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Abstract

In the last decade, several research efforts have been directed to inte-
grating performance analysis in the software development process. Tra-
ditional software development methods focus on software correctness, in-
troducing performance issues later in the development process. This ap-
proach is not adequate since performance problems may be so severe that
they may require considerable changes in the design, for example at the
software architecture level, or even worse in the requirements analysis.
Several approaches have been proposed to address early software perfor-
mance analysis. Although some of them have been successfully applied,
there is still a gap to be filled in order to see performance analysis in-
tegrated in ordinary software development. We present a comprehensive
review of the recent developments of software performance research and
point out the most promising research directions in the field.

1 Introduction

In the last decade, several research efforts focussed on the importance of in-
tegrating quantitative validation in the software development process, in order
to meet non-functional requirements. Among these, performance is one of the
most influential factors to be addressed. Performance problems may be so se-
vere that they may require considerable changes in the design, for example at
the software architecture level, or even worse in the requirements analysis.

Traditional software development methods focus on software correctness,
introducing performance issues later in the development process. This style of
developing has been often referred as “fix-it-later” approach.

In the research community there has been a growing interest in the subject
and several approaches to early software performance analysis have been pro-
posed. Although several approaches have been successfully applied, there is still
a gap to be filled in order to see performance analysis integrated in ordinary
software development.



The goal of this work is to present a comprehensive review of the recent devel-
opments of software performance research and to point out the most promising
research directions in the field.

Software performance is the process of predicting (at early phases of the
lifecycle) and evaluating (at the end) whether the software system satisfies the
user performance goals. From the software point of view, the process is based on
the availability of software artifacts that describe suitable abstraction of the final
software system. Requirements, software architectures, specification and design
documents are examples of artifacts. Since performance is a run time attribute
of a software system, performance analysis requires suitable descriptions of the
software run time behavior, from now on refereed as dynamics.

As far as performance analysis is concerned, model-based approaches or
measurement-based techniques can be used to obtain figures of merit of the
system quantitative behavior. Measurement-based techniques imply the avail-
ability of implementation while model-based techniques can be applied also in
other phases of the software life-cycle. In this survey since we are interested in
predictive analysis we concentrate on performance models. The most used per-
formance models are Queueing Network Model (QNM), Stochastic Petri Nets
(SPN) and Stochastically Timed Process Algebras (STPA).

Analytical methods and simulation techniques can be used to evaluate mod-
els in order to get performance indices. As far as performance indices are
concerned, these can be classical resource-oriented indices such as throughput,
utilization, response time, etc. and/or new figures of merits associated with in-
novative software systems such as mobile or high quality of service applications.

A key factor in the successful application of early performance analysis is
automation. This means the availability of tools and automated support for
performance analysis in the software life cycle. Although complete integrated
proposals to software development and performance analysis are not yet avail-
able, several approaches provide automation of portions of it. From software
specification to performance modeling to evaluation, methods and tools have
been proposed to partially automate this integrated process.

The paper is structured as follows: in the next section we detail the prob-
lem domain. Section 3 reviews the most commonly used formalisms to specify
software dynamics. Section 4 introduces performance models and evaluation
methods. A comprehensive review of the integrated methods to software per-
formance is carried out in Section 5 by highlighting their level of integration in
the software life-cycle. In Section 6 we discuss the various methodologies and
summarize the state of the art identifying challenging future research. The last
section presents concluding remarks.

2 Setting the context

Software performance aims at integrating performance analysis in the software
domain. Historically the approach was to export performance modeling and
measurements from the hardware domain to software systems. This was rather
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Figure 1: Generic Software Process Model.

straightforward when considering the operating system domain but it assumed
a new dimension when the focus was directed on applicative software. More-
over, with the increase of software complexity it was recognized that software
performance could not be faced locally at the code level by using optimization
techniques since performance problems often result from early design choices.
This awareness pushed the need to anticipate performance analysis at earlier
stages in software development [S90, LZGS84].

In this context, several approaches have been proposed. In the following we
focus on the integration of performance analysis at the earliest stages of the
software life-cycle, namely software architecture and software specification. We
will review the most important approaches in the general perspective of how
each one integrates in the software life-cycle.

Notice that we do not address performance analysis based on static analysis
and metrics. To this respect other approaches have been proposed in literature
whose discussion is out of the scope of the present work, e.g. [BCK98, BM99].

To carry out our review we consider a generic model of software lifecycle as
presented in Figure 1.

We identify the most relevant phases in the software lifecycle. Since the
approaches we are reviewing aim at addressing performance issues earlier in the
software development cycle, our model is detailed with respect to the require-
ment and architectural phases. Moreover since performance is a system run
time attribute we will focus on dynamic aspects of the software models used in
the different phases.

