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Martin’s cooperation and
fusion

* In multimodal systems, fusion techniques are mostly
applied to complementary and redundant
modalities in order to integrate the information
provided by them.

o Complementary modalities provide the system
with non-redundant information that have to be
merged in order to get a complete and
meaningful message.

o0 Redundant modalities require a fusion process
that avoids non-meaningful information,
increasing, at the same fime, the accuracy of
the fused message by using one modality to
disambiguate information in the other ones.

° Maria De Marsico - demarsico@di.uniromal..it

Fusion approaches

» Current fusion approaches can be considered
through two main classifications:

o according to the data fusion level (e.g. the fusion
process takes places in the dialogue
management system, as well as at grammar
level)

o according to the mathematical method (e.g.
based on statistical or artificial intelligence
techniques).

° Maria De Marsico - demarsico@di.uniromal..it
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Input interpetation phases

The mapping between the input message expressed by
the user and the corresponding output returned by the
system is defined input interpretation

» The interpretation process involves, generally, four
phases, corresponding to the main architectural levels of
a multimodal system: the acquisition, recognition,
integration and decision phases (levels).

» Although the acquisition, recognition and decision are
consecutive phases, the same doesn’t occur for the
integration phase (where the fusion process takes
place), because in some systems the integration phase is
prior to the recognition or decision phases, whereas in
other systems it's just the opposite.
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Input interpetation phases
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Fusion: when?

* The following material mostly come from:From: Arianna D’Ulizia.
Exploring Multimodal Input Fusion Strategies. In Patrizia Grifoni.
Multimodal Human Computer Interaction and Pervasive Services.
Information Science Reference. 2009

» The integration level, in which the fusion of the input
signals is performed, may be placed:

o immediately after the acquisition level and we
refer to the fusion at the acquisition , or signal, level ;

o Immediately after the recognition level and in this
case we refer to the fusion at the recognition , or
feature, level ;

o during the decision level and we refer to the fusion
at the decision , or conceptual, level .

° Maria De Marsico - demarsico@di.uniromal..it

Fusion at acquisition level

» The fusion at the acquisition level  consists in mixing two or more
(generally electrical) signals.

« This kind of fusion may be performed if the signals are synchronized
and of the same nature (two speech inputs, two sketch inputs, etc.)

* It cannot be applied fo multimodal inputs, which may be of different

nature.
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Fusion at recognition level

The fusion at the recognition level (also €arly fusion or recognition/feature -
based fusion ) consists in merging the outcomes of each recognizer by using
integration mechanisms (e.g., statistical integration techniques, agent
theory, hidden Markov models, artificial neural networks, etc.

Afterwards, the integrated sentence is processed by the decision manager
that provides its most probable interpretation
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Fusion at recognition level

A unimodal recognition stage and an integrated decision stage
characterize the interpretation process of the early fusion.

This strategy is generally preferred for closely and synchronized inputs
that convey the same information (redundant modailities), as for
example speech and lip movements for speech recognition or voice
and video features for emotion recognition.

The main drawbacks of the early fusion are the necessity of a large
amount of data for the training, and the high computational costs.
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Fusion at decision level

The fusion at the decision level (named also late fusion or
decision/conceptual -based fusion ) means merging directly the semantic
information that are extracted from the specific decision managers.

The outcomes of each recognizer are separately interpreted by the
decision managers and the extracted semantic meanings are integrated
by using specific dialogue-driven fusion procedures to yield the complete
interpretation. R
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Fusion at decision level

Late fusion is mostly suitable for modalities that differ both in their
nature and in the time scale.

A tight synchrony among the various communicative modalities is
essential to deliver the correct information at the right fime.

Reminder: syncronous does not necessarily mean “in the same time”

Each input modality is separately recognized and interpreted A the
this kind of fusion can rely on the use of standard and well-tested
recognizers and interpreters for each modality, as well as on much
simpler fusion algorithms.
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Hybrid multi-level fusion

A fourth level, named hybrid multi -level fusion , can be identified.

