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Abstract systems, as is encountered by model-checking approaches.
The idea behind this is that resource estimations are made
Resources of embedded systems, such as memory sifer a set of scenario’s that represent plausible/critical us-
and CPU power, are expensive and (usually) not extensibleages/executions of the system. Similar to the use of sce-
during the lifetime of a system. It is therefore desirable to nario’s in evaluation software architectures [8], the reliabil-
be able to determine the resource consumption of an appli-ity/usability of the results of our analysis method depends
cation as early as possible in the design phase. Only then,on the representativeness of the scenario’s that are used.

a designer is able to guarantee that an application will fit Our research was carried out in the context of Robdcop.
on a target device. The aim of Robocop is to define an open, component-based
Resource prediction is a technique to estimate the framework for the middle-ware layer in high-volume em-
amount of consumed resources by analyzing the desigrbedded appliances. The framework enables robust and reli-
and/or implementation of an application. In this pa- able operation, upgrading, extension, and component trad-
per we concentrate on predicting memory consumption ining. The appliances targeted by Robocop are consumer de-
component-based applications. Component-based appli-vices such as mobile phones, set-top boxes, dvd-players,
cations complicate resource predictions because resourceand network gateways. These devices have limited re-
consumption is spread across individual components. sources (CPU, memory, power, etc.) and the applications

The challenge is to express resource consumption perthey support typically have real-time requirements.
component, and to combine them to do predictions over Resources in embedded systems are relatively expen-
compositions of components. To that end, we propose aSive and (usually) cannot be extended during the lifetime
model in which individual resource estimations of compo- of an appliance. Consequently, an economical pressure ex-
nents can be combined. These composed resource estimasts to limit the amount of resources, and applications have
tions are then used in scenarios (which model run-time be- strong constraints on resource consumption. In contrast to

havior) to predict memory consumption of applications. ~ the fixed nature of available resources, Robocop applica-
tions are subject to change. For example, applications can

be replaced by newer versions or completely removed. Ad-
ditionally, new applications can be downloaded on a device.
To make sure that an application fits on a particular target
appliance, in combination with several other applications,
In this paper we describe a method for estimating re- knowledge about its resource consumption is required. Get-
source properties of component-based systems, using modking this information soon (preferably at design-time), can
els of behavior. We model behavior per component in termshelp to prevent resource conflicts at run-time. This would
of message sequence charts [7]. Behavior of applicationsdecrease development time and, consequently, leads to a re-
(i.e., compositions of components) is estimated by compos-duction of development costs. In this paper we propose an
ing the behavior models of the individual components. approach for predicting memory consumption of applica-
We use message sequence charts in our method betions. A key feature of this approach is that it can be used
cause they are both intuitive for use in practical engineering anywhere during the design and implementation.
projects, and sufficiently formal for automated analysis. 1Robocop is funded in part by the European ITEA program. This is

We propose a scenarip-based prediction method i.n Or-3 joint project of various European companies, together with private and
der to avoid the complexity of full state-space analysis of public research institutes.

1. Introduction




The paper is structured as follows. In Section 2 we dis- Service specifications Our approach considers composi-
cuss the Robocop component model that we use for our pretion of services. Each service has one or more provides
diction method. In Section 3, we introduce scenario-basedinterfaces and one or more requires interfaces. A provides
resource prediction. In Section 4 we show how to apply our interface lists the operation that the service offers to other
method in practice. Section 5 addresses related work andservices. A requires interface lists the operations that a ser-
draws some conclusions. vice needs in order to function. For the purpose of resource
prediction, the resources that are claimed and released are
specified per operation.

We propose service specifications to capture such infor-

) ) mation about services. A service specification contains the
The Robocop component model is a variant of the Koala following information:

component model [9]. A Robocop component is a set of

models, each of which provides a particular type of infor-  § provides interfaceA list of interface names:

mation about the component. Models may be in human-

readable form (e.g., as documentation) or in binary form. e Requires interfaceA list of interface names;

One of the models is the ‘executable model’, which con-

tains the executable component. Other examples of models e Resource consumptiofror each operation in the pro-

2. The Robocop component model

are: the functional model, the non-functional model (mod- vides interface, the specification lists the resources that
eling timeliness, reliability, memory use, etc.), the behavior are claimed before execution, as well as the resources
model, and the simulation model. that are released when execution terminates;

The functionality offered by a component is logically ) . )
modeled as a set of ‘services’. Services are static entities ® US€S Per operation a list of operations that are used
that are the Robocop equivalent of public classes in Object- ~ Tom other interfaces;

Oriented programming languages. Services are instantiated
at run-time. The resulting entity is called a ‘service in-
stance’, which is the Robocop equivalent of an object in
OO programming languages.