The various approaches differ with respect to several dimensions. In particu-
lar we consider the software dynamics model, the performance model, the phase
of the software development in which the analysis is carried out, the level of
detail of the pieces of information needed for the analysis, and the software ar-
chitectures of the system under analysis, e.g., specific architectural pattern such
as client-server, and others. All these dimensions are synthesized through the
three following indicators: the integration level of the software model with the
performance model, the level of integration of performance analysis in the soft-
ware lifecycle and the methodology automation degree, as shown in Figure 2. We
use them to classify the methodologies as reported in Section 6. The level of in-
tegration of the software and the performance models ranges from syntactically
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Figure 2: Classification Dimensions of Software Performance Approaches.

related models, to semantically related models till a unified model. This inte-
gration level qualifies the mapping that the methodologies define to relate the
software design artifacts with the performance model. A high level of integra-
tion means that the performance model has a strong semantic correspondence
with the software model. With the level of integration of performance analysis
in the software lifecycle we identify the precise phase at which the analysis can
be carried out. For each methodology we single out the software development
phases in which the pieces of information required to perform the analysis has
to be collected, received or supplied. The last dimension refers to the degree
of automation that the various approaches can support. Figure 2 is inspired to
Enslow’s model of distribution [E78].

The ideal methodology falls at the bottom of the two rightmost columns,
since it should have high integration of the software model with the perfor-
mance model, high level of integration with the life-cycle, that is from the very
beginning, and high degree of automation.

2.1 An example across modeling notation: the XMLTrans-
lator System

In this section we present the simple software system used throughout the paper
to show different notations to model system dynamics and various performance
models as described in Section 3 and 4, respectively.

The software system we consider is an XMLTranslator that allows building a
XML document from a text document by using a particular XML schema [XML)].
The text document has a fixed structure to allow automatic identification of
parts that can then be emphasized by using XML tags defined in the given
Schema.
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Figure 3: Static Software Architecture of the XMLTranslator.

The system reads a text document and creates a new XML file suitably
formatted with respect to the considered XML syntax and schema. The system
builds the new file by iterative steps in which it identifies useful information in
the text and marks it up by the tags. Many users can concurrently request the
system services, but each user cannot do multiple requests.

From the description of the system we identify two software components:

e 3 structure builder, that preprocesses the text file to make its XML related
content (i.e., XML special characters) conform to the XML syntax rules.
The output of this step is a new syntactically different text file that is
semantically equivalent to the former. This component also creates a
XML file containing only the structure of the document with respect to
the schema.

e a marker-up that, by using a heuristic approach, localizes useful informa-
tion in the text document, singles it out by tags of the XML schema and
inserts this chunk of information in the XML file. This component works
iteratively for an undefined number of times until the XML version of
the document is not acceptable (i.e., it does emphasize most of the useful
information under certain heuristic conditions).

The two components interact asynchronously with the structure builder
component that provides input to the marker-up one. Both components
can satisfy a service request at each time. We implicitly assume that input
to the whole system, and therefore to the structure builder component is
provided by external users.

A static description of the system architecture is shown in Figure 3.
In order to describe the dynamic aspects of the above system we may use
one of the notation introduced in the following section.

3 Software Dynamics Specification Models

Software engineers describe static and dynamic aspects of a software system
by using ad-hoc models. The static description consists of the identification
of software modules or components and of their interconnections, e.g., 3. The
dynamics of a software system concerns its behavior at run time. There exists
many notations to describe the behavior of a software system. In the following



we shortly review Automata, Process Algebra, Petri Nets, Message Sequence
Charts (MSC), Unified Modeling Language (UML) Diagrams and Use Case
Maps (UCM).

3.1 Automata

Automaton is a simple mathematical and expressive formalism that allows to
model cooperation and synchronization between subsystems, concurrent and
not. It is a compositional formalism where a system is modelled as a set of
states and its behavior is described by transitions between them, triggered by
some input symbol.

More formally an automaton is composed of a (possibly infinite) set of states
@, a set of input symbols ¥ and a function § : @) x ¥ — @ that defines the
transitions between states. In @ there is a special state gy € @, the initial state
from which all computations start, and a set of final states F' C @ reached by
the system at the end of correct finite computations [HU79]. Automata can
also be composed through composition operators, notably the parallel one that
composes two automata A and B by allowing the interleaving combination of
A and B transitions.

The current state of the automaton depends on the input the system received
and determines the future behavior of the system based on the next input. It
is always possible to associate a direct labelled graph to an automaton, called
State Transition Graph, where nodes represent the states and labelled edges
represent transitions of the automata triggered by the input symbols associated
to the edges.

There exist many types of automata, among which we consider: determin-
istic automata with a deterministic transition function, that is the transition
between states is fully determined by the current state and the input symbol;
non deterministic automata with a transition function that allows more state
transitions for the same input symbol; stochastic automata which are non de-
terministic automata where the next state of the system is determined by a
probabilistic value associated to each possibility.

3.1.1 XMLTralslator Automaton

The state transition graph of the XMLTranslator automaton is shown in Fig-
ure 4. States are pairs of elements, that model the Structure Builder component
state and the the Marker-up component state respectively. The initial state of
the automaton is < g, g( > where both components are inactive. This state is
also the final one where the system correctly terminates the computation. Since
the XMLTranslator automaton is obtained by the parallel composition of the
Structure Builder and of the Marker-up components automata, we analyze their
behavior separately.

The Structure Builder component transits from the state go to the state
g1 when it receives a markup request, then it starts the preprocessing phase
moving to state g». At the end of its elaboration it sends the event markup to
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Figure 4: State Transition Graph for the XMLTranslator Automaton.

the Marker-up component and returns to the initial state go where it waits for
new requests.

When the Marker-up component receives the markup event, it moves from
its initial state g to state ¢ where it remains until the refinement processing
has been completed. Eventually the component moves back to its initial state.

