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Abstract. The adaptation of pervasive applications is in the focus of
many current research projects. While decentralized adaptation is man-
datory in infrastructureless ad hoc scenarios, most realistic pervasive
application scenarios are situated in heterogeneous environments where
additional computation power of resource-rich devices can be exploited.
Therefore, we propose a hybrid approach to application configuration
that applies centralized as well as decentralized configuration as appro-
priate in the given environment. In this paper we introduce the Direct
Backtracking algorithm that represents an efficient way for centralized
configuration and adaptation of pervasive applications in heterogeneous
scenarios. In our evaluation, we show that compared with other central-
ized algorithms, our algorithm significantly reduces adaptation latency
as it avoids unnecessary adaptations that arise in many other back-
tracking algorithms, without significantly increasing memory waste. This
is achieved by introducing two mechanisms: 1. proactive backtracking
avoidance and 2. intelligent backtracking.

1 Introduction

In recent years, automatic adaptation of pervasive applications that share the
resources of different devices has become a research field of increasing interest.
Besides our component system PCOM [1], many other research projects such as
Gaia [2], Aura [3], or Pebbles [4] deal with this issue. Two fundamentally differ-
ent approaches exist for adaptation of pervasive applications, namely distributed
and centralized adaptation. The distributed approach is generally applicable in
scenarios both with and without additional infrastructure. Unfortunately, this
approach needs extensive communication between devices. Furthermore, it as-
sumes a homogeneous environment and, thus, does not exploit additional com-
putation power available on resource-rich devices.

Our work focuses on heterogeneous pervasive computing environments where
resource-poor, potentially mobile devices as well as resource-rich infrastructure
devices are present. Many of today’s office or home scenarios satisfy these prop-
erties. In such scenarios, centralized adaptation can improve calculation speed
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and decrease communication overhead dramatically. Due to the wide range of
different scenarios, we advocate a hybrid configuration approach that makes use
of decentralized as well as centralized algorithms to exploit the resources present
in the environment as effectively as possible.

In this paper, we present a new centralized configuration algorithm called
Direct Backtracking (DBT) that can be employed on resource-rich devices to
configure pervasive applications on near-by resource-poor devices. This comple-
ments our previous work on purely decentralized configuration [5] and enables a
range of configuration solutions with different degrees of decentralization since
both approaches may be combined to produce a hybrid configuration system.

We present two new innovative mechanisms in backtracking: 1. proactive
backtracking avoidance and 2. intelligent backtracking. Both are used in our Di-
rect Backtracking algorithm to reduce configuration latency and avoid thrashing
effects (repetitive unnecessary reconfigurations) dramatically. In our evaluation,
we show that Direct Backtracking displays vastly improved performance com-
pared to its nearest competitor (Synchronous Backtracking) and, therefore, en-
ables fast configurations and adaptations in much larger pervasive applications.
We also show that increased memory consumption of our algorithm does not
limit its general applicability in heterogeneous environments.

The paper is structured as follows: After a presentation of our system model
in Section 2, we take a look on related work in Section 3. Then, we explain our
algorithm in detail in Section 4. This is followed by an evaluation in Section 5.
Finally, we recapitulate our work in Section 6 and give a short outlook on future
works.

2 System Model

In many pervasive computing scenarios, a single device cannot provide the en-
tire functionality required by an application because of limited resources. Thus,
the main characteristic of a pervasive application is the fact that the required
functionality is distributed among multiple devices which have to collaborate.

We assume a component-based software model, i.e. an application consists of
components and each component instance requires a certain amount of resources.
Figure 1 shows our application model. An application is represented by a tree
of interdependent components that is constructed by recursively starting the
components required by a root instance, the so-called application anchor.

A single component is resident on a specific device which is represented by
a container that carries a unique identifier (ID). The number of components
per container is not restricted. Interdependencies between components as well
as resource requirements are described by directed contracts which specify the
functionality required by the parent component and provided by the child com-
ponent of this contract. A parent component may have an arbitrary number of
dependencies. Our algorithm follows a depth-first search approach. This means
that the algorithm proceeds from the top to the bottom of the tree and, within
a sublevel of the tree, from left to right. If there exists more than just one



Fig. 1. Application model

component that provides the required functionality for a contract, the parent
component can choose among several options. In the following, this is called
multi-optional contract.

