written language, and if natural language 

grammar and parsers are applied they must therefore be built for spoken language. The 

use of formal grammar for written English was a major limitation in the IBL project. 

Only 60% of the corpus was covered by the grammar (Bugmann 2003). 

 

2.5.2 Architecture 

A typical Natural Language Processing System is organised in a Pipeline Architecture. 

The components are organised in parts that are not necessarily from the same software 

package. The components in order of the information flow in the pipeline are typically: 

speech analysis, morphological and lexical analysis, parsing, contextual reasoning, 

application. And from the application the pipeline can go back to speech synthesis in a 

similar fashion by going through utterance planning, syntactic and morphological steps 

to speech synthesis. Some examples are GATE (Cunningham et al., 1997), NUANCE 8 

(Nuance App. Dev. (2005)) or the open source Natural language toolkit NLTK. 

The pipeline architecture of natural language processing systems has been under 

criticism see (Graça et al., 2006; Marciniak and Strube 2005; Leidner 2003; Daelemans 

and van den Bosch 1998), however it is still the most common structure since it is the 

best method to implement a natural language system from a software engineering point 

of view. Also the natural language system introduced in this PhD work will use the 

pipeline architecture. There is no escape from it. The criticism is mainly aimed at the 
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problems introduced by the possibly independent language tools that are used in a 

chain. It is hard to give feedback to a previous stage and due to the transformations from 

stage to stage information may be lost and errors may therefore be introduced. One of 

these pipeline tools is typically a syntactic parser that parses recognised text. These 

parsers are often not trained on the specific context of the domain and therefore 

introduce errors.  

 

2.5.3 Hidden Markov Models 

Modern speech recognition systems utilise Hidden Markov Models (HMM) to 

recognise phonemes, words and phrases in a multi-layered model (Cunningham 2000). 

HMMs, in the context of speech recognition, are statistical models of how likely a word 

follows another. Or at a lower level, which phoneme or acoustic feature most likely 

follows another. A common way to extract acoustic features is by using Fast-Fourier 

Transforms. The acoustic features and the probably of their occurrence are an 

inheritably sub-symbolic (statistical) process. For a good introduction see (Rabiner 

1989).  However these models use symbolic building blocks: phonemes, words and 

phrases. Their relations are expressed as grammar. The HMM returns the most likely 

interpretation (with the highest overall probability in the markov chain). By accepting 

this as the interpretation text, the sub-symbolic audio data has become a text.  

 

2.5.4 Interpretation 

In case of natural language understanding, where the emphasis is on understanding, the 

text alone is not sufficient. The concept of ñunderstandingò puts the text to a meaning, a 

relation that the robot can reason with, and particularly important, the concept of 

ñunderstandingò means that the text and relations the robot reasons with are connected 

in the robots action and perception. Therefore the grammar is connected to an 

interpretation (called interpretation grammar (Nuance App. Dev. (2005)), slot filling or 

semantic grammar (Rosner and Johnson (1992) ), which is usually expressed as an 

attachment to a grammar rule. Grammar acts as the defining language to connect speech 

to semantic interpretation. 
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Figure 2-9: A typical Natural Language Interpretation system uses grammar to define multi-layered HMM models from 

phonemes to words and words to sentences. These models serve as mapping between Speech and text. Traditionally the text output 

is parsed (syntactic analysis)  by a interpretation grammar to determine the meaning of the text  

 

2.5.5 Grammar 

The Nuance speech recognition system, used in this project, combines the CFG (context 

free grammar) and the interpretation grammar into one. Every CFG grammar rule can 

have slot-and-value semantics attached to it. Parsing recognised text to extract an 

interpretation has been widely criticised for the same reason as the pipelining 

architecture, because the grounding of the interpretation is disconnected from the text 

and speech recognition that are preceding in the pipeline. In practice this means that text 

is recognised that the robot cannot understand because it does not make sense. One of 

the problems with IBL was that it recognises ñturn the treeò, which is correct in English 

but does not make sense. It was introduced by generalising a CFG from sentences like 

ñpass the treeò and ñturn leftò. 