3.2 Process Algebra

Process Algebras [AB84] (such as CCS [M89], CSP [H85]) are a widely known
modeling technique for the functional analysis of concurrent systems. These
are described as collections of entities, or processes, executing atomic actions,
which are used to describe concurrent behaviors which synchronize in order
to communicate. Processes can be composed by means of a set of operators,
which include different forms of parallel composition. Process algebras provide
a formal model of concurrent systems, which is abstract (the internal behavior
of the system components can be disregarded) and compositional (systems can
be modelled in terms of the interactions of their subsystems). They provide
formal techniques for the verification of system properties, such as equivalences
and pre-orders.

Process Algebras can describe systems at different levels of abstraction.
Many notions of equivalence or pre-order are defined to study the relation-
ship between different descriptions of the same system. Behavioral equivalences
allow one to prove that two different system specifications are equivalent when
"uninteresting” details are ignored, while pre-orders are suitable for proving
that a low level specification is a satisfactory implementation of a more abstract
one.

3.2.1 A Process Algebra Model for the XMLTranslator system

The process algebra model for the XMLTranslator system consists of two main
processes, a StructureBuilder process and a Marker-up process, that perform



specification System
Behaviour
(User ||| User ||| User) | [engl,arrival] | (Queuel(0,3) | [deq2]
StructureBuilder | [eng3] | Queue2(0,3) | [deq,enqg2] | Marker-up )
where
process User:= work; enql; arrival; User endproc
process Queuel(n,k) := [n>0] -> (deq2; Queuel(n-1,k)) []
[n<k] -> (enql; Queuel(n+1,k)) endproc
process Queue2(n,k) := [n>0] -> (deq; Queue2(n-1,k))
[n<k] -> (eng3; Queue2(n+1,k))[]
[n<k] -> (eng2; Queue2(n+1,k)) endproc
process StructureBuilder := deq2; preprocessing; enq3; StructureBuilder endproc
process Marker-up := deq; markup; ((refinement; eng2; Marker-up) []
(backtousers; arrival; Marker-up)) endproc

endspec

Figure 5: Process Algebra Model for the XMLTranslator.

actions to satisfy the requests. To model the asynchrony in the system we in-
troduce two further processes representing two queues. The first queue, Queuel,
buffers the requests from the users and generates text formatting requests for
the StructureBuilder. The second queue, Queue2, models the asynchronous
connection point from the StructureBuilder to the Marker-up component.

The specification we present also defines a User process that models the user
behavior. A user does some work, then enqueues a service request in Queuel
and waits for the results from the XMLTranslator.

The behavior of the whole system is specified by putting in parallel all the
processes. Fig. 5 shows the specification of the XMLTranslator system with
three concurrent users and queues of capacity three, modelled by using the
TIPP Process Algebra [HKMS00].

3.3 Petri Nets

Petri Nets (PN) are a formal modeling technique to specify synchronization
behavior of concurrent systems. A PN [R85] is defined by a set of places, a set
of transitions, an input function relating places to transitions, an output function
relating transition to places, and a marking function, associating to each place
a nonnegative integer number. PN have a graphical representation: places are
represented by circles, transitions by bars, input function by arcs directed from
places to transitions, output function by arcs directed from transitions to bars,
and marking by bullets, called tokens, depicted inside the corresponding places.
Tokens distributed among places define the state of the net. The dynamic
behavior of a PN is described by the sequence of transition firings. Firing rules
define whether a transition is enabled or not.
The main characteristics of PN are the following;:

e causal dependencies and interdependencies among events may be repre-
sented explicitly. A non-interleaving, partial order relation of concurrency
is introduced for events which are independent of each other;

e gystems may be represented at different levels of abstraction;
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Figure 6: Petri Net Model of the XMLTranslator.

e PN support formal verification of functional properties of systems.

3.3.1 A Petri Net for the XMLTranslator

Figure 6 shows the initial configuration of the PN model corresponding to the
XMLTranslator system. Each user is represented by a sub-net consisting of two
places and two transitions, shown as a shaded area in the figure, and tokens
in the places represent service requests. Similarly, the two system components
are modelled by the corresponding sub-nets identified by the shaded area in the
figure. Places labelled Qg, @1, Q2 model the queues for asynchronous commu-
nication. Dynamically, user requests enter (J; to access the Structure Builder.
Then its output is enqueued in @2 to access Marker-up. Eventually the pro-
cessed request returns to the User.

3.4 Message Sequence Charts

Message Sequence Charts (MSC) is a language to describe the interaction among
a number of independent message-passing instances (e.g. components, objects
or processes) or between instances and the environment, specified by the In-
ternational Telecommunication Union (ITU) in [ITU99]. MSC is a scenario
language that describes the communication among instances, i.e., the messages
sent, messages received, and the local events, together with the ordering between
them. One MSC describes a partial behavior of a system.

Additionally, it allows for expressing restrictions on transmitted data values
and on the timing of events. MSC is also a graphical language which specify two-



dimensional diagrams, where each instance lifetime is represented as a vertical
line, while a message is represented by a horizontal or slanted arrow from the
sending process to the receiving one. MSC supports complete and incomplete
specifications and it can be used at different levels of abstraction. It allows to
develop structured design since simple scenarios described by basic MSC can be
combined to form more complete specifications by means of high-level MSC.

