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Abstract. The paper identifies a lack in existing solutions to the com-
ponent placement problem (optimal placement of system components on
a given set of servers). The point is the insufficient attention of the inter-
action aspect of the problem (components with dense interaction should
be placed on the same server). In the text, we formulate the problem of
interaction-based component placement (as minimization of inter-server
communication) and propose a solution to the interaction aspect of the
CPP while allowing integration with existing algorithms for solving the
non-interaction aspect of CPP (resource optimization). The algorithm is
based on the Component-interaction automata language, which allows
us to analyse the density of communication between two components,
thanks to the information about communicating components in labels.

1 Introduction

The component-based paradigm of software development enables developers to
construct large-scale systems, which can be assembled of heterogeneous com-
ponents (with diverse functionality, programming language, platform), and dis-
tributed across network. The task of component distribution among available
computational nodes (servers), called Component Placement Problem (CPP), is
often realized manually based on experience of the developer. Research in the
last decade led to investigation of the automatic resolving of the CPP as a re-
source allocation type of problem, with respect to resource capacity of particular
servers, system constraints, and resource requirements of components.

The existing approaches [1-3] provide elaborated theories and practical re-
sults, but they do not cover the whole CPP because their techniques do not
take into consideration the density of communication among components (com-
ponents with dense interaction should be placed on the same server). Note that
the information about density of inter-component communication is not pro-
vided by the bindings between component interfaces, because the bindings do
not contain the information about the frequency of their use for communication.

In this paper, we complement the approaches by proposing a solution to
the interaction aspect of the CPP. We first identify a specification formalism for
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capturing the inter-component communication in the system, which allows us to
analyse the density of communication between two components. Then, we define
the problem of interaction-based component placement, and propose a solution
which integrates existing solutions to the non-interaction aspect of the CPP
with our solution to the interaction aspect of the CPP. Therefore our technique
provides a general solution to the CPP which concerns both interaction and
non-interaction properties of the system.

The remainder of the text is organized as follows. In Section 2, we outline
existing lines of research related to our work and discuss how they compare to
our technique. In Section 3, a language for component-interaction specification is
briefly described including basic definitions. Section 4 provides the statement of
the interaction aspect of the CPP, and Section 5 proposes a solution to the CPP
with respect to both interaction and non-interaction properties of the problem.
In Section 6, we summarize the results and outline the directions for further
research.

2 Related work

A lot of work has been already done in the area of component placement in
distributed environment. This section outlines the approaches that are close to
our work, and discusses how our work relates to these.

Several existing studies (by Stewart et al. [1], Kichkaylo et al. [3], Karve
et al. [2]) have shown that the CPP can be defined and resolved via resource
consumption optimization on the servers which enables the maximal system
throughput. Stewart et al. [1] design component placement on the basis of com-
ponent resource consumption profiles. These are given as functions mapping
workload characteristic (average request arrival and request types) to resource
consumption (CPU, memory, network bandwidth). Given available system re-
sources and runtime characteristics, the profiles can be employed to resolve the
CPP and achieve the maximal system throughput. Kichkaylo et al. [3] use compo-
nent placement properties for this purpose. The properties are given in an XML
(eXtensible Markup Language) description, which includes information about re-
source consumption, environment constraints, and component interfaces (trust-
worthiness). Given the placement properties, the placement problem is reduced
to the planning problem addressed by the Artificial Intelligence community,
which has several existing solutions. Karve et al. [2] address dynamic place-
ment of parts of web applications while distinguishing load-dependent (CPU)
and load-independent (memory) resource requirements of system parts. The ob-
jective is again to maximize the amount of resource demand that may be satisfied
using the placement, and keep resource utilization balanced across all server ma-
chines. All the approaches focus on optimization of resource consumption, with
no respect to interaction among components. Our work aims to supplement these
solutions in offering a method for resolving the interaction aspect of component
placement. In Section 5 we propose a solution that integrates our work with the
work discussed here.



Another line of research (Coign [4], ABACUS [5]) related to our work investi-
gates monitoring-based inter-component communication optimization. Coign [4]
resolves component distribution of COM (Component Object Model) applica-
tions. Given an application in a binary form, Coign simulates application execu-
tion on profiling scenarios. During the execution, all service calls going through
COM interfaces are logged with the amount of data transferred. It allows Coign
to construct a graph model of component communication (components in ver-
tices, amount of data on edges) and to apply a graph-cutting algorithm to par-
tition the application on given computational nodes to minimize network use. A
similar approach is used by dynamic function placement of ABACUS [5]. ABACUS
monitors data transfers among application functions at run-time and proposes
a placement strategy that decides when to relocate functions to more optimal lo-
cations based on logged values. The monitoring-based approaches have certainly
high practical importance. However, they base the solution on a limited sets
of system-execution scenarios received from monitoring. We complement these
solutions by providing exhaustive analysis of all possible system’s interaction
behaviours.

