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Abstract
In this paper, we propose a computational scheme named
an interval-based linear hybrid dynamical system (ILHDS)
to represent complex dynamic events based on temporal intervals, each of which is characterized by linear dynamics
and its duration. We then propose a cross-media timingstructure model to represent dynamic structures among
multiple media signals based on the relation of temporal
intervals described by multiple ILHDSs. To evaluate the
proposed scheme, we conducted experiments on media conversion that generates lip video from an input audio signal.

1. Introduction
Understanding the meaning of user commands and presenting appropriate information to a user is one of the
primary objectives of human-machine interaction systems.
Most of the existing approaches, therefore, set the goal to
realize interaction systems that understand semantic information specified by a user and generate attractive presentation to a user using multimedia data such as text, graphs,
pictures, video, sound, and so on.
While such multimedia interaction systems are important, users sometimes feel frustration when the systems
get out of human interaction protocols. That is, the systems often ignore dynamic features such as acceleration patterns, pause lengths, tempo speed, and rhythms, which convey rich nonverbal and non-semantic information in human
communication.
In this paper, we attempt to model such dynamic features or temporal structures in verbal and nonverbal communication based on a novel computational model, named
an interval-based linear hybrid dynamical system (ILHDS).
A hybrid dynamical system is the integration of two types of
dynamical systems: one described by differential equations,
which is suitable for describing physical phenomena (con-

Abstraction
Recognition

Concept
Concept
Subjective
Subjective
Time
Time

Memorybased
Memory
based
state
state
space
space
DS1
DS1
Turing Machine
Turing
Machine
Mode Switching
Mode
Switching

Metricstate
Metric
statespace
space
Differential Equation
Differential
Equation
Attractor
Attractor

Symbol
Grounding
Realization

DS2
DS2

DS3
DS3

Objective
Objective
(Physical)
time
Time

Observation
Observation Robot Gesture Speech Sound Image Video

Long term context
Discrete structure
Automaton
Markov model
Time as
Time
asordinal
ordinal
state transition
state
transition
Short term context
Continuous space
Differential system
Neural network
Time as
Time
asphysical
physical
metric entity
metric
entity

RealWorld
Real
World

Figure 1. Architecture of hybrid dynamical
systems.
sider time as physical metric entity), and a discrete-event
system, which is suitable for describing human subjective
or intellectual activities (consider time as ordinal state transition) (Figure 1).
We developed ILHDS based on the following rationale.
Firstly, we assume that a complex human behavior consists
of dynamic primitives, which are often referred to as motion elements, movemes, visemes, and so on. For example,
a cyclic lip motion can be described by a cyclic sequence
of simple lip motions such as “open”, “close”, and “remain
closed”. Once the set of dynamic primitives is determined,
a complex behavior can be partitioned into “temporal intervals”, each of which is characterized by a dynamic primitive
and its temporal duration.
Secondly, we assume that not only temporal orders of
motion elements but also their duration lengths or temporal differences among beginning and ending timing of the
temporal intervals convey rich information in human communication.
Based on the assumptions above, we proposed ILHDS
for modeling dynamic events in terms of temporal intervals.
The system has a two-layer architecture consisting of a finite state automaton and a set of linear dynamical systems.
In this architecture, each linear dynamical system represents

the dynamics of a motion primitive and corresponds one to
one to a discrete state of the automaton. In other words,
the automaton controls the activation order and timing of
the linear dynamical systems. Thus, ILHDS can model and
generate multimedia signals that represent complex human
behaviors.
In spite of the flexibility of the systems, the learning process has a difficulty due to its paradoxical nature; that is, it
requires us to solve temporal segmentation and system identification problems simultaneously. We therefore propose a
two-step learning method as we describe in Section 4.
Applying multiple ILHDSs to human communication,
we can successfully extract dynamic features of the behaviors based on relations of temporal intervals. In this paper,
we focus on modeling cross-media timing structures and analyzed synchronization/delay mechanisms between mouth
motion and speech utterance. Thanks to the model, we successfully generate lip video from an input audio signal (see
Section 5 for details).

2. Related Work
Segment models [6] have been proposed in speech
recognition fields as the unified model of segmental
HMMs [4]. This model uses the segment as a descriptor,
which has a duration distribution. The segment represents
a temporal region in which one of the states is activated,
and the total system represents phonemes and subwords as
a sequence of the segments.
While ILHDS also explicitly represents duration, the
concept of the system is different from the segment models because we concentrate on modeling temporal structure
among multiple events rather than only the duration lengths
of events. We use the term intervals instead of segments because our motivation is bringing Allen’s temporal interval
logic [1], which exploits 13 topological relations between
two intervals (e.g., meets, during, starts with, etc.), into the
class of hybrid systems.
Once the intervals are explicitly defined, we can fabricate more flexible models to represent cross-modal temporal relations such as timing among concurrent dynamics appeared in man-machine interaction.