In connection with other languages MSC are used to support methodologies
for systems specification, design, simulation, testing, and documentation.

3.4.1 MSC for the XMLTranslator

Since the presented case study is very simple, given the similarity of the MSC de-
scription with UML Sequence Diagram one, we omit the case study description
here and we refer to Section 3.5.1.

3.5 Unified Modeling Language Diagrams

All the above discussed notations (except MSC) are formal specification lan-
guages so they have an exact semantics, but as a drawback, most of them are
hard to use in ordinary software engineering practice. This is overcome by less
precisely defined formalisms like the Unified Modeling Language [UML].

UML specified by the Object Management Group (OMG) is a notation to
describe software at different levels of abstraction. It defines several types of
diagrams that can be used to model different system views. Models are usually
described in a visual language, which makes the modeling work easier. Even if
their semantics is not formally defined, UML diagrams are well accepted because
they are flexible, easy to maintain and to use.

UML diagrams allow us to describe systems either statically or dynami-
cally in an object-oriented style. Use case diagrams emphasize the interaction
between a user and a system. Class diagrams show the logical view of the sys-
tem by means of classes and their relationships. Interaction diagrams represent
system objects and how they interact. UML defines two types of interaction di-
agrams: sequence diagrams and collaboration diagrams. Analogously to MSC,
the former emphasizes the lifetime of each object and when interaction between
objects occurs, the latter focuses on the layout to indicate how objects are stat-
ically connected. Moreover, sequence diagrams allow us to specify conditions
on message sending, to use iteration marking (that identifies multiple sending
of a message to receiver objects), and to define the type of communication (syn-
chronous or asynchronous). State diagrams show the state space of a given
computational unit, the events that cause a transition from one state to an-
other, and the actions that result. Activity diagrams show the flow of system
activities. Deployment diagrams show the configuration of runtime processing
elements associating the software components with hardware platform.

We do not consider other UML diagrams, since they are not used in our
context.

10
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As listed above, UML provides many features to describe system behavior.
The dynamics of a software system can be specified by using interaction dia-
grams which describe the message exchange among components, or by using
state diagrams to specify the internal behavior of each software component, or
by using activity diagrams to show the flow of the activities performed by all
the components involved in the computation of interest or by using any combi-
nations of the above diagrams.

3.5.1 UML for the XMLTranslator

The behavior of the XMLTranslator is described by the UML Sequence diagrams
shown in Figure 7. It is worthwhile noting that this representation is extremely
synthetic thanks to the different semantics associated to the graphical nota-
tion of the arrows representing the communication. For example, the full head
arrow denotes asynchronous communication and the dashed arrow denotes re-
turn of control. The user requests a service to the XMLTranslator system by
markuprequest method invocation. StructureBuilder component catches the
request and processes it. When it has finished it calls the markup method
on the Marker-up component, that, after some refinement steps, returns the
control to the user.

3.6 Use Case Map

Use Case Maps (UCM) is a graphical notation allowing the unification of the
system use (Use Cases) and the system behavior (Scenarios and State Charts)
descriptions [BC96]. UCM is a high-level design model to help humans express
and reason about system’s large-grained behavior patterns. However, UCM does
not aim at providing complete behavioral specifications of systems. At require-
ment level UCM models components as black boxes, and at high-level design
refines components specifications to exploit their internal parts. UCM repre-
sents scenarios through paths scenarios. The start point of a map corresponds
to the beginning of a scenario. Moving through the path, UCM represents the
scenario in progress till its end. Paths may traverse components and are routes

11
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along which chains of causes and effects propagate through the system.

3.6.1 UCM for the XMLTranslator

Figure 8 shows the UCM model of the XMLTranslator. A user, that is rep-
resented as a component, triggers the path scenario by formulating a request.
Then the path traverses the component that represents the XMLTranslator and
eventually returns to the user where it has its end point. The two system com-
ponents are contained in the XMLTranslator. The UCM model shows their
responsibilities and how the path scenario traverses them.

4 Performance models and evaluation methods

In this section we briefly introduce three main classes of stochastic perfor-
mance models: Queueing Network (QN) models, Stochastic Timed Petri Nets
(STPN) and Stochastic Process Algebras (SPA) [K75, LZGS84, ABC86, K92,
TO1, HHK02].

Each type of performance model can be analyzed by analytical methods or
by simulation in order to evaluate a set of performance indices such as resource
utilization, throughput and customer response time. Simulation is a widely used
general technique whose main drawback is the potential high development and
computational cost to obtain accurate results. On the other hand, analytical
methods require that the model satisfies a set of assumptions and constraints.
These models are based on a set of mathematical relationships that characterize
the system behavior.

The analytical solution of these performance models relies on stochastic
processes, usually discrete-space continuous-time homogeneous Markov chains
(MC). Hence, we also present a short description of Markov processes.

Performance analysis of complex systems feasible can be based on structur-
ing or factorizing techniques in order to simplify the analysis. Several decom-
position and aggregation techniques [K92, BBBCC94, KS76] and hierarchical

12



modeling methodologies [B96, CHIW98] have been defined for various classes of
performance models.

Having specific techniques for the hierarchical definition of performance mod-
els allows for the use of a hybrid approach to the solution of submodels: hybrid
models are obtained when mixed (analytical and simulation) techniques are ap-
plied. Moreover, some authors propose also the combined use of different per-
formance models for describing submodels of a given system [BBG88, BBS02].