The CFG grammar in this case is: 

 

S   Ÿ V NP  

S   Ÿ V ADJ  

NP  Ÿ DET N  

DET Ÿ the  

N   Ÿ tree | corner  

V   Ÿ turn | pass  

ADJ Ÿ left  
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(audio data)  
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( dictionary )  
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Nuance GSL  
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Disconnecting meaning from grammar, such as in this case, produces unwanted 

overgeneration. A correct syntax does not always lead to sentences meaningful within 

the domain of correspondence of the robot. 

 

Chapter 6 describes how the combination of CFG and interpretation is used as an 

advantage to improve speech recognition. In a nutshell, the combination allows the 

prevention of unwanted generalisation by abstracting syntax rules from the corpus. 
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2.6 Semantic Representation Theories 

2.6.1 Semiotic Schemas  

In an effort to create a non-symbolic (computational) system that can make the 

connection to symbols, Deb Roy from MIT created a framework (Roy 2005), which is 

outlined here. The framework for semiotic schemas is built upon creating a meaning 

from sensor data and motor acts. It is therefore a so called bottom-up approach to 

machine learning systems. Every piece of knowledge stored in the robots ñbrainò can be 

referred back to the physical world through sensor data and motor acts. It is a grounded 

system. The knowledge can also be used to make predictions about the future and 

compare these to actual sensations.  

 

This is called an analog belief. So sensors are mapped to analog beliefs. See the 

notation below in figure 2-10. 

 

 
Figure 2-10: a sensor (natural sign) is monitored to create an ñaverageò belief state 

 

One may wonder how this ñanalogueò statistical distributions can be put into categories. 

Deb Roy introduces categorizers as a link between analog beliefs and discrete 

categorical beliefs. In the graphical notation analog beliefs are oval and categorical 

beliefs are rectangular. 

 

 
Figure 2-11: a categorizer makes discrete decisions based on an analog belief 

 

 

analog  
belief  

A 
D 

categorical  

belief  
categorizer  

sensor  
pro jection  

analog  

belief  
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Figure 2-12: a robot that can feel temperature and belief if it is hot or cold 

 

 

Deb Roy implemented this framework into a robot called Ripley, which has a 7 degrees 

of freedom arm, vision system and a speech interface. The robot was designed for 

grounded language experiments (Roy et al., 2004). The framework is an attempt to 

connect the symbolic world of language to the non-symbolic world of sensors and 

actuators. Roy argues that not-grounded systems would need a human in the loop during 

design and implementation to connect sensor data to a representation system in the 

robot, whereas his approach enables statistical mapping between the sensors/actuators 

and the introduced symbols. The framework of semiotic schemas is used as an 

inspiration to this work. The most relevant concept for here is the idea that physically 

grounded analogue data can be converted to symbolic categories. Categorical believes 

could be used to represent locations of cards and the recognised actions/gestures. This 

allows symbolic processing and the integration of language into the robots advanced 

reasoning system, even though the robots low level AI (skill-learning and pattern 

recognition) is subsymbolic.  

 

2.6.2 Conceptual Graphs 

Conceptual Graphs (CG) are related to semantic networks. They were invented by John 

F. Sowa. Conceptual Graphs can represent concepts and their relationships. They are a 

powerful tool to create a knowledge base. CGs have the following useful properties: 

They are human readable (hence they can be turned into natural language expressions. 

They can be created from natural language expressions. They can be turned into 

predicate logic statements (with certain constrains).Conceptual graphs are best 

explained by an example. Below an example of the sentence: 

ñJohn is going to Boston by busò taken from (Sowa J.F. website) 

as distribution 

of the last few hours 

35°  

Hot  

Cold  
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Figure 2-13: ñJohn is going to Boston by busò, The square boxes indicate concepts and the circles indicate relations. Note that the 

concept Person has a referent ñJohnò while the instantiation (referent) of the Bus is unknown. 

 

 

In IBL and MIBL a primitive function can be defined to match this example. The 

primitive itself is ñGoò and its parameters are Agent, Destination, and Instrument. 

 

go ( Agent, Destination , Instrument )  

 

Whereby the allowed word classes could be:  

-  Agent of the word class Person  

-  Destination of the word class City  

-  Instrument of the word class vehicle  

 

A concept always has a Type and can have a Referent. A referent is a particular 

object/concept. The Type must be based on ontology. (Ontology is a tree of types 

starting with the most general type at the top). A concept can either stand alone or be 

connected to a relation. It is not allowed to connect two relations directly with each 

other. 

