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Abstract—Anytime systems represent a subfamily of the re-
altime ones. They provide continuous operation even in cases
when the circumstances are changing, e.g temporary shortage
of time, changing computational power, etc. As the available
computation time decreases, the accuracy of the computation
becomes negatively affected. Iterative algorithms support this
kind of computation. Unfortunately the construction of iterative
algorithms is complex and their usability is limited. In this paper
a novel method for anytime systems with modular architecture
is introduced. The main aim of the proposed algorithm is to
extend the applicability of anytime systems. The effectiveness of
the algorithm is demonstrated on a categorization problem.

I. INTRODUCTION

Today, there are various applications where the computing
must be carried out on-line, with guaranteed response time and
limited resources. Moreover, the available time and resources
are not only limited but may also change during the operation
of the system. Good examples are the modern computer-based
diagnostics and monitoring systems, which are able to super-
vise complex industrial processes and determine appropriate
actions in cases of failures or deviation from the optimal opera-
tional mode. The problem of time and/or resource insufficiency
can occur also in less critical situations where the performance
of the system is optimized by criteria functions taking into
account the time and accuracy as cost factors, as well. The
idea of soft computing is originated from this fact [1]. Anytime
systems [2] are a special type of real time systems used when
the processing has to cope with the changing resource, time,
and/or data availability. The processing can continuously be
kept on by temporary using a reduced amount of processing
time and data however with a burden of degrading the output
quality.

The starting of anytime processing can be traced back to the
starting of artificial intelligence (AI) where the point of origin
was related to the following question: how can we limit the
amount of thinking of artificial agents when solving complex
real-time problems. A rational agent should find a trade-off
between resource consumption and output quality. This idea
led to the generalization of the standard call-return mechanism,
which stands for a mapping from the set of input and time
allocation into the set of output. The reasoning about reasoning
has been generally referred to as meta-reasoning (see e.g. [3]
[4]) and it can be used in various ways in order to improve

the performance of systems by selecting the most appropriate
base level reasoning procedure in any given situation or by
dynamic allocation of computational resources to competing
computation sequences.

A great leap forward was the definition of (interruptible)
anytime algorithms introduced by Dean and Buddy in 1988
[5]. However, using only interruptible algorithms, significantly
limits the application area of anytime methods which resulted
in the use of contract algorithms [6]. The anytime concept
was further generalized to data insufficiency in 1998 [7] and
a universal modular frame for contract type anytime systems
has been defined in [8]. Today, contract algorithms may have
a possibly even more significant role in anytime systems,
however interruptible algorithms have remained very popular
because of their easy handling and less information need.
Today, we can find a wide range of fields where the anytime
concept can be utilized successfully (see e.g. [9] - [12]).
Although, it is clear that in real-life anytime systems there are
still difficulties to be solved. One of the main problems is that
the operation of the supervisor (responsible for detecting the
problems and making decisions about the resource and time
settings of the used algorithms) also needs time. This decreases
the operational time (and thus also the output quality) of the
processing itself. A further serious problem can be caused
by the compilation of the actual realizations of the solution.
It is known that it belongs to the NP complete problems
and the size of the needed storage for the results of the
compilation grows exponentially with the number of modules.
Further,in case of using conditional performance profiles, the
possible count of the variations can significantly increase the
complexity. This paper, focuses on the performance profiles
and analyze an anytime solution of categorization problems
where identifiable objects can be divided into groups based
on different parameters. The parameters have an effect on the
performance profiles of the modules as well which can be
interpreted as if the groups would be differentiated among the
importance of the modules. The paper proposes a solution for
handling this issue. The effectiveness of the presented anytime
framework and algorithms is illustrated by an application in
which fruits are identified based on their color, shape, and
size. The highest quality decision depends on the fruits to be
compared, e.g. to make difference between a banana and a
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cherry the color and the shape is more important than the
size while in case of a cherry and a peach the size is the
most important feature. The presented implementation offers
a general solution for the performance profile problem and it is
able to handle most of the anytime cases. The rest of the paper
is organized as follows: In Section II anytime systems with
modular architecture are detailed. Section III addresses the
binding procedure, i.e. how and when the connections between
the units are built. Section IV the categorization problem is
defined. Section V is devoted to an example in which fruits are
categorized on anytime basis. In Section VI possible directions
of future research are outlined, and finally, in Section VII
conclusions are reported.