4.1 Markov processes

A stochastic process is a family of random variables X = {X(t) : ¢t € T'} where
X(t) : T x Q — E defined on a probability space 2, an index set T (usually
referred as time) with state space E. Stochastic processes can be classified
according to the state space, the time parameter, and the statistical dependen-
cies among the variables X (t). The state space can be discrete or continuous
(processes with discrete state space are usually called chains), the time param-
eter can also be discrete or continuous, and dependencies among variables are
described by the joint distribution function.

Informally, a stochastic process is a Markov process if the probability that
the process goes from state s(t,) to a state s(t,+1) conditioned to the previous
process history equals the probability conditioned only to the last state s(t,).

This implies that a process is fully characterized by these one-step prob-
abilities. Moreover, a Markov process is homogeneous when such transition
probabilities are time independent.

Due to the memoryless property, the time that the process spends in each
state is exponential or geometrically distributed for the continuous-time or
discrete-time Markov process, respectively.

Markov processes can be analyzed and under certain constraints it is possible
to derive the stationary and the transient state probability. The stationary
solution of the Markov process has a time computational complexity of the
order of the state space E cardinality.

Markov processes play a central role in the quantitative analysis of systems,
since the analytical solution of the various classes of performance models relies
on a stochastic process which is usually a Markov process.

4.2 Queueing Network

Queueing Network (QN) models have been widely applied as system perfor-
mance models to represent and analyze resource sharing systems [K75, LZGS84,
K92, T01]. A QN model is a collection of interacting service centers represent-
ing system resources and a set of customers representing the users sharing the
resources. Its informal representation is a direct graph whose nodes are service
centers and edges represent the behavior of customers’ service requests.

The popularity of QN models for system performance evaluation is due to the
relative high accuracy in performance results and the efficiency in model anal-
ysis and evaluation. In this setting the class of product-form networks plays

13
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Figure 9: QN Model for the XMLTranslator.

an important role, since they can be analyzed by efficient algorithms to eval-
uate average performance indices. Specifically, algorithms such as convolution
and Mean Value Analysis have a computational complexity polynomial in the
number of QN components. These algorithms, on which most approximated an-
alytical methods are based, have been widely applied for performance modeling
and analysis.

Informally, the creation of a QN model can be split into three steps: def-
inition, that include the definition of service centers, their number, class of
customers and topology; parameterization, to define model parameters, e.g., ar-
rival processes, service rate and number of customers; evaluation, to obtain a
quantitative description of the modeled system, by computing a set of figures
of merit or performance indices such as resource utilization, system throughput
and customer response time. These indices can be local to a resource or global
to the whole system.

Extensions of classical QN models, namely Extended Queuing Network (EQN)
models, have been introduced in order to represent several interesting features
of real systems, such as synchronization and concurrency constraints, finite ca-
pacity queues, memory constraints and simultaneous resource possession. EQN
can be solved by approximate solution techniques [LZGS84, K92].

Another extension of QN models is the Layered Queuing Network (LQN)
which allows the modeling of client-server communication patterns in concur-
rent and/or distributed software systems [RS95, WNPM95, FHMPRW95]. The
main difference between LQN and QN models is that in LQN a server may
become client (customer) of other servers while serving its own clients requests.
LQN models can be solved by analytic approximation methods based on stan-
dard methods for EQN with simultaneous resource possession and Mean Value
Analysis.

Examples of performance evaluation tools for QN and EQN are Best-1,
RESQ/IBM, QNAP2 and HIT [BMW94], and for LQN the LQNS tool [WNPM95,
FW9g|.
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4.2.1 QN model for the XMLTranslator

Figure 9 shows a QN consisting of three service centers corresponding to the
Structure Builder, the Marker-up components and the users. We assume ex-
ponential service time distribution and FCFS queueing discipline. The QN
topology represents the routes that a user request follows to accomplish its
task, where label p represents the probability that the Marker-up component
has completed the iterative marking of the text. Service rates t;,1 <1i < 3 and
number of customers N are the QN parameters.

4.3 Stochastic Process Algebra

Stochastic Process Algebra (SPA) are extensions of Process Algebras, described
in Section 3, aiming at the integration of qualitative-functional and quantitative-
temporal aspects into a single specification technique [HHK02]. Temporal infor-
mation is added to actions by means of continuous random variables, represent-
ing activity durations. Such information enriches the Label Transition System
(LTS) semantic model, hence making it possible the evaluation of functional
properties (e.g. liveness, deadlock), temporal indices (e.g. throughput, waiting
times) and combined aspects (e.g. probability of timeout, duration of action
sequences) of the modeled systems.

The quantitative analysis of the modeled system can be performed by con-
structing, out of the enriched LTS, the underlying stochastic process. In partic-
ular, when action durations are represented by exponential random variables,
the underlying stochastic process yields a Markov Chain. Various attempts have
been made in order to avoid the Markov Chain state space explosion, which soon
makes the performance analysis unfeasible. Some authors propose a syntactic
characterization of process algebra terms whose underlying Markov Chain ad-
mits a product-form solution that could allow more efficient solution algorithms
[HH95, HT99, S95].

Example of performance evaluation tools for SPA are the TIPP tool [HKMS00],
Two Towers [BCS01], and PEPA Workbench [GH94].