In this kind of fusion the integration of input signals is distributed
among the acquisition, the recognition and decision levels.

The interdependence among modalities allows predicting
subsequent symbols knowing previous symbols in the input data flow

Interdependence is exploited to improve accuracy of the
interpretation process.

The basis of the hybrid multilevel fusion strategy is a joint multimodal
language model, which relies on the symbols acquired during the
acquisition phase and is governed by their semantic meanings
extracted during the decision phase.

Maria De Marsico - demarsico@di.uniromal..it

Recognition-Based Fusion
strategies

» Integration of input signals at recognition level,
requires appropriate structures to represent these
signals.

« Three main kinds of representations. Examples:

o action frame (Vo, 1998)
o input vectors (Pavlovic et al., 1997)
o slots (Andre et al., 1998).

Maria De Marsico - demarsico@di.uniromal..it
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Action Frame

* A multimodal input event = a set of parallel streams that can
be aligned and jointly segmented such that each part of the
segmented input influences part of the interpretation

* Each stream represents one unimodal input coming from a
computer input modality and consists of elements
associated to a set of parameters.

* The integration of unimodal inputs consists in producing a
sequence of input segments, named parameter slots

Modality 1 | |
/
Modality 2 | |
N /
Modality 3 | |

PSlot1  PSlot2  PSlot3
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Action Frame (cont.)

» A parameter slot separately contributes to the
multimodal input interpretation, that is called action
frame.

* An action frame specifies the action that has to be
performed in response to the multimodal input.

+ Each parameter slot specifies one action parameter.
The input segments in each parameter slot should
contain enough information to determine the value of
the corresponding parameter.

° Maria De Marsico - demarsico@di.uniromal..it
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Action Frame — Example

» Suppose we have a map navigation system that
allows the user to ask for information by speaking
and drawing on the screen A The user might say
“How faris it from here to there2” while drawing an
arrow between two points on the displayed map.

* The speech input stream consists of the words in the
utterance whereas the pen input stream contains a
pair of arrow_start and arrow_end tokens.

* The interpretation of this input combination is a
QueryDistance action frame containing a
QueryDistanceSource parameter slot followed by a
QueryDistanceDestination parameter slot.
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Action Frame — Example (cont) |

* The input streams are segmented and aligned as follows:

Speech: how far is it from here to there
Pen: arrow_start arrow_end
QueryDistanceSource QueryDistanceDestination

+ If the destination point is somewhere outside the displayed areaq,
the user might say: *How far is it from here to Philadelphia?” and
circle the starting point instead.

Speech: how far is it from here to philadelphia
Pen: circle
QueryDistanceSource QueryDistanceDestination

* For the utterance "How faris it from Pittsburgh to Philadelphia?™
the parameter slots would consist of speech segments only.

Maria De Marsico - demarsico@di.uniromal..it



How to integrate input streams

« The integration of the information streams is carried
out through the training of a Multi-State Mutual
Information Network (MS-MIN)

+ The MS-MIN network allows to find an input
segmentation and a corresponding parameter slot
assignment in order to extract the actual action
parameters from the multimodal input.

» A posteriori probability of the parameter slot
assignment conditional on the input segmentation is
infroduced.

 This probability is estimated by output activations in
the MS-MIN network and can be interpreted as the
score of a path that goes through the segmented
parameter slofts.

° Maria De Marsico - demarsico@di.uniromal..it

Action Frame — Example (cont)

* An example of path
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How to find the path

A path score maximization algorithm is applied to
find the input segmentation and the corresponding
parameter slot assignment.

The algorithm creates an exira layer on top of the
network.

Each output unit of the MS-MIN is an output state
and the top layer of the network produces the best
sequence of states that fits the input, according to
the path score maximization algorithm.