II. ANYTIME SYSTEM WITH MODULAR
ARCHITECTURE

Iterative algorithms are promising tools in anytime systems,
but unfortunately their usability is limited. In many cases, this
leads to a solution, where a given problem is divided into sub
problems. The basics of the procedure have been published in
[13] and[14]. In [14] an anytime modular architecture is sug-
gested which is composed of modules realizing the subtasks of
a given problem. Each module consists of one or more units.
The units within a module contain different realizations of the
computation algorithm for a certain problem. On module level,
each unit has the same interface but the internal structure and
features of the units can be different. The module functionality
is defined at module level and the units within the module
implement the same functionality with different attributes.
Based on these parameters, an expert system responsible for
choosing the appropriate units, activates the suitable ones and
connects the modules via these activated units. The block
diagram of this type of system is shown by the Fig. 1.
In classical anytime systems ([13]) a performance profile is
assigned to the modules. In the modular architecture proposed
in [14], the performance profiles are assigned to the units. The
complexity of the anytime system is directly influenced by
the number of modules together with the possible connections
among them. The increased complexity has an effect on the
compilation time and on the required storage capacity for the
results.

Anytime systems without modular architecture usually
use single-input-single-output (SISO) or multiple-input-single-
output (MISO) internal architectures. These architectures de-
fine the module dependencies. The connections can always
be represented by a directed acyclic graph (DAG). The com-
pilation methods rely on the DAG because the goal of the
compilation is to find the maximum output quality for a given
runtime configuration. In case of using modular architecture,
the connections among the modules usually do not change.
Although, it is clear, that this DAG is non-exactly defined
because the units have different performance profiles, i.e.
define different DAGs actually. As a result, the anytime
compilation of the anytime system with modular architecture
requires different implementation approach than the classical
one.

Fig. 1. Anytime system with modular architecture [15]

A. Compare anytime systems

To compare two different anytime solutions given to the
same problem is a complex task because the usable algorithms
are highly dependent on the architecture. The selection of
the right architecture represents an essential step of the
development. Let us recall the most important definitions.
As mentioned already the iterative algorithms are characterized
by their performance profile. The performance profile is the
relation between the execution time and the quality of the
output. Various types of performance profiles has been already
defined, where differences in the applied input parameters
can be observed, e.g. the quality of the input which stands
for a general parameter. The presence of the quality input
indicates that the performance profile is a conditional one. In
this paper we are focusing on performance profiles of such
type only, but the proposed technique is adaptable to other
type of profiles, as well.

Let Q(t) denote the expected output quality with execution
time t.
In case of a conditional performance profile let us use the
notation Q(q, t), where q stands for the quality of the input.
The conditional performance profiles are more frequently used,
because the modules calculations depends on the input quality.
Most of already published compilation procedures are focusing
on CPPs. Because they behave differently, they can not be
involved directly in the proposed algorithm. Therefore the
following simplification procedure is applied to eliminate the
differences, such a way ensuring that the CPP compilation
methods will be able to handle the PPs without any modifica-
tion.

The maximum possible quality is 1. If the performance
profile does not depend on the quality of the input then
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its value is set to 1. We will use Q(q, t) for CPP and PP
with this extension, where in case of PPs q is ignored. The
corresponding proofs of compilation methods can be found
in [17] and [15]. The compilation procedure is expressed as
follows:

CM0,M1, ...Mi,

where Mi represents a module. If the module is constructed
with units then the output shall be calculated for all of
them. Because the compilation procedure depends on the
system structure, it is possible to replace the module with the
compilation of a subpart of the system.

C1M0,M1 CC1,M3, ...Mi

Finally the performance profile output map is generated,
which may have more than two dimensions. If the system is
constructed from normal modules with a DAG structure then
it will have a two-dimensional performance profile map. If
the quality of the input is also considered then the PP map
will have three dimensions. In case of a modular architecture
the map will be multi-dimensional. Comparing two maps with
different dimensions is not feasible. Even the comparison of
event maps with the same dimension is not trivial.