A Robocop component may define several interfaces.
The Robocop component model distinguishes ‘provides’ in-
terfaces and ‘requires’ interfaces. The first defines the op-
erations offered by the component. The latter defines the

operations of other interfaces that the component uses. memory and on return, releases 100 byteBhe behavior

In thqb?c?p, as we(;l asin othertc_omﬁ)oneni rrt1_odels, COM- section of the service specification defines that operation
ponent intertaces :an component .'m,p ementations are Sepg,y, interfacel, is calledbeforeoperation: from interface
arated to support ‘plug-compatibility’. This allows differ-

i ts imol ting th interf 0 b I3, and that itis called a varying number of times. How such
ent components, Implementing the same Interiaces, 10 be, sequence of calls will be instantiated, in order to predict
replaced at any time. As a consequence, the actual im-

plementation (service) to which a component is bound, is R L . .
esource consumption in our approach, is specified per

not known at the time of designing a component. This im- operation. Therefore, resources claimed during service in-

lies that resource consumption cannot be completely deter- L - .
P . . p. N P y stantiation and resources released at service destruction are
mined for an operation, until an application defines a con-

L . specified as part of constructor and destructor operations.
crete binding of services. . .
The sequence of operations from other interfaces called
o by an operation forms a message sequence chart (MSC) for
3. Resource prediction method that operation. Observe that these are partial sequences, be-
cause indirect operation calls (for instance operations that

We want to determine the resource usage of component2re called by;.h in Figure 1) are not specified in the ser-
based software systems. This run-time resource use deVice specification.
pends on the way that components cooperate to realize op- The service specifications can be defined at design time,
erations and on the specific executions of the system. or partly be generated from an implementation. In the latter
In this section we describe an approach for predicting casecall graph extractiorcan be used to obtain MSCs and
the resources that a system uses for a specific execution se=— - - .
In this paper we focus on prediction of run-time memory usage. Pre-

quence. Tool support can _eaS"y be developed for t!’]iS aP-giction of other resource usage (such as CPU usage) is future work. There-
proach to automate prediction of resource consumption.  fore we specify resources in terms of bytes of memory.

e Behavior For each operation in a provides interface,
the sequence of operations it uses.

Figure 1 contains an example service specification. Itis a
specification for service; which uses the interfacds and

I3 and provides the interfadg. Services; implements the
operationf which uses operationg and h from interface

I, and I3, respectively. Operatioif claims 100 bytes of

memory consumption, will be discussed shortly.




service sl s1 s2
In.f 12. 13.h
requires 12 LR _l2g 13h
requires 13 29 o © Bi o o i =
| 13h
provides 11 {
operation f ng s2 s3
uses 12.g ™ g _
uses 13.h 'I‘; 18.0
resource claim 100 | Bh_ | __
release 100
behavior ¢ calls. Figure 2. Composition of per-operation mes-
Opfzraélfn cals: sage sequence charts.
13.h}
Figure 1. An example service specification. e The functionC needs assistance to choose between

appropriate candidate services. Assistance can be in
the form of user intervention (i.e., a person chooses
among candidates), in the form of composition con-

straints, or composition requirements (for instance, a
decision is made based on maximal performance, or
minimal memory consumption requirements).

to determine requires interfaces. In case a service specifica-
tion was defined at design-time, service specification gener-
ation can serve to validate an implementation (i.e., to check
whether a service specification, extracted from the imple-
mentation, corresponds to the one defined at design-time)

¢ All possible configurations are generated. This can be

Composition of services As can be seen from Figure 1, a used for performance comparison in the next phase.
service can only use operations from interfaces, not directly
from services. In other words, in our component model, a Per-operation resource measurement After a composi-
service cannot define a dependency upon a specific interfacéion of services is determined with the composition function
implementation (service). The application developer will C, the resources of used operations can be predicted. To that
decide which services to use for each required interface. end, we define aveightfunctionw using ‘resource combi-
Two services may have different requires interfaces, evennators’. This function calculates resource consumption of
when both implement the same provides interface. This an operatiory over a composition of services, by accumu-
means that the exact sequence of operation calls is notating the resources dfitself, andof the resource of all the
known before an application is assembled. For resourceoperations that are called kfy This function is defined as:
estimation this implies that the resources are not only de-
termined by the operations that are called from an applica-
tion, but also from the concrete composition of services that w(f(s)) = (a,b) 3)
constitute the application.
To assemble an application, we have to transitively de-
termine and instantiate the required interfaces. Finding the

wherea = s.f.resource.claim b = s.f.resource.release

required services transitively is defined by the composition w(f(si))@

function C. Given a set of services, service specifications, w(fi(s10...08,\5))

and an interface that is required, this function yields a com- @

position of needed services. The function is defined as: w(f(sio...o8.)) =] . (4)
C(Iyo...0l,) = C(I)o...0C(I,) @) ®

w(fr(s10...08,\8:))

wheres,; providesf A f1... fx € s;.f.calls

C(I) = soC(I')foraservices (2)

wherel € s.providesA I’ = Us.uses.interface . .
The resource combinater is used to model resource usage