Starting point: Maximum A Posteriori probability
(MAP)

Maria De Marsico - demarsico@di.uniromal..it °

How to find the path

Suppose we have a sequence of input fokens t,, ,
m= 1 ... M, that is to be associated with one of
several output classesc ,, n = .ltigrdlasonable
to select the maximum a posteriori (MAP)
hypothesis, or the output class having the greatest
a posteriori probability given the input:

Ciqp =argmax Plc, |5 ...15 )

Ca

Pty ...ty |, )P(c,)

= argmax

1‘ ca P(tt,...t)
From Bayes' theorem
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How to find the path (cont)

« |If we make the simplifying assumption that the input

tokens are independent as well as conditionally

independent given the target output, i.e.

P(tty...t,) = ﬁP{rmj

M
P(tt,...ty le,)=] | PG, |c,)
m=1

then it follows that

Bayesian classifier

cyyp = argmax P(c, )
l:ﬂ.

words"” model = the

M : “
H P(.fm | c“j applied to a “bag of
mel P(,fm ] input is considered an

unordered collection

of independent words.

How to find the path (cont)

» Logarithm function is monotonically increasing A
f (x) and log , f(x) reach their respective maximum

values at the same x value for all f (x):

[ M P(t, |c,) ]

Cyyp = argmax| log, P(c, )+ ZIng
[ L m=1 P(tm)
p
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mutual information

M
= argmax| log, P(c, )+ ZI(tm,c") of input token t,,

Ca \ m=1

and output class ¢ |,

The right hand side of Equation can be implemented

by a connectionist network.
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Input Frames

The input vectors proposed by Pavlovic are used to store the
outputs of the visual and auditory interpretation modules.

The visual module firstly tfracks the features of the video data by
using skin color region segmentation and motion-based region
tracking algorithms and the time series of the fracked features is
stored into an input vector.

Secondly, these features are dynamically classified by using
Probabilistic Independence Networks (PINs) and Hidden Markov
Models (HMMs).

The output of this module consists in a set of higher level features
ranged from gestural movement elements, called visemes (e.g.
“left movement”), to full gestural words (e.g. symbol for “rotate
about x-axis).

The auditory module has the same architecture and functioning
of the visual module applied to audio data.

A HMM PIN allows to classify the auditory features info auditory
elements, called phonemes, and full spoken words.

Maria De Marsico - demarsico@di.uniromal..it

Input Frames (cont.)

The integration of the two interaction modalities is carried
out through a set of HMM PIN structures, each
corresponding to a predefined audio/visual command.

The state of each HMM is defined according to the input
vectors containina the hiah level features coming from the
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Slots

In the strategy based on slots, the information inputted by
the user is stored into a slot buffer, which allows back
referencing of past lexical units (e.g.: “it"” can to reference
the previously selected object).

The command language of the application is encoded in
semantic units called frames.

The command frames are composed of slots, i.e. lexical
units provided by the multimodal input.

Example: considering the *move frame” two slots can be
identified: "object” (to specify the object) and “where” (to
specify the final position).

The frames are predefined (computed off line) and are
application-dependent.
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Slots

The parser extracts the lexical units from different input modalities and fills the
appropriate slots in the slot buffer.

The slot buffer is continuously monitored checking for filled frames. Once a
frame is filled (enough information to generate a command), the fusion
agent sends it fo be executed in the current application.
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Conclusions about
recognition-based strategies

* Main advantages:

o great coherence with the human-human communication
paradigm in which the dialogue is considered as a unique
and multimodal communication act; analogously, the
recognition-based fusion strategies merge the recognized
inputs intfo a unique multimodal sentence that has to be
opportunely interpreted;

o they allow an easier inter-modality disambiguation.

* Main drawbacks:
o significant computational load
o high dependency on fime measures; this dependency

implies as well a large amount of real data fo frain the
network (both the MS-MIN and the PIN HMM).

Maria De Marsico - demarsico@di.uniromal..it .

Decision-Based Fusion
Strategies

In the decision-based approach, the outcomes of each
recognizer are separately interpreted by specific decision
managers and then sent to the dialogue management
system that performs their integration by using specific
dialogue-driven fusion procedures o yield the complete
interpretation.