 

[ Type : Referent ] < - (Relation) - > [ Type : Referent ]  

 

A single concept may be: [Bus]  Which means ñThere is a busò. 
 

 

[Proposition:  

[Woman: *x] - >(Attr) - >[Beautiful]  

]  

 

"There exists a woman x who is beautiful.ò 

  

Language can be mapped into a conceptual representation using a conceptual parser. 

The conceptual representation is a representation of the dependency of the parsed text. 

Person:John Agt 

Inst 

Go 

Bus 

Des City:Boston 
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In this PhD project, conceptual graphs have been a useful representation to clarify the 

structure of sentences and to extract an ontology design of the domain. This clarification 

enables the system designer to map sentences into logic 

 

2.6.3 Frame-based systems 

Frame-based systems are knowledge representation systems that use frames. Frames 

combine domain knowledge in a structure for representing a stereotypical concept or a 

situation. A frame can have several kinds of information attached that describe the 

concept or situation further. The first to recognise the ongoing common trend in the 70s 

to represent knowledge in frames was Minsky (1975).  

A Knowledge representation system that was inspired by Minsky's ideas is KRL 

(Bobrow and Winograd 1977). Goldstein and Roberts (1977) in turn were inspired by 

KRL when writing their frame-based system NUDGE. In their paper Goldstein calls the 

frames Frame Gestalts. The reference to ñGestaltsò comes from the Wertheimers 

Theory of mind (Wertheimer 1923), that has fit in very well with frame-based systems. 

Fikes and Kehler (1985) explored what is common in frame-based systems, quoted 

here: 

-  frames are organized in (tangled) hierarchies 

-  frames are composed out of slots (attributes) for which fillers (scalar values, 

references to other frames or procedures) have to be specified or computed 

-  properties (fillers, restriction on fillers, etc.) are inherited from superframes 

to subframes in the hierarchy according to some inheritance strategy.  

 

This structures are remarkably similar to object oriented programming principles of 

C++ and Java. To some extend also SQL. Object oriented programming probably have 

roots in these systems. 

Schankôs Dependency Theory and causal chain, described in Chapter 2.4.4 earlier and 

in Schank (1975) is also a frame-based system. 

 

2.6.4 Ontolological reasoning 

Organised information is the key to deduction and reasoning. A list of nouns has no 

meaning unless the relationship between them is given. Aristotle was one of the first to 
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recognise the power of logic and organisation of information so it can be used for logic 

deduction (Aristotle, transl. 1989). A famous example of Syllogism, the logic that 

Aristotle defined, is: 

 

 ñAll men are mortal; Socrates is a man; therefore, Socrates is mortal.ò 

 

A further advantage of organising information is the possibility to constrain the 

grammar to produce only rules that not only are grammatically correct, but also make 

sense. In section 6.2.2 the concept of word-classes has been introduced. As a reminder, 

word-classes are a group of words that belong semantically into the same category. For 

example the word-class ñcolourò has ñblue, green, red..ò.  

 

These word-classes are also used as primitive parameters. Section 6.2.3 on full corpus 

coverage shows in figure 6-2 how a corpus utterance that has become a grammar rule is 

extended with a word-class.  

 

It is of advantage for consistence in reasoning and the search for information in the 

knowledge base, to combine all word-classes to a complete model that contains all 

concepts that the robot is dealing with in the domain. This model of word-classes is best 

organised in a hierarchical taxonomy, since a semantic category is often part of another 

more general category, sometimes referred to as superclass. Such taxonomy is 

conveniently represented by a tree.  

 

Scientists have been studying on the structure of such taxonomies and their applications 

since the great philosophers Plato and his student Aristotle. These structures are often 

referred to as semantic networks or ontologies. The science of ñontologyò is concerned 

with finding ways to structure taxonomies and how to apply these structures. Sowa, 

whose work has been briefly introduced in chapter 2.6.2, presented a ñglobalò ontology 

which is at the top-level and every concept can be derived from it, see (Sowa 2005). His 

conceptual graphs are grounded in this ontology. It is the concern of ontology 

researchers to build top-level ontologies that capture very general concepts so they can 

be expanded to every possible domain. It is a philosophical question, how such a top-

level ontology may be organised. From a Corpus Based Robotics point of view it is not 

necessary to cover more than what is found in the corpus, which simplifies the problem.  