4.3.1 A SPA model for the XMLTranslator

Figure 10 shows a SPA model defined by using TIPP process algebra. This
model has been obtained from the model presented in Section 3.2 by adding
performance related information to some actions. Therefore we have simple
actions (e.g., enql) and rated actions, whose rates can be used to express their
execution times (e.g., (markup,t3)) and their relative execution frequencies (e.g.,
(backtouser,p)).

4.4 Stochastic Timed Petri Net

Stochastic Timed Petri Net (STPN) are extensions of Petri nets, described in
Section 3. Petri nets can be used to formally verify the correctness of syn-
chronization between various activities of concurrent systems. The underlying
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specification System
behaviour
(User|||User]||User)|[engl,arrival]|(Queuel(0,3)|[deq2]|
StructureBuilder|[eng3]|Queue2(0,3)|[deq,enqg2]|Marker-up)
where
process User := (work,t ,); enql; arrival; User endproc
process Queuel(n,k) := [n>0] -> (deq2; Queuel(n-1,k)) ]
[n<K] -> (enq1;Queuel(n+1,k)) endproc
process Queue2(n,k) := [n>0] -> (deq;Queue2(n-1,k)) 1
[n<k] -> (eng3;Queue2(n+1,k)) []
[n<K] -> (eng2;Queue2(n+1,k)) endproc
process StructureBuilder := deq2; (processing,t ,); eng3; StructureBuilder endproc
process Marker-up := deg; (((iteration,100000-p); (markup,t .); eng2; Marker-up) []
((backtousers,p); (markup,t ,); arrival; Marker-up)) endproc
endspec

Figure 10: TIPP Process Algebra Model for the XMLTranslator.

assumption in PN is that each activity takes zero time (i.e. once a transition
is enabled, it fires instantaneously). In order to answer performance-related
questions beside the pure behavioral ones, Petri nets have been extended by
associating a finite time duration with transitions and/or places (the usual as-
sumption is that only transitions are timed) [ABC86, K92, BBBCC94].

The firing time of a transition is the time taken by the activity represented
by the transition: in the stochastic timed extension, firing times are expressed by
random variables. Although such variables may have an arbitrary distribution,
in practice the use of non memoryless distributions makes the analysis unfeasible
whenever repetitive behavior is to be modeled, unless other restrictions are
imposed (e.g. only one transition is enabled at a time) to simplify the analysis.

The quantitative analysis of a STPN is based on the identification and so-
lution of its associated Markov Chain built on the basis of the net reachability
graph. In order to avoid the state space explosion of the Markov Chain, var-
ious authors have explored the possibility of deriving a product-form solution
for special classes of STPN. Non polynomial algorithms exist for product-form
STPN, under further structural constraints. Beside the product-form results,
many approximation techniques have been defined [BBBCC94].

A further extension of Petri Nets is the class of the so called Generalized
Stochastic Petri Nets (GSPN), which are continuous time stochastic Petri Nets
that allow both exponentially timed and untimed (or immediate) transitions
[ABCS86]. Immediate transition fires immediately after enabling and have strict
priority over timed transitions. Immediate transitions are associated with a
(normalized) weight, so that, in case of concurrently enabled immediate tran-
sitions the choice of the firing one is solved by a probabilistic choice. GSPN
admit specific solution techniques [BBBCC94].

There are many performance evaluation tools for STPN and other extended
classes: a database on (stochastic) Petri net tools can be found at [PND].
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Figure 11: STPN Model of the XMLTranslator.

4.4.1 A STPN model for the XMLTranslator

Figure 11 shows a STPN model for the XMLTranslator system, obtained from
the PN model of Section 3.3 by introducing performance related information. In
particular we are here considering a GSPN model. We assign a time attribute
to all the transitions modeling the service of each component. Hence the timed
transitions are: work;,1 < i < 3, representing that the i —th user is formatting a
text; Preproc, the StructureBuilder component is processing a request; markup,
the Marker-up component is processing a request. All the remaining transitions
are immediate. The transitions outgoing place M3 have a probability associated,
in order to model the relative frequency of the re finement and back alternatives.

4.5 Simulation Models

Besides being a solution technique for performance models, simulation can be
a performance evaluation technique itself [BCNN99]. It is actually the most
flexible and general analysis technique, since any specified behavior can be sim-
ulated. The main drawback of simulation is its development and execution
cost.

Simulation of a complex system includes the following phases:

e building a simulation model (i.e., a conceptual representation of the sys-
tem) using a process oriented or an event oriented approach;

e deriving a simulation program which implements the simulation model;

e verifying the correctness of the program with respect to the model;
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e planning the simulation experiments, e.g. length of the simulation run,
number of run, initialization;

e running the simulation program and analyzing the results via appropriate
output analysis methods based on statistical techniques.

A critical issue in simulation concerns the identification of the system model
at the appropriate level of abstraction.

Existing simulation tools provide suitable specification languages for the
definition of simulation models, and a simulation environment to conduct system
performance evaluation, e.g., CSIM [CSIM], C++Sim [CPPSIM] and JavaSim
[JSim].