For the component-interaction specification, we use the Component-Interaction
automata language [10, 11]. There is a variety of other languages that could be
used for this purpose. It includes I/O automata based languages (Interface au-
tomata [6], Team automata [7]) and behaviour description sub-languages of ar-
chitecture description languages (Tracta [8], SOFA Behavior protocols [9]). To
the best of our knowledge, none of these languages has ever been used to ad-
dress the CPP. Our choice of Component-Interaction automata for this task was
motivated by the fact, that the language naturally captures information about
communicating components (in structured labels) and preserves this informa-
tion through the composition as well, which allows us to estimate the density of
inter-component communication from the system’s model.

3 Component interaction specification

This section presents a notation used for capturing interaction specification of
the system. We have chosen a Component-interaction automata language [10, 11]
for this purpose. The Component-interaction automata language captures each
component as a labelled transition system with structured labels (to remember
components which communicated on an action) and a hierarchy of component
names (which represents the architectural structure of the component). The es-
sential definitions are briefly reminded in this section.

A hierarchy of component names is a tuple H = (Hy, ..., H,), n € N, of one
of the following forms, Sy denotes the set of component names corresponding to
H. The first case is that Hy,..., H, are pairwise different natural numbers; then
Sy = Ui {H:}. The second case is that Hq, ..., H, are hierarchies of compo-
nent names where Sy, , ..., Sy, are pairwise disjoint; then Sy = !, Su,.

A component-interaction automaton (or a CI automaton for short) is a 5-
tuple C = (Q, Act, 6,1, H) where @ is a finite set of states, Act is a finite set of



actions, X = ((SgpU{—}) x Act x (Sg U{=}))\ ({—} x Act x {—}) is a set of
labels, 6 C Q x X' x @ is a finite set of labelled transitions, I C @) is a nonempty
set of initial states, and H is a hierarchy of component names.

The labels have semantics of input, output, or internal, based on their struc-
ture. In the triple, the middle item represents an action name, the first item
represents a name of the component that outputs the action, and the third item
represents a name of the component that inputs the action. Examples of three
CI automata are in Figure 1. Here for example, (—, a.req,1) in C; signifies that
a component with a numerical name 1 inputs an action a.req (a request for
a service a); (1,a.resp,—) in C; signifies that a component 1 outputs an action
a.resp (a response for a service a); (4,a.resp,3) in Cs represents an internal
communication between components 4 (sender) and 3 (receiver) on a.resp.
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Fig. 1. Example of CI automata

Component-interaction automata offer a parameterizable composition oper-
ator, which preserves the information about communicating components during
composition. We briefly outline its definition here. Given a parameter T, the
operator composes a given set of CI automata into a product automaton (con—
sisting of transitions respecting one-to-one synchronization!) and removes all
transitions from the product that do not agree with 7. An example of a com-
plete composite automaton (with removal of an empty set of transitions) for the
automata Cy,Cy (depicted in Figure 1) is in Figure 2.

4 Problem statement

In our view, the Component Placement Problem (CPP) consists of two aspects:
an interaction and a non-interaction aspect. The non-interaction aspect is re-
ferred to by existing definitions of the CPP [1-3] which concern resource and
other system constraints, but overlook interaction among components.

! Components cooperate either by interleaving of their original transitions, or simulta-
neous execution of two complementary transitions (with labels (n1,a, =), (—, a,n2))
which results into a new internal transition (with label (n1,a,n2)).
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Fig. 2. Composition of the set of CI automata {C1,C2} (states ij stand for (z, 7))

The interaction aspect of the CPP can be defined in several ways. We formu-
late it as follows. We are given a finite set of computational nodes {/\fi}ie{172,_”7n}
and a finite set of components {C;}ic(1,2,....m} constituting the application (de-
note it A). We are also given an interaction specification C; for each component
C; and the way the component specifications are to be composed to create an in-
teraction specification of the application (denote it A).

Then the problem is to find a placement function p : {Ci}ic(1,2,...m} —
{Ni}ie(1,2,...,n} that assigns each component to a computational node (server)
while maximizing the inner-server and minimizing the inter-server communica-
tion with respect to the interaction specification A. We refer to the function
simply as component placement.

5 Component placement strategy

In this section, we introduce a general technique for solving the CPP which
concerns both interaction and non-interaction properties of the system. The idea
is that we propose a four-step technique which integrates existing solutions to the
non-interaction aspect of the CPP (step 2) with our solution to the interaction
aspect of the CPP (steps 1, 3, and 4). The algorithm proceeds as follows:

1. Create an interaction model of the system

2. Compute a set of candidate component placements
3. Evaluate each of the candidate placements

4. Select the optimal component placement

1. Create an interaction model of the system

We have chosen Component-interaction automata (Section 3) for the modelling
task. Given a CI automaton for each component and the way they are to be
composed, we create a CI automaton A representing an interaction model of



the application (system). Without loss of generality, suppose that the transition
graph of A does not contain unreachable states.