Our proposal to the problem is the following: Representative
set of input data is required for this method. This set shall
represent the occurrence probability of the data, the execution
time distribution and the input quality distribution. The set
contains elements according to the previously declared points.
If required, weight can be assigned to a given property.
According to the assigned weight the number of the given ele-
ments is decreased or increased. If the whole set is calculated
using a given map then we get a two-dimensional performance
profile map, which are easily comparable. The quality of the
compare is depends on the validity of the representative set.

III. BINDING

Due to the fact that the selection of the used units is done
during runtime, the compilation of the concrete system con-
figurations is handled individually. The connections between
the units are called bindings. Binding time means the time
when the units are interconnected. The decision related to
the possible connections is called binding decision. We define
two types of binding: early binding and late binding. Early
binding means that the route is selected before the anytime
system starts the processing of the current round. In this case,
all the calculations on the performance profiles can be done at
compilation time. Late binding means that the binding decision
is made during the anytime processing. The decision made
after a certain module produces its output and before the next
module starts the processing. The drawback of this solution
is the increased number of considerable performance profiles
because all possible remaining paths have to be taken into
account. However, in most of the cases the late binding is
more advantageous than the early one or it could be the only
possible solution, as well. This is the case in our categorization
example. During the categorization, the binding decision is

based on the output of the previous module. There are two
ways to use the late binding techniques. First, the patterns
and/or the rules of the binding (used in the binding decision)
are defined at compile time. The other case is when the deci-
sion uses some kind of learning and/or adaptive technics. The
binging decision may also require a minimum output quality.
In a traditional anytime systems compilation, the required
output of a module depends on the current units or modules
defined by the predefined route of the system. In case of the
late binding, there are many possible concurrent routes. Thus,
the performance profile calculation usually becomes complex
because the performance profiles of all the units are parts of
the compilation. This procedure rely on the compilation of the
underlying compilation method. The compilation procedure
has the following form:

Compilation procedure:
begin

for ti = 0 to tmax

foreach M MODULES of SY STEM
foreach U UNITS of M

foreach P PATHS of SY STEM
Calculate required Q on P path for U unit

end
Qmax = max{QP }
Q of U isQmax on all path

end
end
Calculate the final profile of ti

end
Calculate the final profile

The late binding always has to calculate with the worst-case
performance profile. This procedure may be become faster if
partial results are cached. On some paths it causes wasted
time, but we dont know about it until the unit is finished the
calculation and the binding decision is made. Furthermore, the
late binding brings an additional uncertainty into the system,
as well, which is a drawback of the late binding. However,
using the late binding carries more benefits than disadvantages.
Additionally anytime systems can be used in a wider range of
problems than regular approaches.

IV. CATEGORIZATION PROBLEM

Let us formulate the categorization problem, as follows:
Suppose that there are given objects belonging to certain
groups. Categorization means that the elements are identified
and associated with the group to which they belong. The
identification procedure has several steps. The aim of each step
is to determine a certain property of the object. Suppose that
all of the steps can be implemented as iterative algorithms.
If it is possible to use different algorithms for a given task
or to use the same algorithm but with different parameters
then these algorithms can be considered as units of a module.
Our assumption is that the importance of the steps is different
when handling different groups in the identification process.
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Fig. 2. Spread of a performance profile

Thus, applying the correct sequence by considering the time
constraints, as well better results can be achieved.

V. ILLUSTRATIVE EXAMPLE

Let us present an example to illustrate the effectiveness of
the proposed anytime solution. The introduced system is an
anytime system able to categorize fruits based on the following
properties: size, shape and color. Each property is analyzed by
an iterative algorithm. There are many ways to implement a
shape recognizer algorithm, able to recognize a lot of different
shapes. However, the common property of these algorithms is
the type of the performance profile. The time of recognition
is different for the certain shapes, i.e. the computation time
varies depending on the shape. Thus, the performance profile
points may show a wide spread (see e.g. Fig. 2.). In Fig. 2 the
gray area corresponds to the range of the possible performance
profile points.