After a composition is determined, MSCs are composed of two sequentially executed operations. The combinator
from partial MSCs of individual operations (see Figure 2). is used to model resource usage within an operator. That is,
If interfaces are implemented by multiple services, the it serves to combine resource tuples, r1) and(ca, r2) of
composition of services might be ambiguous. In this caseoperationsf andg if operationg is called by operatiorf.
there are (at least) the following options: The definitions of these combinators may be varied, in order



to measure resource usage in different ways. Section 4 givede called sequentially, or in parallel. We use the resource

a typical definition of these combinators. combinator !’ to denote sequential composition of opera-
Now we combine the composition functiGhand weight  tion calls, and the combinato}t”for parallel composition.

function w, to form the functionWopp, that calculates re- We can now define the weight functidii's for a sce-

source consumption for an operation. It is defined as: nario, consisting of sequential and parallel operation calls.

This function computes for each operation call the esti-
mated resource consumption:

Wop(f(D) = w(f(C(I))) ®) Ws(f) = Wop(f) ®)
for interfacel and operatiory WS(Jf ;9) _ Wz(pf ) & Ws(g) ©)
This functions estimates the resource consumption of an op- Ws(fllg) = Ws(f)@Ws(g) (10)

eration callf from interfacel. The function first determines
a composition of services that (together) forms the imple- This function defines how to measure resource consump-
mentation off. Then, the weight function is used to pre-  tion for operations that are called sequentially (using the re-
dict resource consumption gfand all operations that are ~Source combinatop), and for operations that are called in
transitively invoked byf. parallel (using the resource combinatoy. Section 4 gives
typical definitions for these resource combinators. Observe
that this weight function may indicate a possible memory
leak, in case it yields a tuplg, ) wherec > r.

By applying Ws to different scenarios, the reliability

Modeling resource consumption for call sequences

Each operation call that is specified in a service specifica-
tion may be accompanied with an iteratos’)'to indicate o e i .
that the operator is called a varying number of times. FortheOf predictions will improve. Different types of scenarios

purpose of resource estimation, we represent a Sequencegive information about typical uses of an application. For
operator call as a lambda expression: Instance, a ‘worse-case’ scenario, gives information about

maximal resource consumption; a ‘mean-use’ scenario,

fx = M—=lIxf (6) about consumption for ordinary use; and a 'maximum-
performance’ scenario gives resource consumption in the
This lambda expression states that operatfos called! case that performance should be maximized.
times. The weight function for an iterated operator call can
now also be defined as a lambda expression: 4. A case study
w A =1 x f(s) = M—Ilxw(f(s)) @)

In this section we discuss a prediction experiment for

Such lambda expressions are instantiated with concrete chat application. The application is a composition of 4

numbers, when resource consumption for a complete ap-Se€rvices ilessageProducer , MessageConsumer , Cint-

p”cation is predicted (See be'ow)_ Socket , and SrvSocket ) The service SpeCIflcatlonS for
the first two components are depicted in Figure 3 afd 4.

Scenario-based r cem rementNow that we ar According to these specifications, the chat application
cenario-based resource measurementivow that we are requires a composition of services that implements the in-

able to estimate resource consumption for individual oper- terfacedMessageConsumer andIMessageProducer
ations calls, we need to predict resource consumption for a

complete application. To that end, we need to know what C(IMessageConsumer o IMessageProducer )
plausible sequences of operation calls are. Such sequence
(called ‘scenarios’), are determined together with imple-
mentors of services. If iterated operations are called in a
scenario, the scenario becomes a lambda expression. Defin- § = MessageConsumer ; MessageProducer ; (11)
ing a scenario therefore consists of the following two steps:

A typical scenariaS for the chat application, consisting of
sequential and parallel operation calls, might be definéd as:

(Produce || Consume);
1. Defining a plausible sequence of operation calls; ~MessageConsumer ; ~MessageProducer

2. Instantiating the lambda expressions. From the service specifications we see that the operators

- L Produce and Consume are iterated operators. They can
Instantiating a lambda expression fixes the number of oper-

ation calls. Thus, instantiating a lambda expressibr— ICISDge kto space |£migmolzs' the service specifications  for
I x f with, say,2 yields a sequence of two calls fo ntSoc ‘et and rvsoc et are not shown. The compo-

. nents that implement these interfaces consume 24 and 48 bytes of memory
In the Robocop component model, multiple components gyring service instantiation, respectively.

