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ABSTRACT

As advancements in grid computing continue to support a
variety of parallel and distributed systems, the issue of large-
scale application scheduling is becoming a key concern. In
particular, a class of quality-sensitive applications that re-
quires to fulfil some quality requirements in order to satisfy
the user needs. There is a growing need to support these
applications as they perform unacceptably if platform re-
sources are scarce or if the deployment is not carefully con-
figured and tuned for the anticipated load. In this paper, we
present the notion of application service planning where the
application is a composition of service components repre-
senting their corresponding functionality, and is configured
on the grid environment such that all services involved in
the composition get sufficient resources to allow them to de-
liver at least the minimum required quality to be useful for
the application. Addressing such a service planning prob-
lem, we summarise a quality deviation model and a learning
automaton based solution techniques as a flavour of our re-
search.
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C.2 [Computer-Communication Networks]: Distributed
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1. BACKGROUND AND MOTIVATION

Today’s parallel and distributed computing have grown from
monolithic super computers to clusters of workstations. With
the availability of grid middleware, the computing power of
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the clusters is supplemented with the capacity to harvest
unused cpu cycles of other available workstations on the
local area network. Thus, the computing power available
has grown to eventually reach the boundary of the admin-
istrative organization. Internet opens the possibility for to-
morrow’s applications to run where the resources are best
available for its successful completion. Drawing on the ad-
vances in grid and web technologies, in particular grid-web
services [3], it can be envisioned that a range of distributed
applications can be understood as a composition of services.
However, achieving acceptable performance in this environ-
ment remains a difficult engineering challenge. This is par-
ticularly relevant to a broad class of applications that re-
quires the fulfilment of some quality requirements in order
to satisfy the user’s needs. Such concerns occur not only
in real-time and multimedia applications, but also in any
application where the user is waiting for outputs. These
applications will perform unacceptably if platform resources
are scarce or if the deployment is not carefully configured
and tuned for the anticipated load. In general, many such
applications can provide greater utility by sacrificing quality
in one dimension for better quality in another.

In compliance with common component models [4], the term
service composition refers to a process of composing multiple
service components that together deliver the required appli-
cation functionality. That is any application is equivalent
with it’s service set S = {S1, S, ..., S|s}, where all the ser-
vices involved in a service composition are taken to be prim-
itive (or atomic) services that can not further be composed
of other services. The useful application as experienced by
the user is consequently a service graph with correspond-
ing (logical) communication between the services. This dis-
tributed application is to run on a set of computing nodes
that offer certain physical capacities to the user, e.g. mem-
ory, cpu, disk, input/output. A component based service
configuration in grid computing environment is a mapping
of individual service components of a service composition
onto the underlying grid resources while satisfying the spec-
ified quality requirements of the application. Thus the key
problem is the grouping of services into executable units we
call capsules. There is a one-to-one correspondence between
a capsule and a computing node, thus the aggregate resource
consumption of the services combined in a capsule can not
exceed what is physically offered by the executing node of
that capsule.

In order to find a suitable service configuration for the ser-



vice composition of the services in S, several details like ap-
plication characteristics, size of input and output data, avail-
able network bandwidth and other computational resource
availability have to be considered. However, any applica-
tion service composed for a particular platform configura-
tion may be inappropriate for other configurations. In such
cases, the application may perform unacceptably even on a
standard grid platform with adequate resources. Therefore
it is important to separate the functional specification and
quality requirements of the application service from the im-
plementation decisions that depend on the deployment envi-
ronment. Let |C| be a number of computing nodes of the grid
environment, each node C), has a set of local resources R,, =
{Rm,17 Rm,27 EERE) Rm,“Rm | } Let Ql = {Qi,lv Qi,21 ERRE) Ql,|Qz|}
be a set of QoS requirements (e.g.: latency, framerate, and
etc.) that determine the quality of a service S;. To obtain a
quality Q;,;, the service S; requires to consume a set of avail-
able resources rc,,,@;; = {Rcm,1, Rom 2, "RCm,\rcm,Q,-,jI}

(e.g.: cpu, mem, communication links) of any grid node C,,.
The r¢,,,q; ; shows an association between resources Ry, of
a grid node C), and a quality requirement @; ; of a service
S@' (i.e., TCm,Qi,j g [Rm).

Our research problem includes the application service com-
position, configuration and reconfiguration in the grid com-
putational environment. We refer to this as service plan-
ning problem. More concrete description of the service plan-
ning problem is presented in the immediately following sec-
tion. Our research approach including different solution
techniques, is described in Section 3.