If we use this type of algorithm then the compilation has
to consider the worst-case approximation. This leads to an
imprecise result and some wasted time. If the recognizer
algorithm can recognize only one shape then the performance
profile will be more precise, i.e. specialized algorithms are
usually faster than the universal ones. Thus, it is better to build
an anytime shape recognizer module consisting of several
algorithms as units of the module. The conclusion is the same
for the color and the size recognition. The sequence of the
modules is also important. Possibly the most efficient way to
set up the order is to use the same technics as used for the
decision tree calculation. The order may depend on practical
facts as well, i.e. the sequence is usually application specific.
In our example, the following ordering is used: color, size and
shape recognition. The color detection module consists of only
one unit. The color of the fruit defines also the possible sizes
and shapes. Table 1 shows the size and shape consequences
following from the feature-triplets of the possible fruits to be
categorized.

The detection is based on the image of the recognizable
fruit. In the implemented system, the background of the image
is black and it is assumed that no other thing (except the fruit
which is in the center of the image) can be viewed in the
image. Since the recognition may fail, not recognized is also a
valid output of the recognition algorithm. The color detection

Fruit name Color Size Shape
Banana Yellow Middle Banana
Citron Yellow Small Ovate
Pear Green Middle Ovate

Apple Red Middle Circle
Peach Orange Middle Circle
Melon Green Big Circle

TABLE I
FRUIT FEATURE-TRIPLETS

Fig. 3. Performance profiles of the size detection

works with only one parameter: the number of the checked
pixels. The black pixels are ignored. The pixel checking starts
from the center of the image and the progress follows a spiral
curve.

The size detection tries to calculate the circumscribing
square. The parameters of the algorithm are the step size, the
direction of the stepping and the number of sides to check
the borders. To speed up the calculation some modification of
the original algorithm should be performed. In the example,
only two sides are considered because in case of the red or
orange color the fruits have circle shape. Also there is no
any small fruit having such colors, thus the unit should first
check the case of a middle or big fruit. In case of the yellow
color, the banana shape makes the detection more complex.
Fig. 3 shows the used performance profiles of the size detec-
tion. In the implemented system, three different algorithms
are used for shape detection. They formulate the units of
the shape detection module. Their performance profiles are
modeled as depicted in Fig. 4. The block diagram of the fruit
categorization system is shown in Fig. 5. The three modules
correspond to the color, size and shape detection with one, two
and three units, respectively. This defines 4 possible routing
paths. Compare the performance of late binding solution
and other solutions is hard because it depends on the used
algorithms. The right anytime architecture for a given problem
is identifiable.

VI. FURTHER WORKS

As future work we plan to extend our research to several
directions. One possible way may be to apply the presented
concept of late binding in other fields, as well. As an exam-
ple the embedded systems can be good candidates for that.
However, there are many algorithms without any parallelism.
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Fig. 4. Performance profiles of the shape detection

Fig. 5. Structure of the fruit categorization system

Probably in some cases, the binding decision cannot be made.
On the other hand, it is well known that nowadays, the compu-
tational capacity of a single CPU is just slightly increased and
the way of how to significantly improve the computational
capacity of computers is to apply multi core CPUs [16].
Additionally, this tendency requires new techniques applicable
in real-time and embedded systems, as well. One possible
candidate can be the application of anytime systems with
late binding [15] which may open a way to execute more
paths simultaneously. Furthermore, it may allow executing the
binding decision later, such a way lowering the probability of
the wrong binding decision. Of course the parallel execution
raises more questions. Another possible application field is
the fuzzy reasonings like [18]. These applications handle huge
amount of data and consists lots of fuzzy rules. These systems
demand on computation power could be significant. In a
particular application the computation may be powered in an
anytime way.

VII. CONCLUSION

In this paper a new anytime technique, the so called late
binding is introduced. The late binding technique extends the
possible application fields of anytime systems. The main point
of the late binding is that the binding decision is delayed and is
made parallel with the processing. However beside its several
advantages there are several drawbacks, as well, the highest
required output quality is the minimum acceptable output, and
the binding decisions also modify the output quality. In the
paper an example is showed how the late binding works. This
illustrative example highlights the effectiveness of the method.
The most important result of this experience is that the theory
is ready for an industrial pilot project.
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