In a configuration process, the configuration algorithm tries to resolve all
dependencies by finding a suitable component for each contract. Whenever the
algorithm fails to find such a component for a contract (e.g., due to lack of re-
sources), an adaptation process has to be initiated to resolve this conflict. Within
this process, an instantiated component of another contract C has to be stopped
to free resources, and another component that fulfills C’s requirements with less
resources has to be instantiated afterwards. If the algorithm does not consider
whether the adapted contract requires the same resources as the contract which
could not be fulfilled, it is possible that many adaptations are needless since
they do not solve the conflict. So, the number of necessary adaptations increases
which leads to additional configuration latency (time before the configuration is
complete). This undesired effect is called thrashing.

As long as the anchor component is executed, its container ensures that de-
pendencies are recursively resolved by binding adequate components to them.
Since a parent component relies on its child components, it can only be instan-
tiated if all of its children have been instantiated previously. An application
is successfully started if all dependencies have been resolved so that for each
contract, a suitable component which satisfies all requirements could be found.

We assume that a single device which performs centralized configuration and
adaptation has collected relevant data beforehand using a specific protocol1.

1 This protocol is not further described here since it does not affect adaptation aspects
and does not produce considerable overhead.



Fig. 2. Exemplary application tree

Thus, this device can create an internal representation of the application tree
that comprises dependencies, components, and incorporated devices with their
available resources. After a configuration is complete, another protocol has to
distribute the results of the configuration to the respective devices.

2.1 Example

Figure 2 shows an exemplary application tree that consists of the anchor Canchor

and six contracts C1 to C6 whose dependencies have to be satisfied in order to
start the application successfully. The contracts are ordered depth-first search
like, according to the sequence of the algorithm. Hence, the algorithm starts the
configuration process with C1, and finishes with C6. Contracts C1, C3, C4, and C6

are multi-optional, i.e. there exists more than one component that can satisfy the
required functionality. The components are resident on three containers DA, DB ,
and DC . The contracts can be satisfied by certain amounts of specific resources.
For example, contracts C1, C3, and C6 can be satisfied by R3 which is available
on containers DA and DB . Let us assume that enough resources of R1 and R2

are available on the containers and, thus, only R3 can cause a conflict situation
due to missing resources. Both DA and DB have two instances of R3.

The thick lines show the components – resident on the denoted containers Dj

– which were chosen by the algorithm for C1 to C5 and, thus, only C6 has to be
instantiated. In this situation, DA as well as DB have only one free resource of
type R3 left, but two resources are needed for every container to instantiate C6.
Therefore, none of the components can be instantiated for C6 in this situation.
Hence, an adaptation of the current configuration is inevitable.

As a concrete example, consider an instant messaging application that re-
quires an input service, e.g. a keyboard or a touch screen, to write messages,
and an output service to display messages. If there exists more than one input



device, for instance, these devices represent several options of a multi-optional
contract. An adaptation is necessary, for instance, if the current output de-
vice becomes unavailable. Another example is a pervasive presenter [6] whose
functionality of displaying presentation slides is provided by the cooperation of
distributed devices.

The example described above could illustrate a similar presentation applica-
tion, where resource R3 represents display devices. DA and DB both have two
displays. Displays are needed for different tasks within the application, e.g. to
show images, videos, or presentation slides and, thus, are required in multiple
contracts. Additionally required input and output devices like microphones or
loudspeakers are represented by the other resources R1 and R2. Due to different
properties of the resources, e.g. the maximum output volume of a loudspeaker,
it is possible that different amounts of specific resources are required within a
contract, as it can be seen for contract C4.

3 Related Work

The adaptation of tree-based applications can be mapped to a Constraint Sat-
isfaction Problem (CSP) [5]. In case of a fully distributed application configura-
tion, this problem can be solved by distributed algorithms from the domain of
Artificial Intelligence [7]. Due to their decentralization, these algorithms cause
huge communication overhead for resolving dependencies between components.
In case of n devices that are involved in the application configuration, the worst-
case amount of messages to be sent is O(n2). In centralized algorithms, every in-
volved device has to send only one message to the configuration device to inform
this device about its available resources, which leads to a worst-case message
amount of only O(n). Furthermore, distributed algorithms do not take special
care of resource-rich devices that are present in heterogeneous environments.