2. THE PROBLEM DESCRIPTION

Although the use of component technology simplifies the
application design by allowing the application developer to
compose different functional service components implement-
ing their respective service types, mapping these services on
to appropriate grid resources (nodes) while satisfying the
specified QoS requirements of overall application is a com-
plex task. In particular when multiple quality objectives of
the application service depend on each other to determine
the overall application performance. Despite the fact that
various computational, communication, and other (sensors,
cameras) resources contribute to deliver the required levels
of application quality, the scheduler is required to under-
stand the application service context, service user require-
ments and availability of dynamically changing resources.
By accounting all these QoS-aware service configuration re-
quirements, the first fundamental problem we address is that
of partitioning: How to split the application’s service set
into the number of capsules sub-sets such that all services
get sufficient resources to allow them to achieve at least the
minimum quality to be useful for the application?. That is,
the objective is to partition the service set S on to |C| grid
nodes.

Let II(t) = {S1,S2, ..., S|¢|} be a partition at any instance
of time t such that Ulﬁll S =S and 5, NS; = ¢ for all
pairs ¢ # j. Given this partition II(t), any service S; will
find a set of required resources, rc,,,q;; of its host Cy,
for all quality dimensions j. In other words, r¢,.,s; =

{rCm.Qi1)TCm. Qs 25 s TCm,Q; 2| } is set of resources required

for a service S;. Similarly the set rc,, = {rc,,,51,0Cm, S0 -+
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U‘cm,sm} be a set of all possible resource capabilities of the
node C,, for all services in S respectively. By combining the
predetermined resource capabilities of each grid node Cp,,
the overall computational capability of the grid environment
is captured as:

r=r(II(t)) = {rc,,ree, - rclcl} (1)

In order to make service configuration decisions for the above
defined computational capability of the grid environment,
the performance or utility of each service S; is evaluated as
a function of quality:

[]
Qs:(r(1(1) = Qs;(PCm,5:) = D was; * Qs (P Qi ;)

j=1

()
where lei"ll wg;,; = 1; and Qs;,j(ro,.,q; ;) is a quality
function that estimates the quality Q;,; of the service S;
from the available resource set rc,,,q, ;- Further the quality
function of the service S; in each individual quality dimen-
sion @;,;, is defined as:

Irem,@; ;!

Qs (0(1()) = Qsi(Com@i;) = min g, ;(Ropn k)

3)

Where g, ; (Rc,, k) is a service quality-resource function
which estimates service quality @Q;; with respect to a re-
source Rc,, - The optimal QoS-aware service configuration
is the one that simultaneously tries to maximize the qual-
ity objective of all services from the given set of available
computational and communication resources. That is the
quality objective of any service S; is to:

Mazximize Qs; (4)

The optimal service configuration 0 is a partition of the ser-
vice set 5, © = {01, O3, ..., O|¢|} such that Qgﬁ’? <Qs;, <
Q@a? for all4 and j, ©; C'S, and UZ, ©; = S and 0;N0; =
0 for all pairs ¢ # j. Here Q%7 and Q2*f are minimum and
maximum required quality values respectively for the service
S;. The combinatorial explosion (|C|'®! in worst case) makes
the above service configuration a complex task, and this pro-
cess of application service configuration has been proven to
be NP-hard [6]. In the context of service configuration prob-
lem, the objective is to seek a feasible solution instead of an
optimal solution. This is because, the computational and
communication resources in the grid environment may join
and leave very often. A feasible service configuration is the
one that tries to achieve at least minimum required quality
levels for all services from the given set of resources. That is,
any service S; involved in the feasible service configuration
should satisfy the following the condition:

Qs > Q8% ¥ Qij €Q (5)

However, it is important to note that every feasible service
configuration may not guarantee the overall performance of



the application. This is because of the differences between
the quality levels of services in the service set, S. For exam-
ple in distributed real-time applications like object track-
ing service [2], a small difference between individual ser-
vices with acceptable quality may degrade the overall per-
formance of the application. In other words all services in S
must be synchronized. That is:

Minimize |Qs, — Qs;| V i,j € [1,]9]] (6)

These service configuration decisions are made based on the
characteristics of different resources and their availability at
deployment time. However in grid environment, computa-
tional and communicational resources may join and leave
very often. Therefore the configured application service
must not depend on specific resources, but should adapt
efficiently to dynamic changes in resource availability. The
next subsequent problem we address in this research is ser-
vice reconfiguration: How to re-arrange or even adapt the
application’s service set dynamically when the underlying re-
sources of grid environment change with time, such that all
services get sufficient resources to deliver at least the mini-
mum quality to be useful for the application?.