Note that the system can be either open or closed. A closed system is closed
to an environment (its execution consists of internal actions only). Distribution
of such systems is intuitively clear (all communicating parties are known). An
open system is open for interaction with an environment (its execution contains
external, i.e. input and output, actions). For distribution of open systems, we will
suppose that the environment is placed outside the set of servers {N;}ic(1,2,....n}
and that there is no restriction on actions it provides or consumes. If we knew
the environment’s behaviour, we could capture it as a CI automaton, compose
it with A and study the result as a closed system.

2. Compute a set of candidate component placements

In this step, we determine a set of feasible component placements on given
servers. That is a subset of the initial set of all placements (which is finite) that
fulfills given constraints. For example, a set of feasible component placements can
be limited by capacity of the servers and size of the components. The capacity
of a server can be defined as an amount of provided resources (CPU, memory,
etc.), and the size of a component as an amount of required resources. The size
of each component can be given explicitly, or can be computed with respect to
the component’s interaction behaviour in an overall system (different actions —
used with different frequency — may have different resource requirements).

The main intent of this step is to enable integration of existing solutions
to the non-interaction aspect of the CPP [1,2], which focus on resource con-
sumption optimization and overlook interaction among components. Roughly,
the approaches use various kinds of cost functions that assign a specific cost to
each (feasible) component placement and then search for the optimal (minimal-
cost) solution. This allows us to use the cost functions to select a set of relatively
cheap component placements (with the cost close to the minimal value by some
distance d), and work with the set as a set of candidate placements in the next
step. Hence both resource and interaction efficiency is considered in a portion
determined by the distance d.

3. Evaluate each of the candidate placements

Suppose there is a cost function f that, given a CI automaton C and a label [
returns a value f(C,l) characterizing the frequency of the label’s occurrence in
execution of C. Various functions, with different fineness, could be used for this
purpose. The basic is f(C,1) = #;/t where t; is a number of transitions labelled
with [ in C, and t is a number of all transitions in C. A more accurate one can be
based on the occurrence of the label in paths of execution of C as the position of
the label in the transition graph influences the frequency of its occurrence during
system execution. We do not restrict ourselves to any of possible cost functions.
The choice can be based on character of the system and preferences of a user.
Now we define the frequency of inter-component communication f(C,n1,ns)
in the following way. Let C = (Q, Act, d, I, H) be a CI automaton and ny,ns € N,



be numerical names of components in C. Then f(C,n1,n2) = >, f(C,1) where
L={(ny,a,n2) | a € Act} U{(n2,a,n1) | a € Act}.

Back to the concrete problem. Let A = (@, Act,0,1,H) be the CI au-
tomaton of the application, which represents interaction among given compo-
nents {Ci}icq1,2,..,m}- For each component placement p : {Ci}icqi2,..m} —
{/\/’i}ie{l,g’“"n}, we create a new CI automaton A, representing interaction
among servers {Nj}ic(1,2,..n} as follows. To each server, we assign a unique
name from N (denote S the set of server names). Then A, = (Q, Act, 6p, I, H})
where §, and H, result from J, resp. H, by replacing every occurrence of any
component name with the numerical name of the server it is placed on (by p).

Now f (Ap, n1,ng) represents the frequency of communication between servers
n1, ne. Hence the cost of component placement Cost(A,) is given as the sum of
all inter-server communication Cost(Ap) = >, o . cp, [(Apsn1,n2).

Note that Cost(A,) includes only the cost of inter-server communication
within {M}ie{1,2,...,n}~ It includes neither the cost of inner-server communication
(as n1 # na), nor the cost of communication with system’s environment? in case
the system is open. It exactly follows the assumption that the environment is
not placed on any of the servers. In such case, the cost of interaction with
the environment is the same for any candidate placement and hence it is not
necessary to take it into account.

4. Select the optimal component placement

The set of candidate component placements is finite. Hence the optimal place-
ment (the placement p with the minimal value of Cost(.A,)) can be found by
exhaustive search. Investigation of more effective techniques for searching the
minimal-cost placement is a subject for further research.

6 Conclusions and future work

The paper identifies a lack in existing solutions to the Component Placement
Problem (CPP). The solutions evaluate component placements with no respect
to the interaction among components. In this text, we proposed a solution to the
interaction aspect of the CPP while allowing integration of existing algorithms
for solving the non-interaction aspect (resource optimization for instance). The
paper therefore provides a solution to a general CPP with respect to both inter-
action and non-interaction properties. The algorithm for solving the interaction
aspect of the CPP is based on the Component-interaction automata language,
which allows us to analyse the density of communication between two compo-
nents, thanks to the information about communicating components in labels.
Then, each component placement (from the finite set of all candidate place-
ments) can be evaluated with a cost function with respect to the amount of
inter-server communication of the placement, and we can select the placement
with the minimal cost as the optimal one.

% Represented by the set {(n,a,—)|n €S, a € Act}U{(—,a,n)|n €S, a € Act}.



The work is intended as a proposal for extension of existing solutions to
the CPP. For this reason, we have not implemented it ourselves. Besides the
implementation, there are several other directions for further work. It includes
the design and evaluation of a set of cost functions for calculation of one-to-one
interaction density in CI automata, and a technique for getting the minimal cost
solution that is more efficient then exhaustive search.
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