To represent the partial interpretations coming from the
decision managers and achieve the integration of input
signals at decision level, several kinds of sfructures might be
employed. Examples:

typed feature structures (Cohen et al., 1997; Johnston, 1998),
melting pots (Nigay and Coutaz, 1995),
semantic frames (Vo and Wood,1996; Russ et al., 2005)

Maria De Marsico - demarsico@di.uniromal..it
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Feature structures

e A feature structure consists of a collection of feature-value
pairs.

+ The value of a feature may be an atom, a variable, or
another feature structure.

* When two features structures are unified, a composite
structure containing all of the feature specifications from
each component structure is formed.

* Any feature common to both feature structures must not
clash in its value.
o If the values of a common feature are atoms they must be identical.

o If oneis a variable, it becomes bound o the value of the
corresponding feature in the other feature structure.

o If both are variables, they become bound together, constraining them
to always receive the same value (if unified with another appropriate
feature structure).

o If the values are themselves feature structures, the unification
operation is applied recursively.

Maria De Marsico - demarsico@di.uniromal..it .

Feature structures

« Importantly, feature structure unification can result in a
directed acyclic graph structure when more than one
value in the collection of feature/values pairs makes
use of the same variable. Whatever value is ultimately
unified with that variable thus will fill the value slot of all
the corresponding features, resulting in a DAG.

Maria De Marsico - demarsico@di.uniromal..it
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Typed feature structures

* Typed feature structures are an extension of the representation
whereby feature structures and atoms are assigned to hierarchically
ordered types

» Hierarchy represents domain-specific as well as domain-
independent knowledge using IS-A and IS-PART-OF relafions.

+ Typed feature structure unification requires pairs of feature structures
or pairs of atoms which are being unified to be compatible in type.

+ To be compatible in type, one must be in the transitive closure of the
subtype relation with respect to the other.

» The result of a typed unification is the more specific feature structure
or atom in the type hierarchy.

+ Typed feature structure unification is ideally suited to the task of
multimodal infegration A we want fo determine whether a given
piece of, say, gestural input is compatible with, say, a given piece of
spoken input, and if they are compatible, to combine the two inputs
into a single result that can be interpreted by the system.

» Unification is appropriate for multimodal integration because it can
combine complementary or redundant input from both modes but
rules out coniradictory inputs.

A Maria De Marsico - demarsico@di.uniromal..it o

Example

object:

color; red ‘ PPN
Iabel: “Barhed Wirs" command ‘create barbed wire

line_ob)__

coordlist:
location: | [(95301 34360
T |r95308,94368),

Jine (595310, 94350)]

rtyle: ha:bed_wire] feature structure assigned to the

create_lind -
Type: create_line Type: line_ob
Feature: object 7 Feature: style
Value: feature straucture of type // Value: barbed_wire
line_ob
Feature: color
Feature: location Value: red
Value: feature structure of type line
e Feature: label
Type: line €<— Value: “Barbed Wire”

Feature: coordlist
Value: [(95301, 94360,

° gggg?g: nggg;i Maria De Marsico - demarsico@di.uniromal..it
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Representation of partial
meaning

* The use of feature structures as a semantic representation framework
facilitates the specification of partial meanings.

» Spoken or gestural input which partially specifies a command can be
represented as an underspecified feature structure in which certain
featfures are not instantiated, but are given a certain type based on
the semantics of the input

° Maria De Marsico - demarsico@di.uniromal..it

Representation of partial
meanin

» For example, if a given speech input can integrated with a line
gesture, it can be assigned a feature structure with an underspecified
location feature whose value is required to be of type line

atvle: barbed wrire
ohject: color: red
line ok label: “Barbed %ire”

location: . [ ]
create lnd line

feature structure assigned to the spoken phrase 'barbed wire'

» This phrase is interpreted as a partially specified creation command.

» Before it can be executed, it needs a location feature indicating
where to create the line, which is provided by the user's drawing on
the screen.