3. OUR APPROACH

Within any service composition, each service S; is an in-
dependent functional component blueprint. The service S;
allows one or more inputs, performs its functional task, and
returns one or more casually related outputs. Besides this,
each service running in a grid environment consumes a vari-
able amount of resources to produce its specified function-
ality and associated quality levels. However, the amount of
resources used and the associated quality levels delivered by
the service, are dependent on the context of the service use.
Generally it is important to note that there may exist a large
set of functions to establish such a relation between resource
usage and delivered qualities in different application service
contexts. Among them, exponential functions (e.g., sigmoid
function [10]) are widely used to relate the input and out-
put of functional units in dynamic systems (e.g., artificial
neural networks). To characterize similar relations in our
application service configuration setting, we adapt a service
quality-resource function of the following form:

s (RC k) =1— e—qualit;yFactor*Rcm,k (7)
iJ m;

From the above quality function, the slope of the resource-
quality curve is determined by the value of a qualityFactor.
The qualityFactor is a variable that changes with application
context, since the services in different application contexts
change their service behavior.

3.1 Quality Deviation Model

Having defined the quality objectives of each individual ser-
vice in the service set S, the overall quality of the application
service composition is estimated as a function of application
quality:
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S|

Qs = Qs(r(TI(t))) = ZW& *Qs; (r(I(1))  (8)

where Zﬁll ws; = 1. From this, the overall objective of the
composed application is to maximize the combined quality
level of all services, and is presented as:

Mazimize Qs(r(Il(t))) 9)

In the context of real-time and multimedia application ser-
vice configuration, the above general weighted sum solution
technique (equation 8) derives a set of feasible solutions by
finding a convex sum of service quality objectives. However,
often it is the case that the generated feasible points in the
solution space are pulled over a single or multiple quality
objectives while other remaining objectives receive less at-
tention [1]. For example, two objectives of an object track-
ing application: mazimize framerate and minimize latency
depend on each other and provide a trade-off. A simple case
like lower latency but lower framerate, may converge into
a feasible solution because of higher utility in latency, but
this may degrade overall performance of the application. As
a result, generated solution points are located into different
regions of the objectives. Therefore selection of the right
trade-off points in the solution space is not guaranteed.

We argue that the above process of finding trade-off points
in the objective space can be improved by setting aspiration
levels within the objective space. The term aspiration is
defined as maximum useful quality a service can achieve in a
given application context. This allows the service user to set
more realistic quality targets for real-world applications. For
example, an object tracking service to track a person walking
in a street or in an office environment would not need to
process more than 30 frames per second to produce 100 %
accurate results. Therefore aspired value for framerate in
this service context can be set to 30 fps. We also define
the term actual as a quality value achieved by the service.
The error is measured as a distance between the aspired and
actual quality levels. A full length discussion of the quality
deviation model which proposes to minimize the distance
between the achieved and aspired service quality levels, can
be found in [7]. By using this, the error e; ; in any quality
dimension @Q;,; of a service S; is measured as a distance
between aspired and actual quality levels:

€i,j = AQ;; —Uds, ; (Rom k) (10)

Here aq, ; is the aspired quality (Q;,;) value of the service
S; in a specific application context. The above small change
in the quality aspiration levels makes a significant change in
service quality estimation while finding a nice compromise
between the quality objectives. That is, minimizing the er-
ror (instead of maximizing quality itself) gives the following
two benefits: first, it provides fine grained trade-off between
the quality objectives. Second, by targeting specific levels
of a quality, only a required amount of grid resources are
considered to be allocated for each service. This allows to



find more valid solution points within the objective space.

The quality deviation model has been verified in the con-
text of a real-time multimedia object tracking application
service [7]. From the results, it is observed that when both
the computational and communication resources of the grid
environment are busy, service quality points tend to come
closer to their aspiration points of intersection in the qual-
ity space. That is beginning from individual resources of
computing nodes of the grid environment to the services
involved in the composition, a fine-grained trading between
multiple quality dimensions help to derive feasible solutions.
However, it also has limitations of finding service configura-
tions with increase in number of quality objectives, services
and resources. In particular, the effectiveness of the quality
deviation technique used in our service planning process is
limited to applications with very few quality objectives [1],
since one objective must be determined before the rest of
the objectives. This makes it difficult to guarantee a feasi-
ble solution.