 - 63 - 

Ontologies guide the generalisation process for grammar and primitive parameters, the 

reflection of the ontology in the knowledge base gives the robot the ability to generalise 

concepts. For example it can infer that a ñqueen of spadesò is a ñcardò, or it can 

compare concepts with each other, when searching for suitable objects. See section 7.8 

on problem solver, and specifically 7.8.4 on generalisation and references. This is 

important since referents in natural language are often underspecified, but referents have 

to be resolve within the rule frame.  

 

One may wonder if existing ontologies could be utilised in an application. 

Unfortunately it is not a straight forward process to select the right meaning from 

existing ontologies, in the given context. For example, WordNet 3.0 (Miller 1985) 

defines a ñcardò in many ways, such as a calling card, a circuit board or and identity 

card. It is difficult for a system to reason with WordNet, since the class ñcardò has so 

many meanings in different contexts. WordNet also defines ñplaying cardò. WordNet 

attaches ñsuitò to ñplaying cardò, which is correct, but fails to connect ñheartsò, 

ñspadesò, etc as semantic classes under ñsuitò.  

 

The created ontology becomes a world model of the robot.  To create a complete world 

model, not only concepts (word-classes from section 6.2.2) are required. Also instances 

of objects are required. For example, Aristotle is an instance of a human. Furthermore 

he therefore ñinheritedò all the properties of humans, such as being mortal. In case of 

the MIBL projects, the robot has in his world model, an ontology of 3D objects, which 

can be manipulated. Further down these 3D objects are cards. Instances of cards are 

stored in the knowledge base.  

What is in philosophy an ontology reminds a computer scientist of object-oriented 

programming. In fact, knowledge of physical objects and their properties are stored by 

the robot in an object-oriented format. 

 

2.6.5  Newell and Simon General Problem Solver 

Newell and Simon were the first to implement the idea of problem as a program. Their 

first program, the ñLogic Theoristò was presented at the Dartmouth Summer Research 

Conference in 1955 (Newell and Simon 1956). Later an extended version, that separated 
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the problem definition from the solver was called GPS, the General Problem Solver 

(Newell and Simon 1972).  

Typical problem solvers have need several critical steps: the definition of the problem 

space in terms of the goal to be achieved and the transformation rules. Simple problem 

solvers would use the means-end-analysis approach, to divide the overall goal into 

subgoals and attempt to solve each of those. Some of the basic solution rules include: 

transforming one object into another, reducing the difference between two objects, and 

applying an operator to an object. A table that specified what transformations were 

possible is required. 

Given a robot that can specify its environment as states and actions on the environment 

as state transitions, a problem solver algorithm can be applied. A problem solver is a 

search algorithm that applies production rules (state transition rules) to manipulate a 

given state until a target state (goal) has been reached. The applied production rules can 

be stored as a solution path to the goal. Given that the robot knows the consequence of 

each action then state transition rules can be applied to its memory instead of carrying 

out the action immediately. Hence a problem solver is also a planner. 

2.6.6 Lambda Calculus 

The lambda calculus is a notation for mathematical expressions and functions. It was 

rediscovered as a versatile tool in computer science. The syntax of the computer 

language Lisp was inspired by the lambda calculus. The lambda notation requires 

operators, to be written before the parameters (prefix), like Polish notation. 

For example expressions ñx + 3ò becomes ñ+ x 3ò, and ñx
2
ò becomes ñ* x xò. 

 
LOGICAL OPERATORS OF THE LAMBDA CALCULUS 

 

  conjunction (AND) 

  disjunction (OR) 

 negation (NOT) 

implication 

equivalence 

 existential quantification 

 universal quantification 

 equality 

 

Table 2-1: logical operators in the lambda calculus 
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Functions: 

The  notes the function 

 xxf 3)(  in lambda-calculus becomes xx 3*.  

 

The lambda calculus is used in natural language understanding to describe dependencies 

between words. A natural language expression, i.e. a sentence can be converted into a 

logical formula. Usually this starts with determining the parts of speech and using a 

syntactic parser. The resulting structure of noun (N), noun phrase (NP), verb phrase 

(VP), etc shows dependencies between the words. These dependencies can be expressed 

in a formal way with the lambda calculus. For instance consider 

ñJohn believes something is falseò  

Expressed in lambda calculus: 

))(),(( xfalsexJohnbelLxx . 