5 Integrated methods for software performance
engineering

In this section we review approaches that propose a general methodology for
software performance focussing on early predictive analysis. They refer to dif-
ferent specification languages and performance models, and consider different
tools and environments for system performance evaluation. Beside them other
proposals, in the literature, present ideas on model transformation through ex-
amples or case studies (e.g. [GMO00, H00, KP99, PK99, P99]). Although inter-
esting, these approaches are still preliminary thus we will not treat them in the
following comparison. The various methodologies are grouped together and dis-
cussed on the basis of the type of the underlying performance model. We follow
the same ordering used in Section 4 to review performance models except for
Markov processes that will be discussed at the end. In the same logical group-
ing, approaches are discussed chronologically. As introduced in Section 2, our
analysis refers to the general model of software life-cycle presented in Figure 1
and outlines the three classification dimensions shown in Figure 2. When mean-
ingful, for each group of methodologies, we provide an instance of the picture
of Figure 1 which shows in which phase of the software life-cycle what type of
information for performance analysis is required. We differently label the pieces
of information according to the various methodologies.

5.1 Queueing Network based methodologies

In this section we consider a set of methodologies which propose transformation
techniques to derive QN based models (possibly EQN or LQN) from Software
Architecture specifications. Some of the proposed methods are based on the
Software Performance Engineering (SPE) methodology introduced by Smith in
her pioneer work [S90].
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5.1.1 Methodologies based on the SPE approach

The SPE methodology [S90, WS02, SW02] has been the first comprehensive ap-
proach to the integration of performance analysis into the software development
process, from the earliest stages to the end. It uses two models: the software
execution model and the system execution model. The former takes the form
of Execution Graphs (EG) that represent the software execution behavior; the
latter is based on QN models and represents the system platform, including
hardware and software components. The analysis of the software model gives
information on the resource requirements of the software system. The obtained
results, together with information about the hardware devices, are the input
parameters of the system execution model, which represents the model of the
whole software/hardware system.

> The first approach based on the SPE methodology has been proposed
by Williams and Smith in [WS98]. They apply the SPE methodology to
evaluate the performance characteristics of a Software Architecture (SA)
specified by using UML diagrams (Class and Deployment diagrams) and
Message Sequence Charts extended by using UML notations. The empha-
sis is in the construction and analysis of the software execution model,
which is considered the target model of the specified SA and is obtained
from the Message Sequence Charts. The Class and Deployment diagrams
contribute to complete the description of the SA, but are not involved
in the transformation process. This approach was initially proposed in
[SW97], which describes a case study and makes use of the tool SPEeED
for performance evaluation. In [WS02] the approach is embedded into a
general method called PASA (Performance Assessment of Software Ar-
chitectures) which aims at giving guidelines and methods to determine
whether a SA can meet the required performance objectives. Figure 12
shows all the required information needed to carry on the described per-
formance analysis in correspondence of the associated software process
phase. For this approach such information has either a star or does not
have label.

SPEeED is a performance modeling tool designed to support the SPE
methodology. Users identify the key scenarios, describe their process-
ing steps by means of EG, and specify the number of software resource
requests for each step. A performance specialist provides overhead speci-
fications, namely the computer service requirements (e.g., CPU, I/0) for
the software resource requests. SPEeED automatically combines the soft-
ware models and generates a QN model, which can be solved by using a
combination of analytical and simulation model solutions. SPEeED evalu-
ates end-to-end response time elapsed time for each processing step, device
utilization and the time spent at each computer device for each processing
step.

> An extension of the previous has been developed by Cortellessa and Miran-
dola in [CMO00]. The proposed methodology called PRIMA-UML makes
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Figure 12: SPE Based Approaches and the Software Process.

use of information from different UML diagrams to incrementally gener-
ate a performance model representing the specified system. This model
generation technique was initially proposed in [CIM00]. The technique
considered OMT-based object-oriented specification of systems (Class di-
agrams, Interaction diagrams and State Transition diagrams) and defines
an intermediate model, called Actor-Event Graph, between the specifica-
tion and the performance model.

In PRIMA-UML, SA are specified by using Deployment, Sequence, and
Use Case diagrams. The software execution model is derived from the
Use Case and Sequence diagrams, and the system execution model from
the Deployment diagram. Moreover, the Deployment diagram allows the
tailoring of the software model with respect to information concerning the
overhead delay due to the communication between software components.
Both Use Case and Deployment diagrams are enriched with performance
annotations concerning workload distribution and parameters of devices,
respectively. The information required by PRIMA-UML, in the various
phases of the software process, is shown in Figure 12 with no labels and
double stars.

In [GMO02] the PRIMA-UML methodology has been extended in order to
cope with the case of mobile SA by enhancing its UML description to
model the mobility-based paradigms. The approach generates the corre-
sponding software and system execution models allowing the designer to
evaluate the convenience of introducing logical mobility with respect to
communication and computation costs. The authors define extensions of
EG and EQN to model the uncertainty about the possible adoption of
code mobility.

In [CDIO1] Cortellessa et alt. focus on the derivation of a LQN model from
a SA specified by means of a Class diagram and a set of Sequence diagrams,
generated by using standard CASE tools. The paper clearly identifies
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all the supplementary information needed by the method to carry on the
LQN derivation. These include platform data, e.g., configuration, resource
capacity, and the operational profile which includes the user workload
data. Moreover, in case of distributed software, other input documents
are the software module architecture, the client/server structure, and the
module-platform mapping.