can execute in parallel. Hence, two operations can either “For readability we omitted the interface names for each operation call.




service MessageProducer
requires ICIntSocket
provides IMessageProducer {
operation MessageProducer:
uses {}
resource claim 1 release O
operation "MessageProducer:
uses {}
resource claim 0 release 1
operation Produce
uses: ICIntSocket.CIntSocket
ICIntSocket."CIntSocket
ICIntSocket.Send
resource claim 0 release 0
behavior
operation MessageProducer calls:{}
operation "MessageProducer calls:{}
operation Produce calls:
(ICIntSocket.CIntSocket;
ICIntSocket.Send;
ICIntSocket.”CIntSocket)*}

service MessageConsumer
requires 1SrvSocket
provides IMessageConsumer {
operation MessageConsumer:
uses {}
resource claim 56 release 0
operation "MessageConsumer:
uses {}
resource claim 0 release 56
operation Consume
uses:ISrvSocket.ISrvSocket
ISrvSocket."ISrvSocket
ISrvSocket.Receive
resource claim 8208 release 8208
behavior
operation MessageConsumer calls: {}
operation "MessageConsumer calls: {}
operation Consume calls:
(ISrvSocket.SrvSocket;
ISrvSocket.Receive;
ISrvSocket.”SrvSocket)*}

Figure 3. MessageProducer service spec.

Figure 4. MessageConsumer service spec.

memory consumption df337 bytes. The analysis did not
signal a memory leak, because the amount of memory that
is used by the application is also released. Analysis of the
execution of the chat application indicates a consumption
) of 9716 bytes. This corresponds 8337 bytes used by the
The lambda variable and!l, correspond to the num-  genices, and 280 bytes of overhead. We see that the pre-

ber of messages sent and the number of messages receivegiction of resource consumption by the services matches the
respectively. Because of these lambda expressions, the SC&malysis of the running application.

nario S is also a lambda expression, and so is the corre-
sponding weight function fof'

therefore be represented as lambda expressions:

Al — 11 x (CIntSocket ; Send; ~CIntSocket )
Ala — I3 x (SrvSocket ; Receive ;~SrvSocket )

5. Concluding remarks
Al1l2 - Wsenario(s)
Discussion Until now, we applied our prediction method

In order to evaluate the weight function f6r the lambda  only to a small application. However, within the Robocop
expression needs to be instantiated. We performed an exproject, we have access to real-world applications. There-
periment in which we compared the prediction for sending fore, we are at present applying our method to more realis-
and receiving 2 messages with the measurements on the reaic software systems of some of our industrial partners. The
application. Therefore we instantiated both variables with experiments that we did thus far are very promising:
2, corresponding to the number of messages transfered.

For the experiment we used the following definitions for
the resource combinators, @, and® in order to estimate
the number of bytes allocated on the heap:

e The method uses information that is commonly mod-
eled in the design of software systems. Thus, the addi-
tional effort needed to apply our method is limited;

e Our method is compositional. Information about re-

(@,b)@(c,d) = (a=b+edife=b (12) source consumption per component is reused to predict
= (a,b+d—c)ifec<d resource consumption for component compositions;

(a,0)®(e,d) = (a+cbtd) (13) e Prediction is simplified because knowledge of system

(a,b) @ (c,d) = (a+c,b+d) (14) architects is used to define critical scenarios, which

. . . would otherwise be defined on a trial and error basis;
Evaluation ofAly, Iy — W, (S) using these definitions, and

instantiating the lambda variables with 2, yields the tuple e The method can be used early in the design. Since esti-
(8337,8337). The functionW, thus predicts a worse-case mations can be made for incomplete parts of a system,



the design does not need to be completely modeled; Contributions In this paper we addressed prediction of
, _ ) run-time memory consumption in component-based appli-
° D|fferent defmltlons of the resource gomblnators, cations. We proposed a formal model for modeling mem-
which combine the resource consumption of opera- 4y consumption per service operation and per application.
tions, can be given. This allows different ways of mod- pregiction is based on scenarios which model run-time be-
eling resource consumption. For instance, in Section 41 ayior of applications. Our model supports i) multiple im-
we measured maximal memory consumption. Other iementations per interface; ii) different ways of measur-
definitions would provide information about memory g resource consumption using resource combinators; iii)
usage over time, mean memory usage, etc. modeling of variable sequences of operation calls using

Despite these promising advantages, our model alsolambda expressions; iv) per-component specification of re-

has some drawbacks/limitations that need further researchSOU"Ce consumption; v) composition of resource consump-
First, we assume that resource claims and releases are cofion SPecifications based on composition of MSCs.

stant per operation, whereas it typically depends on parame-
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