 

A translation can be defined from the lexical words, such as ñbelieveò into the 

semantics ñbel(y,x)ò. Like Discourse Representation Structures (DRS), the lambda 

calculus can represent dependencies and is an intermediate step. Lambda calculus 

expressions are logical and can be used for inference and reference resolution.  

In order to learn and carry out instructions a robot must use inference or some form of 

mapping to extract the instruction from an expression in lambda calculus. For this 

process, background knowledge is required. This can be especially difficult for 

colloquial expressions, such as ñwhatôs up?ò.  
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3. Corpus Collection 

Linguistic corpus collection is defined by acquiring and storing a corpus (Latin for 

body) of example dialogues usually by recording and transcribing or by gathering 

existing texts. In this chapter an experiment will be described where conversations 

between two people are collected to form the MIBL corpus. Corpora are not restricted 

to spoken and written text; they can include transcriptions of any interaction data, such 

as hand gestures, eye movements or a mouse cursor. Combinations of any of the listed 

modalities are collected in so called multi-modal corpora (Baldry and Thibault, 2006). 

Collecting a corpus is the first step when applying the corpus-based robotics approach. 

In order to create the corpus, the recordings are transcribed using the multi-modal 

transcription tool MuTra (described in section 3.4.1). The transcriptions include start 

time and duration of gesture and speech. The corpus provides a starting point to create a 

speech recognition grammar. The transcription process could be simplified by adding 

speech recognition software. However, all transcribed text has to be confirmed 

manually since the corpus provides the reference data for speech recognition and all 

further system development.  

The corpus is to be analysed in order to design an agent that will be able to interact and 

perform actions that are found in the corpus.  
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3.1 The Instruction Domain 

3.1.1 Experimental Constrains 

With the experience and motivation from the previous project (IBL), criteria for the 

selection of a new application domain were determined. The criteria are aimed at 

investigating and extending IBL by applying scientific method
3
. 

i) The task must contain a wide range of instruction types. 

(rules, sequences , repetitions). So they can be investigated. 

ii)  Ideally the task should be scalable from simple to complex. So a range of 

complexity can be investigated. 

iii)  The task should preferably have a small vocabulary (less than unique 1000 

words). So the transcription and implementation is manageable. 

iv) The task must be part of the natural environment of the instructor (user) so 

that instructor and student already posses the basic skills required.  

v) The task should contain meaningful set of gestures / actions (multi-modal). 

vi) The task should be unknown to the subjects beforehand, to set up a genuine 

teaching scenario. 

vii)  The domain size should be predictable. This can be achieved by measuring 

the rate of discovery of unique ways of expressing an instruction. 

 

The constraints mentioned above, especially point vi) have to be determined by a pilot 

study. Furthermore a pilot study is a required step in the application of corpus-based 

robotics. A pilot study would require a corpus collection, transcription, search for 

language primitives and their types using 3-5 subjects. 

Generally, there are many ways of expressing a verbal instruction, even in a restrained 

domain. Restrictions iii)  and vii) are there to harness these restrains. 

Given these constraints, game instruction seemed to be a good choice. In particular, 

card games come in a great variety of type and complexity, yet their vocabulary is 

restricted. All two player games listed in ñthe Oxford A-Z of Card Gamesò (Parlett, 

2004), 23 different card games were investigated by counting the number of instructions 

in the form of a clause or sentence. It should be noted that the instructions from a 

professional book are more compact than verbal explanations of the same rule. As an 

                                                 
3
 The scientific method: hypothesis, experiment, observations, tests, confirmed theory 
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example, instruction sets from table 3-1 would count as one instructions each, per 

sentence. From the investigation, it was found that a typical card game has on average 

38 instructions, with a std. deviation of 17.46.  
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Figure 3-1: Game Primitives: A survey of 23 card games and their number of instructions presented as a frequency distribution 

showed that a typical game has an average of 38 instructions. See the list of games in Appendix A7. 

 

In order to create a robot that would appear to be a reasonably intelligent card game 

player it was decided to choose a card game that has between 30 and 40 instructions.  

 

3.1.2 Scopa 

The Italian card game Scopa was chosen, since it had 35 instructions and is virtually 

unknown in the United Kingdom. That the card game is initially unknown is important 

as the investigation is about teaching. Yet all basic skills such as dealing a card or 

comparing cards are generally known to UK residents.  