° Maria De Marsico - demarsico@di.uniromal..it
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Examples of interpretation

* The user's gestures can be assigned a number of
interpretations, for example, both a point interpretation
and a line interpretation

» Interpretations are represented as typed feature

structures.
cootd @E305 coordlist:
location: location:  |[E520154360),
point cootd F4365 (95305 24355),
line (G535 10943800]
cormnmand cotmmand

+ Confinuing our example, interpretations of gestures as
location features are assigned the more general
command type which unifies with all of the commands
supported by the system, one of which is create_line

A Maria De Marsico - demarsico@di.uniromal..it

" Multimodal Compensation.

* |In our example, both speech and gesture have only partial
interpretations, one for speech, and two for gesture.

» The speech interpretation requires its location feature to be of
type line A only unification with the line interpretation of the
gesture will succeed and be passed on as a valid multimodal
interpretation B N

style: barbed _wrire

object: color: red
label: “Barbed Wire™
line_aob]__
toordlist:
- [¥95301 2436070

{95305 ,94365,

. _|(95310,94350)]
create_lind ling _

+ To select the best unified interpretation among the
alternative solutions probabilities are associated with each
° UnlmOdOI InpUT- Maria De Marsico - demarsico@di.uniromal .it
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Grammars with typed
feature structures

Going further, Johnston (1998) introduces a
grammar representation in which spoken phrases
and pen gestures are the terminal elements of the
grammar, referred to as lexical edges.

Each lexical edge is assigned grammatical
representations in the form of typed feature
structures

Maria De Marsico - demarsico@di.uniromal..it

Melting pots

A melting potis a 2-D structure, in which the vertical axis
contains the “structural parts”, i.e. the task objects
generated by the input actions of the user, and the
horizontal axis is the time.

The fusion is performed within the dialogue manager by
using a technique based on agents.

Structural parts
i
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Melting strategies

Three criteria are used to trigger the fusion of
melting pofs.

Microtemporal fusion is used fo combine
information that is produced either in parallel or
over overlapping time intervals.

Macrotemporal fusion takes care of either
sequential inputs or time intervals that do not
overlap but belong to the same temporal window.
Contextual fusion, serves to combine input
according to contextual constraints without
aftention to temporal constraints.

Maria De Marsico - demarsico@di.uniromal..it

Melting

Structural pars infoij: piece of information stored in the
.‘« ) structural part pj of mi.
p finde I | Tinfoij: fime-stamp of infoij.
il 1 T = Tmaxi: time-stamp of the most recent
21T 1 d piece of information stored in mi.
i : 2 Tmini: time-stamp of the oldest piece of
_r il) T:me iINfOrmation stored in mi.
T = v vl 73 7= -P Temp_wini: duration of the temporal
J_TI_"“_| o _IT:"';J window for mi.
'.(i—“J Trmp_-iniquu—ﬂ mn-lm-u,, Dt: Remaining life span for mi.
apy- Liffe spam

melting pot mi: mi=(p1, p2...., Pj...., PN): Miis comprised of n structures p1, p2, ...pN.

The temporal window of a melting pot defines the temporal proximity (+/- Df) of
two adjacent melting pots: for mi=(p1, p2,...pn), Temp_wini=[Tmini-Df, Tmaxi+Dt].
Temporal windows are used to trigger macrotemporal fusion. The last metrics
used to manage a melting pot is the notion of life span Expi:
Expi=Tmaxi+Dt=Max(Tinfoij)+Dt.

This notion is useful for removing a melting pot from the set of candidates for

fusiop.

Maria De Marsico - demarsico@di.uniromal..it °
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Semantic frames

* Input from each modality is parsed and transformed
info a semantic frame containing slots that specify
command parameters, such as the action to carry
out or the object to act on.

* The information in these partial frames may be
incomplete or ambiguous.

» A domain independent frame merging algorithm
combines the partial frames into a complete frame
by selecting slot values from the partial frames to
maximize a combined score.

Maria De Marsico - demarsico@di.uniromal..it .