3. Interval-Based Linear Hybrid Dynamical
System
3.1. System Architecture
ILHDS has a two-layer architecture (Figure 2). The first
layer (the top of Figure 2) records a finite state automaton
as a discrete-event system that models stochastic transitions
between discrete events. The second layer (the second top
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Figure 2. Interval-based linear hybrid dynamical system for modeling a single signal

of Figure 2) consists of a set of linear dynamical systems
D = {D1 , ..., DN }. To integrate these two layers, we introduce intervals (the bottom of Figure 2): each interval is
described by < qi , τ >, where qi denotes a state in the
automaton and τ the physical temporal duration of the interval. Each state in the automaton corresponds to a unique
linear dynamical system recorded at the second layer: qi
denotes the label of the corresponding linear dynamical
system as well as a state in the automaton. As a result,
the automaton has a discrete state set Q = {q1 , ..., qN }.
Note that multiple different intervals can correspond to the
same state in the automaton; that is, their dynamics are described/controlled by the same linear dynamical system.
When a temporal sequence of observed signal data yt ∈
Rm , is given, it is first transformed into a sequence of internal states xt ∈ Rn . Then, that sequence is partitioned
into a sequence of intervals. That is, the internal state sequence is partitioned into a group of sub-sequences so that
the dynamic state variation in each sub-sequence can be described by a linear dynamical system, which is denoted by
qi recorded in the interval covering that sub-sequence.
Once ILHDS has been constructed by learning as will
be described in Section 4, it can generate a multivariate
signal sequence by activating the automaton: the activated
automaton first generates a sequence of intervals, each of
which then generates a signal sequence based on its corresponding linear dynamical system (the bottom of Fig-

ure 2). Note that the activation timing and period of the linear dynamical system are controlled by the duration length
recorded in the interval.

3.2. Linear Dynamical Systems
The state transition of dynamical system Di in the internal state space, and the mapping from the internal state
space to the observation space is modeled by the following
linear equations:
xt
yt

(i)

= F (i) xt−1 + g (i) + ωt
= Hxt + υt ,

(1)

where F (i) is a transition matrix and g (i) is a bias vector. H
is an observation matrix that defines linear projection from
the internal state space to the observation space. ω (i) and
υ is the process noise and the observation noise, which are
modeled by Gaussian distributions respectively. Note that
each dynamical system is defined by F (i) , g (i) , and ω (i) .

3.3. Interval-Based State Transition
In this section, we define the transition of discrete states
in the automaton that generate interval sequences. Here, we
assume first-order Markov property for the generated intervals. A major difference from conventional state transition
models, such as hidden Markov models, is that the automaton models the correlation between duration lengths of adjacent intervals as well as the transition of discrete states.
Let I = I1 , ..., IK be an interval sequence generated by
the automaton. To simplify the model, we assume that adjacent intervals have no temporal gaps or overlaps. Here,
the interval Ik depends only on the previous interval Ik−1
because of the Markov property assumption. Then, the
Markov process of intervals can be modeled by the following conditional probability:
P (Ik =< qj , τ > |Ik−1 =< qi , τp >),
which denotes the probability that interval < qj , τ > occurs
after interval < qi , τp >.
The computation of probability P (Ik =< qj , τ >
|Ik−1 =< qi , τp >) requires a large parameter set, which
does not only increase computational cost but also incur the
problem of over-fitting during a training phase. We therefore use a parametric model for the duration length distribution. That is, for each state transition in the automaton, we
record P (qj |qi ) together with a parametric distribution for
P (τ |τp , qi , qj ).

4. Learning Process for ILHDS
Let us assume that only a group of multivariate signal
sequences is given as training data. Then, in most of hybrid