Thus, we concentrate on centralized backtracking algorithms in this paper.
A survey of these algorithms is given by Baker [8]. The simplest centralized
backtracking algorithm is Synchronous Backtracking (SBT) [9]. SBT executes a
depth-first search in the application tree and has one huge drawback concerning
adaptations: Since it does not consider the cause of a backtracking process and
tries to adapt the first possible multi-optional contract, it suffers from thrashing.
Especially for huge applications with many multi-optional contracts, this leads
to an enormous overhead and, thus, increased latency.

Several approaches exist to avoid this thrashing effect. Synchronous Back-
jumping (SBJ) [10] searches for a multi-optional contract if it depends on the
same kind of resource as the contract that was the reason for backtracking.
It does not adapt contracts that are independent of the backtracking cause.
This helps to reduce thrashing, but it cannot avoid it completely since SBJ does
not keep previous intermediate results for subsequent adaptations. Furthermore,
works with a stack during backtracking. This causes additional computation
overhead.



Dependency-Directed Backtracking (DDB) [11] solves the problem of thrash-
ing by storing a set of so-called nogoods which are partial configurations without
a solution for the complete application. Therefore, it can avoid infeasible solu-
tions subsequently. The drawback of DDB is its enormous memory consumption
since an ever-increasing set of nogoods has to be stored on a stack.

An advanced approach to remove thrashing completely without excessive
waste of memory is Dynamic Backtracking (DyBT) by Ginsberg [12]. Similar
to SBJ and DDB, this algorithm immediately moves to a point which conflicts
with the latest assignment in case of a conflict. DyBT neither forgets intermedi-
ate values, nor is it memory-intensive since it does not rely on a stack. It is an
iterative algorithm that stores a set of so-called culprits which represent forbid-
den assignments. DyBT does not only retain the chosen value for a contract C,
but also the culprit set of C. If the instantiation of a component for a contract
fails, the algorithm can easily decide which of the formerly configured contracts
conflict with this contract and directly jump back to them.

However, DyBT changes the order of contracts to resolve conflicts. This is not
an option in our problem of tree-based application configuration since parent-
child relationships and differences in resource consumption are encoded in the or-
der of contracts. This order needs to be preserved to ensure useful configurations.
So, DyBT cannot be used for configuration of tree-based pervasive applications.

Direct Backtracking proceeds similar to DyBT in general, but in addition, it
also adapts the adherent subtree of a component during an adaptation process.
Thus, Direct Backtracking does not need to perform any changes in the order
of components. Moreover, our algorithm applies two intelligent mechanisms that
render the configuration process more efficiently.

4 The Direct Backtracking Algorithm

In Section 4.1, the general configuration process of Direct Backtracking is de-
scribed. This is followed by the main contribution of this paper which are two
additional mechanisms of Direct Backtracking: a proactive mechanism to avoid
backtracking that is described in Section 4.2, and an intelligent backtracking
mechanism to handle conflict situations without thrashing which is presented in
Section 4.3. Finally, Section 4.4 presents an example for the adaptation process.

4.1 General Approach

Figure 3 illustrates DBT in C-like pseudo code. DBT includes five different
functions: start, create, started, stopped, and backtrack.

The start function initiates the configuration process and calls the create
function to resolve the first dependency of the anchor. Thereby, the function
getChild(i, j) returns the j-th option of the i-th dependency of the current
component. The selection of an option in case of a multi-optional contract is per-
formed within the function determOption(). This is carefully made to decrease



Fig. 3. Direct Backtracking

the number of conflict situations that make a backtracking process inevitable.
This fundamental mechanism of DBT is described in detail in Section 4.2.

If there are enough resources available to resolve a dependency within the
create function, two possibilities exist:

1. The component to be started represents a leaf of the tree. In this case, the
started function is called subsequently to indicate this instantiation of a leaf
component to its parent component.

2. The component to be started represents an inner node (i.e., no leaf of the
tree). In this case, the create function is called recursively to instantiate the
components on the next lower level of the tree.



If not enough resources are available to instantiate a component at the moment,
the stopped function is called to indicate a resource conflict situation to the par-
ent component. In this case, DBT at first tries to instantiate the next component
option. If no further option exists, a backtrack process has to be initiated. This
function at first stops the adherent subtree of the selected backtracking compo-
nent C1, then stops C1 itself, and instantiates another component C2 and the
previously stopped subtree components. C2 has been determined before within
findBacktrackContract() that is further described in Section 4.3. Afterwards,
DBT retries to instantiate the component which could not be instantiated pre-
viously. The algorithm terminates within the started function when the anchor
is reached and all dependencies of the anchor have been resolved.