Conclusions about decision-
based strategies

* Main advantages:

o multi-tasking, as different multimodal channels,
recognizers and interpreters are arranged for carrying
out independent unimodal input processing at the
same fime

o the possibility fo use standard and well-tested
recognizers and interpreters for each modality.
* Main drawbacks:

o high complexity of the inter-modality disambiguation,
particularly when dealing with more complex
modalities that need not only pairs item-time but full
lattices from each channel to disambiguate the
multimodal input.

Maria De Marsico - demarsico@di.uniromal..it
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Hybrid Multi-Level
Fusion Strategies

In the hybrid multi-level approach, the integration
of input signals is distributed among the acquisition,
the recognition and decision levels.

Examples of methodologies that have been
applied in literature:

o finite -state transducers (Johnston and Bangalore,
2000)

o multimodal grammars (Sun et al., 2006; D'Ulizia et
al., 2007)

Maria De Marsico - demarsico@di.uniromal..it

Finite State Transducers

Finite-state transducers (FST) are finite-state automata
(FSA) where each fransition consists of an input and an
output symbol.

A transition is traversed if its input symbol matches the
current symbol in the input and generates the output
symbol associated with the transition.

An FST can be regarded as a 2-tape FSA with an input
tape from which the input symbols are read and an
output tape where the output symbols are written.

A finitestate device parses multiple input streams and

combines their content into a single semantic
representation.

For an interface with n modes, a finite state device
operating over n+1 tapes is needed (n input streams + 1
intferpretation output)

Maria De Marsico - demarsico@di.uniromal..it
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Finite State Transducers

The structure and interpretation of multimodal
commands of can be captured declaratively in a
multimodal context-free grammar.

In general a context-free grammar can be
approximated by an FSA

The transition symbols of the approximated FSA are the
terminals of the context-free grammar and in the case of
multimodal CFG these terminals contain n+1
components (n modes + interpretation)

This approach does not support mutual disambiguation,
i.e., using information from a recognized input to enable
the processing of any other modality.

Maria De Marsico - demarsico@di.uniromal..it

Multimodal grammars

The outcomes of each recognizer are considered
as terminal symbols of a formal grammar and
consequently they are recognized by the parser as
a unique multimodal sentence.

In the interpretation phase the parser uses the
grammar specification (production rules) to
interpret the sentence.

The unique multimodal input can be represented
by using the TFS (Typed Feature Structures)

Maria De Marsico - demarsico@di.uniromal..it
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Conclusions about Hybrid
Multi-Level Fusion Strategies

* Main advantages:

o similarity with the paradigm used in the human-
human communication, in which the dialogue is
considered as a unique linguistic phenomenon.

* Main drawbacks:

o high complexity of the inter-modality disambiguation.

° Maria De Marsico - demarsico@di.uniromal..it

Fusion: how?

+ Statistical methodologies are often applied to
decide on the interpretation of a multimodal
sentence according to the knowledge of the
acquired input signals.

» Classical statistical models applied in the literature
are bayesian networks, hidden markov models,
and fuzzy logic.

+ Artificial intelligence-based techniques, such as
neural networks and agent theory are also well-
suited for classification and recognition tasks in the
multimodal fusion domain.

° Maria De Marsico - demarsico@di.uniromal..it
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Statistical methods

» |Input signals can be characterized by a certain degree of
uncertainty associated with the imperfection of data,
frequently hard to recognize.

+ To deal with this uncertainty statistical models consider
previously observed data with respect to current data to
derive the probability of an input

*  Many multimodal systems, especially those that perform the
fusion at recognition level, rely on statistical fusion strategies
that use models of probability theory to combine
information coming from different unimodal inputs.

* Three main statistical methods can be applied in the fusion
process:

0 bayesian network
o hidden markov models
o fuzzy logic
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Artificial Intelligence methods

+ Often used to perform the fusion of input signals at
recognition and decision levels.

* Examples:

* agent - based techniques ( Nigay and Coutaz, 19995)

« neural networks (Meier et al., 2000; Lewis and
Powers, 2002).
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