In Scopa, initially 4 cards a laid out face up on the table. Another 3 cards are dealt to 

each player. Scopa is a fishing-type card game (Parlett, 2004).  A fishing game means 

that there are several cards face-up on the table, and the players have to match cards in 

their hand with the cards on the table. Matching cards on the table can be captured by 

the player in order to score.  The game was originally played with a deck of traditional 

Italian cards. For the French deck (most common deck) the eight nine and tens have to 

be removed from the deck. Instead jack, queen and king are worth 8, 9 and 10 points 

respectively. 



 - 69 - 

3.2 Procedure of Corpus Design and Corpus Collection 

Multi -Modal corpora are still rare and contain very specific data; in particular there was 

no multi-modal card game corpus publicly available that would be suitable. As such we 

decided to setup an experiment to collect a multi-modal corpus. 

 

3.2.1 Corpus Design 

Corpus Design is concerned with decisions such as: how many subjects will be 

interviewed, what data will be recorded and how the data is formatted. Corpus Design 

decisions must be carefully considered with respect to the research that will be carried 

out with the resulting data. In a scenario where corpus-based robotics is applied, rather 

than researched, the domain is given initially. For example a company requires a 

vacuum-cleaning robot that can be naturally instructed. In the case of researching 

corpus-based robotics (specifically the MIBL project), the aim is to design the corpus to 

cover an as large as possible variety of features in the vocabulary and langue primitive 

types. 

The corpus designer must consider that the collected data is stored in a format that can 

be used later for testing the performance of the developed system. Furthermore the data 

must be collected using the sensors on the robot, from the robots point of view. It is not 

advisable, for example, to use overhead cameras if the final robotic system will not have 

overhead cameras. A Wizard of Oz experiment is a proven way to collect a corpus. 

(Dahlbäck et al., 1993, Kyriacou 2004). 

In a teacher student scenario, the teacher, who knows how to play Scopa, will explain 

the game to a student. After some practice the student can now become a teacher to 

explain the game to another student. 

An informal pilot study has been carried out that consisted of 5 teaching sessions and 

their transcription of a very simple card game. It revealed that a teacher subject tends to 

use verb phrases and methods similar to those used when he/she was taught. In each 

dialogue the vocabulary and explanation techniques changed. Only some utterances of 

the dialogue were taught exactly like the teacher learned it. This led to the assumption 

that a longer teacher-student chain contributes to a larger variety in the corpus 

afterwards.  Some teachers, however, may not come back to teach the game to another 
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subject, which would break the chain. To increase the chances of a longer chain a 

teacher was invited to teach two students in separate sessions.  See figure 3-2. 

 

 
Figure 3-2: Tree of teaching dialogues. Two trees of this type were used to record dialogues. There are 6 dialogues in each tree, 

represented by the arrows and organized in three layers. Si is the subject number i. If one of the two subjects failed to attend, the 

chain was broken, here shown with a dashed dialogue line. These two trees are from now on refered to as data set-1 and data set-
2. 

It was also assumed that a longer break between learning and teaching the game 

reduced the similarity in the vocabulary used. 

 

Initially two teachers had to be made familiar with the game. To avoid a bias as much as 

possible they were given two complete sets of written instructions of the game (Seed 

Set1 and Seed Set 2). Each instruction was written on a separate paper. The set was 

mixed so that the rules did not appear in a particular order. The two teachers studied the 

rules sets quietly for a few minutes. They re-ordered the sheets to help learning the 

game. Then they were invited to try to play the game and to clarify the set of rules by 

communicating with each other. This communication has been recorded with the 

experimental setup, but has not been used for any further analysis. Subject S18 was 

given Seed Set 2 and clarified rules with subject S19 who was given Seed Set 1. A 

further two teachers have been invited to do the same experiment whereby teacher S15 

was given Seed Set 1 and subject S16 Seed Set 2.  

Below is a list of instructions to the teachers.   

 

 

 

S17 

- S36 

S29 

S30 SX 

S18 

S21 

S23 S22 

S20 

S32 S25 

S19 

S12 

S14 S33 

S10 

S24 - 

S15 

S13 

- - 

S31 

S11 - 

S16 



 - 71 - 

INSTRUCTIONS TO THE TEACHERS 

Instruction Seed Set 1 

Two players use a 40-card pack running A234567JQK in each suit. 