4.2 Proactive Backtracking Avoidance

In case of a multi-optional contract for a certain dependency, the selection of a
component has to be made cautiously in order to avoid conflict situations right
from the start and reduce the number of situations in which backtracking is
necessary. For this purpose, Direct Backtracking contains a proactive mechanism
which carefully selects the component option to be instantiated in order to avoid
backtracking.

Within multi-optional contracts, options are ordered in a list according to
the container ID, i.e. a component on a container with a lower ID has higher
priority for the configuration algorithm. If there exist multiple options for a
specific dependency on one container, they are additionally ordered according
to their resource consumption: The component with least resource requirements
has highest priority.

Direct Backtracking performs the following steps on the ordered list of options
in the given order:

1. Initially, DBT selects the first component option in the list to be instantiated,
i.e. the highest-priority component.

2. If the currently selected option consumes the total free amount of a resource
R, the algorithm scans the ordered list of options for alternative components.
If there exists a component on another container whose instantiation would
still leave some amount of R unused on this container, DBT adjusts the
selected option in order to decrease the potential for future conflicts. This
adjustment of the option to be instantiated is performed to the highest-prior
component that fulfills the above condition of leaving some amount of R
unused.

3. For the currently selected option, DBT verifies that there are enough global
resources remaining to fulfill all missing contracts in theory after the initial-
ization of the chosen component C. This means that there have to exist at
least i free components among all devices with sufficient resources to ful-
fill the i dependencies of the application that have not been resolved yet.
Otherwise, C is not instantiated at this moment as this would yield a fu-
ture inevitable backtrack process. In this case, the algorithm selects the next
lower-prior option in the ordered list and continues with step 2.



If none of the options can be instantiated, a backtracking is necessary. DBT’s
intelligent backtracking process is described in the next subsection.

4.3 Intelligent Backtracking

In case of a conflict situation, if none of the possible components for a contract C
could be instantiated, a backtracking has to be initiated. Thus, another contract
that can be adapted must be found. In many situations, there is more than just
one candidate for an adaptation. In such a case, DBT performs an intelligent
backtracking by carefully selecting a contract whose components can be adapted
with little overhead.

First, let us assume that the components of C which could not be instan-
tiated due to a shortage of a specific resource R form a set of components
S1 = {Cmp1, Cmp2, ..., Cmpi}. If C is not multi-optional, S1 includes only one
component. Now, DBT determines the set Ds = {D1, D2, ..., Dj} of containers
which host at least one component that is included in S1, i.e.

(∃k, j : k ∈ {1, ..., i} ∧ l ∈ {1, ..., j} ∧ Cmpk ∈ Dl) ⇒ Dl ∈ Ds (1)

Subsequently, DBT determines another set, S2. This set contains those multi-
optional contracts for which a component is currently instantiated that is resi-
dent on one of the containers included in Ds. Furthermore, only those contracts
are included in S2 for which an alternative component on another container Ctr
exists that can be instantiated now due to sufficient uninstantiated amount of
R on Ctr. The contracts in S2 are ordered in descending order according to the
amount of R that is consumed by the instantiated component. This means that
the instantiated component which consumes the largest amount of R is at the
beginning of the list because its termination would cause a considerable deallo-
cation of resources. This helps to decrease the number of needless adaptations
which would have to be revised later. If only one suitable component exists, the
backtracking target is found and the adaptation process can be initiated.

In case of more than one suitable backtracking targets that consume an
identical amount of R, an additional selection criterion is necessary for weighting
them according to their suitability for adaptation. Since adaptation is simpler for
contracts with small adherent subtrees (as the subtree also has to be adapted),
DBT selects the component C that has least descendants (number of all child
components down to the leaves) and, hence, is closest to the bottom of the tree.
Thus, contracts with little adaptation overhead are preferred. In case of multiple
contracts with a subtree of the same size, the algorithm selects the one with the
highest priority, i.e. the one with lowest index.