3.2 Learning Automaton Solution

In order to satisfy the quality objectives of the composed
application service and to maintain these quality levels by
adapting the dynamically changing grid environment with
minimum changes, we focused on finding solution techniques
that provide good enough solution, but not necessarily opti-
mal. In this respect, some existing solutions such as integer
programming, and branch-and-bound have limitations for
solving NP-completeness of combinatorial explosion which
occurs in the problem of service planning. By noting the
most important limitations of scalability and multiple quality-
objectives, we adapted more advanced heuristic, learning
based solution techniques and recently we proposed to use
a learning automata based solution to find a useful parti-
tion. A learning automata basically proposes an action to a
stochastic environment that returns a binary feedback (re-
ward or penalty). Through several such iterations the au-
tomaton will learn which action is most likely to give a posi-
tive feedback. The use of learning automata for our problem
is motivated by the fact that the fastest known equiparti-
tioning algorithm is based on a fixed structure learning au-
tomata [9]. The theory of learning automata have also been
successfully used to map the processes of a parallel applica-
tion onto processing nodes [5], and this problem resembles
the one at hand.

The functionality of the Learning Automata (LA) can be
described in terms of a sequence of repetitive feedback cy-
cles in which the automaton interacts with the environment.
During a cycle, the automaton chooses an action, which trig-
gers a response from the environment, a response that can
be either a reward or a penalty. The automaton uses this
response and the knowledge acquired in the past actions to
determine which is the next action. By learning to choose
the optimal action, the automaton adapts itself to the envi-
ronment. The goal of a learning automaton is to determine
the optimal action out of a set of allowable actions, where
the optimal action is defined as the action that maximizes
the probability of being rewarded.

The beauty of incorporating LA in any particular applica-
tion domain , is indeed, the elegance of the technology. Es-
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sentially LA are utilized exactly as one would expect: by
interacing with the ”environment”, i.e. the system from
which the LA learn. The details of how this is achieved in
the various application domains involve modelling the ”ac-
tions”, transforming the systems’s outputs so that they are
perceived to be of a reward or penalty flavour. Within the
domain of service planning, automatons are represented by
services and the environment by a set of capsules. The ac-
tion is equivalent to choosing a capsule of the grid environ-
ment. The environment’s feedback is produced based on
the output from quality objective functions defined in the
section 2.

Using this approach, individual services in the service set
interact with the grid environment to make service configu-
ration decisions. Such a service configuration is done in an
autonomous fashion to improve the scalability of distributed
service planning. The proposed learning automaton based
solution [8] establishes an autonomous learning environment
for the services. That is, as long as the current mapping or
partition is not feasible, the unsatisfied services of the cur-
rent partition move between the capsules. Here it is impor-
tant to note that the term move does not mean: moving the
instance of a service involving communication, but moving
a model of the service in computing. During this process
all services learn and even unlearn from behavior of the grid
computational environment. Such a learning process of each
service is done by making changes in its confidence level.
That is, any positive feedback (reward) from the grid envi-
ronment allows a service S; to increase its confidence, simi-
larly a penalty forces the service to decrease its confidence.
To make this happen, the learning algorithm follows a spe-
cific strategy. When tested for various sizes of the service set
and the grid environment, it is observed that the learning
algorithm always finds a feasible solution. More detailed de-
scription of the proposed learning automaton based solution
can be found else where in [8]. That is, in the best case of a
grid computational environment with excess resources, the
probability of any service to get rewarded is high and as a
result all services eventually gain their maximum quality. In
worst case of a grid computational environment with scarce
resources, the probability of any service to get penalized is
high and as a result all services eventually get satisfied with
at least minimum specified quality.

As grid middleware advancing, resource management sys-
tems are now able to allocate and manage grid resources on
per component basis. These improvements are very impor-
tant for configuration and reconfiguration of complex real-
time systems with large number of software components.
By noting these advancements in grid computing, resource
managers running on grid nodes monitor changes in the un-
derlying computational and communication resource avail-
ability and notify the respective services. Using this infor-
mation received form the resource managers, services move
to other grid nodes with sufficient resources or even adapt
the variations in resource availability such that the overall
application quality is maintained.

4. CONCLUSION

Giving more emphasis on simplifying application design by
allowing to compose different functional service components,
the issue of configuring these application services onto the



grid platform has been introduced as a service planning
problem. The described service planning problem is pro-
posed for a broad class of applications that requires the ful-
filment of some quality requirements in order to satisfy user
needs.

Besides the above described limitations on multiple quality
dimensions and of centralized service planning, the qual-
ity deviation model improves the capability of the resultant
feasible solution set. Addressing scalability issues, a fixed
structure learning automaton solution has been adopted and
successfully applied in the domain of application scheduling
and application quality management. In addition to the ini-
tial service configuration at deployment time, our ongoing
and future work will also investigate more advanced learning
strategies to configure and reconfigure the composed appli-
cation service during runtime.
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