Deal three cards each in ones, face down. And then four face up to the table. 

When everyone has played their three cards, deal three more each from stock. Continue until all cards 

have been used and captured. 

Each in turn must play a card from hand with a view to capturing one or more table cards. 

Table cards may be captured by pairing or summing. 

Pairing:  An Ace takes an Ace, a Two a Two, and so on. Only one card may be paired in one turn, and 

if the hand-card can capture in either way it must do so by pairing. 

Summing. A hand-card takes two or more table cards totalling the same as itself. For this purpose, 

cards count at face value from Ace 1 to Seven 7, followed by Jack 8, Queen 9, King 10. Thus a Seven 

will capture two or more cards totalling 7 (A+6, 2+2+3, etc). 

When summing: Only one such combination may be made at a time 

When you make a capture you place both the captured and the capturing cards in front of you and end 

your turn. 

If you capture all the cards on the table, leaving none for the next player to take, it is a sweep. You 

indicate this by leaving the capturing card face down in your winnings pile, and will score 1 point for 

it at end of play. 

You must play a capturing card if you can. If not, you must ótrailô by playing any card face up to the 

table and leaving it there. This is inevitable after a sweep. 

When no cards remain in stock, the last player to make a capture (not necessarily the last to play, 

since he may be forced to trail) takes all the other table cards with it. This does not count as a sweep, 

even if, technically, it happens to be one. 

Players sort through their won cards and score as follows: 

1 point for taking the most cards. If tied, no one scores. 

1 point for taking the most diamonds. If tied, no one scores. 

1 point per sweep, as indicated by face-down cards. 

The winner is the player with the highest score at the end 
Table 3-1: Instructions to the teachers, Set 1 

 

INSTRUCTIONS TO THE TEACHERS 

Instruction Seed Set 2 

A 40-card pack is used. A234567JQK in each suit.  

The game is played with two players. 

Deal three cards for each players hand. Donôt show them to your opponent. 

After, deal four on to the table. (face up) 

When players donôt have any cards left in their hand, deal three more each from stock. The game ends 

when the stock has been used up and all cards have been captured. 

Each player, in turn, plays a card from hand. 

The target is to capture one or more of the cards on the table. 

There are two ways of capturing cards from the table: pairing and summing. 

Pairing means a card in your hand pairs with a card on the table and you can take them to your stock. 

You must do pairing if you can. 

Summing. A single card in your hand card can take multiple table cards which have as a sum the 

same value as the card in your hand. Cards count at face value from Ace 1 to Seven 7, followed by 

Jack 8, Queen 9, King 10. For example a six will capture two or more cards totalling 6 (A+5, 2+A+3, 

etc), and so on. 

When summing: Only one hand-card can be used in one turn. 

When you make a capture you place the involved cards in front of you onto your own pile. 

If you capture all the cards on the table at once by summing, it is a sweep. You indicate this by 

leaving the capturing card face down in your winnings pile, and will score 1 point for it at end of 

play. 

You must play a capturing card if you can.  

If not, you must put down any card face up anywhere onto the table and leave it there. Basically every 

player gets rid of one card every turn. 
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When no cards remain in stock, the last player to make a capture (not necessarily the last to play, 

since he may be forced to just add a card to the table from his hand) takes all the other table cards 

with it. This does not count as a sweep, even if, technically, it happens to be one. 

After the game players sort through their won cards. Points can be scored as follows: 

1 for taking the most cards. If tied, no one scores. 

1 for taking the most diamonds. If tied,no one scores. 

1 per sweep, as indicated by face-down cards in your pile. 

The winner is the player with the highest score at the end 

Table 3-2: Instructions to the teachers, Set 2 

 

The invited subjects were mostly university students between the age of 20 ï 30 years, 

only one female person. A significant number were not native English speakers. The 

pilot experiment and the final online experiments (chapter 8) had a similar distribution 

of age, gender and occupation. 

 

 

 

Figure 3-3: Experimental Setup for Corpus collection 

 

 

The recordings if they are to be used later to test speech recognition must be of a good 

quality. The subject wore cost effective Plantronics headsets to improve the sound 

quality while recording. Each subject was recorded in uncompressed 16bit PCM WAVE 

Stereo format. Later experiments were carried out with an external Roland/Edirol USB 

soundcard to further reduce the signal to noise ratio.  
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