If the resource conflict cannot be solved by adapting the first contract in S2,
DBT tries to solve it by adapting the second contract in S2, and so on. If the
conflict cannot be solved by adapting any contract included in S2, this indicates
that there are not sufficient resources in the environment. Thus, the algorithm
terminates unsuccessfully within the stopped function and informs the user of
this failure.



4.4 Example for Adaptation Process

Now let us revisit the example presented in Section 2.1 to see how the intelligent
backtracking mechanism of DBT performs in practice. In the situation depicted
in Figure 2, Direct Backtracking recognizes that the conflict arises for R3. S1

consists of the two possible components of C6. These components are resident
on DA and DB . Thus, we have a set Ds = {DA, DB}. Both of these devices lack
one instance of resource R3. According to the procedure described in Section 4.3,
DBT identifies C1 and C3 as possible contracts for adaptation. The currently
instantiated components of C1 and C3 both have allocated an identical amount
of one instance of R3. Hence, the subtree criterion has to be taken into account
and C3 is elected for adaptation because it has no adherent subtree which would
cause additional adaptation effort. Thus, DBT directly backtracks to C3, stops
the instantiated component on DB , instantiates the component on DA, and
returns to C5. Now, DBT is able to instantiate the component on DB to fulfill
C6, as sufficient free resources are available. Subsequently, the entire application
is successfully instantiated.

In the same situation, Synchronous Backtracking would at first try to adapt
contract C4 which is the next higher-priority multi-optional contract above C6.
But since C4 depends on a different resource, this adaptation of C4 does not
solve the problem. So, SBT has to initiate another backtracking process which
would adapt C3 as the next higher-priority multi-optional contract. This second
adaptation would resolve the conflict.

Since SBT always performs backtracking stepwise to the previous contract in
the tree, and because of the useless adaptation of C4, the backtracking function
is executed multiple times, while for DBT, only one direct backtrack to C3 is
necessary. Hence, due to its intelligent backtracking mechanism, DBT performs
adaptation of this exemplary application with less overhead and, thus, much
faster than SBT does. As DBT additionally avoids backtracking processes in
many situations due to the proactive mechanism described in Section 4.2, DBT’s
benefit even increases in many resource-constricted environments.

5 Evaluation

This section presents our evaluation results. We simulated the algorithm on a
discrete event PCOM simulator.

We compared Direct Backtracking to Synchronous Backtracking (SBT), the
centralized version of Asynchronous Backtracking [7] that was used previously
for distributed application configuration [5]. We chose to compare DBT to SBT
as this is the best centralized algorithm that is applicable to the problem of
adapting pervasive applications without excessive memory waste and computa-
tion overhead. As already mentioned in the related work section, a comparison
of Direct Backtracking to Dynamic Backtracking (DyBT) is not possible since
DyBT changes the order of the contracts to resolve conflicts, which is not an
option here.



5.1 Experimental Setup

The simulated environments are constructed as follows to support various dif-
ferent scenarios: We create an application that consists of n instances by adding
n components to a binary application tree. Then, we create one container and
place the anchor on it. For the remaining (n-1) components, we create m ≤ n
containers and place the components on those containers in a round robin man-
ner. Then, we artificially create conflicts by replicating k random components
and by increasing their resource needs to two without increasing the available
resources on the containers. Thus, increasing k will lead to a higher potential for
conflicting selections during automatic configuration as it increases the number
of multi-optional contracts.

Now, we varied the height h of the binary tree from two, where an application
consisted of only 23 − 2 = 6 components (excluding the anchor component), up
to ten, which leads to 211−2 = 2046 components. For each tree height, we varied
the number k of replicated components and ran 10000 simulations.

Regarding real-life pervasive scenarios, environments typically exist of many
different devices with distinguished functionalities. They can be homogeneous as
well as heterogeneous. Frequently, devices with similar or even the same func-
tionality are available. This means that applications which use this functionality
also include multi-optional contracts.

Hence, it can be seen that the assumed simulated setting is realistic for
pervasive computing environments.