dynamical systems, the system identification process that
estimates system parameters becomes difficult because of
its paradoxical nature. That is, the system consists of a set
of subsystems (in our case, linear dynamical systems) and
the parameter estimation of each subsystem requires partitioned training data to be modeled by that subsystem, while
the segmentation process of training data requires a set of
identified subsystems. Moreover, the number of subsystems
is also unknown in general.
The expectation-maximization (EM) algorithm is one of
the most common approaches to solve this kind of paradoxical problems. The algorithm estimates parameters based
on the iterative calculation. In each step, the algorithm conducts model fitting to training data using the model parameters that were updated in the previous step. Then, the parameters are updated based on the result of the current model
fitting process.
However, the EM algorithm-based parameter estimation
method involves two problems: (1) initialization of the EM
algorithm, and (2) estimation of the number of subsystems.
To solve the difficulties in the learning process, we divide
the estimation process into two steps: clustering of dynamical systems to estimate a set of required dynamical systems
and parameter refinement of the overall system.
We here assume that internal-state sequences have been
estimated from observation sequences; that is, an observation matrix H and distribution parameters of observation
noise υ have been estimated based on prior knowledge or
system-identification techniques [7].
[Step 1] Clustering of Dynamical Systems.
The first
step is a clustering process that finds a set of dynamical systems required to describe training data: the number of the
systems and their parameters. This step employs a typical
data sequence as training data. Then, an agglomerative hierarchical clustering is applied to the training data to estimate
a set of dynamical systems required to model the data (Figure 3):
1. Partition the training sequence into a group of very
short sub-sequences and estimate a dynamical system
that can model each sub-sequence respectively.
2. Compute the distance between each pair of estimated
dynamical systems.
3. Integrate the closest pair of dynamical systems: compute parameters of the integrated dynamical system
based on such sub-sequences that were modeled by the
pair of dynamical systems to be integrated.
4. Iterate the above integration process until the closest
distance between a pair of dynamical systems becomes
greater than a pre-specified value.

Sampling points in the internal-state sequence
The number of
the systems is N
Interval sequence

Once the system parameters have been identified, each
sequence in the training data set can be described by a sequence of intervals respectively, which then is used to estimate parameters of the automaton. Firstly note that a set of
discrete states have been determined uniquely from the set
of dynamical systems obtained by the clustering process.
Then, for each pair of discrete states, the transition probability and the duration length distribution associated with
the state transition are computed. Thus, ILHDS is identified.
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Figure 4. The result of lip motion segmentation using clustering of dynamical systems.

After this process, we get the number of required dynamical systems N and approximate parameters of the dynamical systems. Since this approach agglomerates not the input
data but dynamical models, the method can be considered as
one of model-based hierarchical clustering techniques [8].
Figure 4 shows the result of lip motion segmentation using the proposed clustering method. We see that the lip
sequence is divided by four dynamics: “remain closed”,
“open”, “remain open”, and “close”.
[Step 2] Refinement of the Parameters.
The second
step is a refinement process of the system parameters based
on the EM algorithm. The process is applied to all training
data, whereas the clustering process is applied to a selected
typical training sequence. While the EM algorithm strongly
depends on its initial parameters, the clustering step provides an initial parameter set that is relatively close to the
optimum.

Measuring dynamic human actions such as speech and
music performance with multiple sensors, we can obtain
multimedia signal data. We human usually sense/feel crossmodal dynamic structures fabricated by multimedia signals
such as synchronization and delay. For example, it is wellknown that the simultaneity between auditory and visual
patterns influences human perception.
The cross-modal timing structure is also important to
realize multimedia systems such as human computer interfaces (e.g., audio-visual speech recognition systems [5])
and computer graphics techniques that generate some media
signal from another (e.g., lip sync to input speech [2]).
Dynamic Bayesian networks, such as coupled hidden
Markov models [5], are often used as media integration
methods. These methods describe co-occurrence or temporal adjacency of states in different media data. While such
methods enable us to represent short-term cross-media relations, they are not well suited to describe systematic and
long-term cross-media relations. For example, an opening lip motion is strongly synchronized with an explosive
sound /p/, while the lip motion is loosely synchronized with
a vowel sound /e/.
To represent such systematic and long-term synchronization/delay and mutual dependency among multimedia signals, here we propose a novel model based on ILHDS. For
each media signal sequence in multimedia data, we first
apply ILHDS to obtain the interval sequence respectively.
Then, by comparing intervals of different media signals,
we construct a cross-media timing-structure model, which
is a stochastic model to describe temporal structures across
multimedia signals.

5.2

Modeling Cross-Media Timing Structures

Applying ILHDS to each media signal sequence in multimedia data, we obtain a group of interval sequences (the
top in Figure 5). Let Ik be an interval of mode Mi in one of
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Figure 5. Learning timing-structure model.
the obtained interval sequences and Ik′ ′ an interval of mode
Mp′ in another interval sequence overlapping with Ik . Note
that modes Mi and Mp′ specify the linear dynamical systems that describe dynamics in intervals Ik and Ik′ ′ respectively. Let bk (ek ) and b′k′ (e′k′ ) denote the beginning (ending) points of intervals Ik and Ik′ ′ , respectively.
To model the cross-media relation between modes Mi
and Mp′ , we collect all pairs of overlapping intervals that
satisfy the same temporal relation as that between Ik and
Ik′ ′ and compute
P (bk − b′k′ , ek − e′k′ |mk = Mi , m′k′ = Mp′ ),