5.2 Evaluation Results

We evaluated the algorithm on a common desktop PC2 and compared our algo-
rithm to Synchronous Backtracking, especially concerning the aspects of config-
uration latency, communication overhead, success quota, memory overhead and
size of the source code and got following results:

– Configuration latency: The main goal in the development of an advanced
centralized configuration algorithm was the reduction of the configuration
latency that is noticeable for the user. Figure 4 shows DBT’s latency for
three different heights of the binary tree and, thus, different application
sizes. The graph shows the latency relative to the respective SBT perfor-
mance. Thus, values above 1.0 indicate a DBT performance that is worse
than that of SBT, while values below 1.0 indicate better performance. It can
be seen that especially for a huge number of multi-optional contracts, there
is an immense improvement when using DBT since it performs proactive
backtracking avoidance, intelligent backtracking, and avoids thrashing by
considering the cause of a backtrack. The figure also shows that the relative
performance of DBT even increases with increasing application size. Accord-
ing to this figure, DBT induces just about 4.2 % of the latency of SBT if an
application consists of 62 contracts, whereas 14 contracts are multi-optional.

2 PC with Dual Core Processor (2.2 GHz), 2.0 GB of RAM



Fig. 4. Configuration latency of DBT (compared to SBT references)

Nevertheless, it must be mentioned that for small fractions of multi-optional
contracts, SBT performs better than DBT by up to 20 %. This is because of
DBT’s additional checks for avoiding conflict situations and the process of
storing the backtracking causes. Since absolute latencies were very small in
those cases (in the range of few milliseconds), this overhead can be neglected.
With increasing tree height, the crossover point, which represents the frac-
tion of multi-optional contracts for which DBT starts to outperform SBT,
exponentially decreases, as it can be seen in Figure 5. This means that for
huge applications, even if just a small amount of contracts is multi-optional,
DBT is the better choice regarding configuration latency.

– Communication overhead: Compared to the other centralized backtrack-
ing algorithms presented in Section 3, no additional communication overhead
arises during runtime of our algorithm.

– Success quota: The scenarios have been created in a way that at least
one valid configuration exists for each scenario. In every single simulation
run, both SBT and DBT terminated successfully with a valid application
configuration.

– Memory overhead: Compared to SBT, DBT needs to store additional
information about arising conflicts, especially the contract chosen for adap-
tation and the contract to which the algorithm has to return after an adap-
tation has been performed. We measured the average random access memory
consumption of the algorithm on a common desktop PC and compared it
to SBT. While memory consumption of SBT was almost independent from



Fig. 5. Crossover points

the application size and the number of conflicts (the standard deviation was
below 2 % in all runs), the overhead of DBT increased with the application
size and the number of multi-optional contracts, but remained within ac-
ceptable limits. The average memory overhead of DBT varies between 8.0 %
for applications with 6 components and 27.6 % for large applications with
2046 components. The maximum overhead of DBT compared to SBT in a
single simulation run was 38.5 %, the absolute amount of required memory
was 19.2 Megabytes. The results of the memory evaluation are shown in
Figure 6.

– Source code size: While our Synchronous Backtracking implementation
needs 10.8 kB of disk space, Direct Backtracking consumes about 96.9 kB.

Regarding that the algorithm is optimized for use on resource-rich devices be-
cause of its centralized nature, the additional code overhead as well as the mem-
ory overhead do not prevent the use of DBT.

6 Conclusions and Future Work

We have presented Direct Backtracking (DBT), a new centralized algorithm for
efficient configuration and adaptation of tree-based pervasive applications. Our
approach avoids thrashing completely due to an intelligent backtracking mech-
anism, while memory and code overhead are of acceptable size. Furthermore,



Fig. 6. Memory overhead of Direct Backtracking

DBT avoids adaptations in many situations as it employs a proactive backtrack-
ing avoidance mechanism.

We have shown that DBT significantly outperforms Synchronous Backtrack-
ing (SBT) for applications with various sizes, and especially for huge scenarios
with many multi-optional components where it causes less than 5 % of SBT’s
configuration latency. The small latency overhead of up to 20 % for scenarios
with a low fraction of multi-optional contracts can be neglected since absolute
latencies for these applications were very small. The additional memory and code
overhead of DBT is not significant as the algorithm is designed for centralized
configuration on resource-rich devices.

Our future work concentrates on the efficient support of hybrid configura-
tion and adaptation in homogeneous as well as heterogeneous environments by
introducing a clustering scheme. Within each cluster, the cluster heads config-
ure applications in a centralized way, while the different cluster heads perform
distributed configuration among each other. Direct Backtracking will be used as
efficient centralized algorithm for configuration and adaptation on the cluster
heads.
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