(2)

where mk and m′k′ are the modes of interval Ik and Ik′ ′
( the bottom in Figure 5). We refer to this distribution as
a temporal difference distribution. This distribution represents rich cross-media synchronization structures between
a pair of different media signals. For example, if the peak
of the distribution comes to the origin, the two modes tend
to be synchronized each other at both beginning and ending
points, while if bk − bk′ has large variance, the two modes
loosely synchronized at their onset timing.
Note that we compute temporal difference distributions
for all possible mode pairs and record them as fundamental
characteristics of the cross-media timing structure of a given
multimedia signal data. In addition to a set of such temporal difference distributions, we also model which mode pair
tends to overlap with each other across different media (cooccurrence probabilities of modes), and which mode pair
tends to appear in neighboring intervals in each media signal data (mode-transition probabilities). The cross-media
timing structure is defined by these mutual dependency relations between modes.

5.3. Timing-Based Media Conversion
Once the cross-media timing-structure model is learned
from simultaneously captured multimedia signal data, we
can exploit the model for generating one media signal from

The key process of this media conversion lies in step
2. Let Φ be the cross-media timing-structure model that
is learned in advance. Then, the problem of generating an
interval sequence I from I ′ can be formulated by the following optimization:
Î = arg max P (I|I ′ , Φ).
I

(3)

In the equation above, we have to determine the number of intervals K and their properties, which can be described by triples < bk , ek , mk > (k = 1, ..., K), where
bk , ek ≤ T and mk ∈ M. Here, T is the length of
signal S ′ , and M is the set of modes of intervals (i.e.,
set of linear dynamical systems fixed at the learning process). If we searched for all possible interval sequences
{I}, the computational cost would increase exponentially
as T becomes longer. We therefore use a dynamic programming method to solve Equation (3), where we assume that
generated intervals have no gaps or overlaps; thus, pairs
< ek , mk > (k = 1, ..., K) are required to be estimated
under this assumption.

5.4. Experiments
To evaluate the descriptive power of the proposed crossmedia timing structure model and the performance of the
media conversion method, we conducted experiments on
the lip video generation from an input audio signal.
Feature extraction. A continuous utterance of five vowels /a/,/i/,/u/,/e/,/o/ (in this order) was captured using mutually synchronized camera and microphone. The utterance
was repeated nine times (18 sec.). A lip region in each
video image was extracted by the active appearance model
(AAM) [3]. Filter bank analysis was used for the audio feature extraction and the principal component analysis (PCA)
was used for visual feature extraction of the lip motion.
These features were used as observed data to train ILHDS.
Learning the cross-media timing-structure model.
Using the extracted audio and visual feature vector sequences as signal S ′ and S, we estimated the number of
modes and parameters of each mode, partitioned each signal into an interval sequence, and then computed the crossmedia timing structure according to the method described
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structed, each of which estimated visual feature vector yt from 2a + 1 frames of audio feature vectors
yt−a , yt−a+1 , ..., yt , ..., yt+a , where a = 3, 4, ..., 9. Figure
7 shows the average error norm per frame of each model
when a = 3, 5, 6, 7, 9. We see that our method provide the
smallest error compared to the regression models 1 .
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in Section 5.2. The estimated number of modes was 13 and
8 for audio and visual modes, respectively. The segmentation results are shown in Figure 6 (the first and second
rows). Because of the noise, some vowels were divided into
several different audio modes.
Evaluation of timing generation.
Based on the estimated cross-media timing-structure, we applied the media
conversion method in Subsection 5.3: we used an audio signal interval sequence included in the training data of ILHDS
as an input (source) media (top row in Figure 6) and converted it into a video signal interval sequence (third row in
Figure 6).
Then, to verify the performance of the media conversion method, we first compared the converted interval sequence with the original one which was generated from the
video data measured simultaneously with the input audio
data (second row in Figure 6). Moreover, we also compared
the pair of video data: one generated from the converted interval sequence (second bottom row in Figure 6) and the
originally captured one (bottom row in Figure 6). From
these data, the media conversion method seemed to work
very well.
To quantitatively compare our method with others, we
generated feature vector sequences based on several regression models. Seven regression models were con-

We proposed ILHDS as a novel computational model to
represent dynamic events and structures. Applying ILHDS
to human behavior analysis, we can successfully extract dynamic features based on the relation of temporal intervals,
and analyze the synchronization/delay mechanism between
mouth motion and speech utterance.
In this paper, we concentrated on modeling a single human behavior rather than multiparty interaction, because
our first concern is to see the effectiveness of ILHDS for
modeling and learning dynamic events and structures from
multimedia signals. Currently we are extending the proposed scheme to model multiparty interaction by describing
timing structures among dynamic primitives (e.g., pitch and
intensity patterns in utterances) appeared in each of individuals, and to realize natural human-machine interaction.
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