The method generates intermediate models to produce a global precedence
graph which identifies the execution flow and the interconnections among
system components. This graph, together with the workload data, the
software module architecture and the client/server structure, are used to
derive the extended EG. The target LQN model is generated from the
extended EG and the resource capacity data.

Other approaches that address the integration with Case tools will be
discussed later on in this section.

Other SPE-based approaches have been proposed by Petriu et alt., since
they are also based on patterns we describe them in the next subsection.

5.1.2 Architectural pattern based methodologies

The approaches described hereafter consider specific classes of systems, identi-
fied by architectural patterns in order to derive their corresponding performance
models. Architectural patterns characterize frequently used architectural solu-
tions. Each pattern is described by its structure (what are the components) and
its behavior (how they interact).

> In [PW99, PS02, GP02] Petriu et alt. propose three conceptually similar
approaches where SA are described by means of architectural patterns
(such as pipe and filters, client/server, broker, layers, critical section and
master-slave) whose structure is specified by UML Collaboration diagrams
and whose behavior is described by Sequence or Activity diagrams.

The three approaches follow the SPE methodology and propose systematic
methods to build LQN models of complex SA based on combinations of
the considered patterns. Such model transformation methods are based
on graph transformation techniques. We discuss now the details of the
various approaches.

e In [PW99] SA are specified by using UML Collaboration, Sequence,
Deployment and Use Case diagrams. Sequence diagrams are used to
obtain the software execution model represented as a UML Activity
diagram. The UML Collaboration diagrams are used to obtain the
system execution model, that is a LQN model. Use Case diagrams
provide information on the workloads and Deployment diagrams al-
low for the allocation of software components to hardware sites. The
approach generates the software and system execution models by ap-
plying graph transformation techniques, automatically performed by
a general-purpose graph rewriting tool.
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e In [PS02] the authors extend the previous work by using the UML
performance profile [UMLProfile] to add performance annotations to
the input models, and by accepting in input UML models expressed
in XML notation. Moreover the general-purpose graph rewriting tool
for the automatic construction of the LQN model, has been substi-
tuted by an ad-hoc graph transformation implemented in Java.

e The third approach proposed in [GP02] uses the eXtensible Stylesheet
Language: Transformations (XSLT), to carry on the graph transfor-
mation step. XSLT is a language for transforming a source document
expressed in a tree format (which usually represents the information
in a XML file) into a target document expressed in a tree format.
The input contains UML models in XML format, according to the
standard XML Metadata Interchange (XMI), and the output is a
tree representing the corresponding LQN model. The resulting LQN
model can be in turn analyzed by existing LQN solvers after an ap-
propriate translation in textual format.

In Figure 13 all the information needed in Petriu’s approaches for perfor-
mance analysis is indicated with no marks or a star.

Menascé and Gomaa presented in [MG98, MG00] an approach to the
design and performance analysis of client/server systems. It is based
on CLISSPE (CLIent/Server Software Performance Evaluation), a lan-
guage for the software performance engineering of client/server applica-
tions [M97]. A CLISSPE specification is composed of a declaration sec-
tion containing clients and client types, servers and server types, database
tables and other similar information, a mapping section allocating clients
and servers to networks, assigning transactions to clients, etc., and a trans-
action specification section describing the system behavior.

The CLISSPE system provides a compiler to generate the QN model, esti-
mates some model parameters, and provides a performance model solver.
For the specification of a client/server system the methodology uses UML
Use Case diagrams to specify the functional requirements, Class diagrams
for the structural model and Collaboration diagrams for the behavioral
model. From these diagrams the methodology derives a CLISSPE spec-
ification. A relational database is automatically derived from the Class
diagram. The CLISSPE transaction specification section is derived (not
yet automatically) from Use Case diagrams and collaboration diagrams,
and references the relational database derived from the structural model.
Moreover, the CLISSPE system uses information on the database accesses
(of the transaction specification section) to automatically compute service
demands and estimate CPU and I/O costs.

In order to complete the CLISSPE declaration and mapping sections, the
methodology requires the specification of the client/server architecture
with the related software/hardware mapping annotated with the perfor-
mance characteristics such as processor speeds, router latencies, etc.
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Figure 13: Architectural Pattern Based Approaches and the Software Process.

The information required by the approach in the various phases of the
software process, is indicated with no marks and double stars in Figure 13.

5.1.3 Methodologies based on trace-analysis

In this subsection we consider approaches based on the generation and analysis
of traces (sequence of events/actions) from dynamic description of the software
system.

> The first approach we consider proposes an algorithm that automatically
generates QN models from software architecture specifications described
by means of Message Sequence Charts (MSC)[AABIQ0] or by means of
Labelled Transition Systems (LTS) [ABIO1]. A key point of this approach
is the assumption that the SA dynamics, described by MSC or LTS, is
the only available system knowledge. This allows the methodology to be
applied in situations where information concerning the system implemen-
tation or deployment are not yet available.

The approach analyzes the SA dynamic specification in terms of the ex-
ecution traces (sequences of events) it defines, in order to single out the
real degree of parallelism among components and their dynamic depen-
dencies. Only the subsystems that actually can behave concurrently will
correspond to components of the QN model corresponding to the SA de-
scription. The dynamic activation of software components and connectors
is modeled by customers’ service time in the QNM. Concurrent component
activation in SA is represented by customers’ concurrent activity in the
QNM that possibly compete for the use of shared resources. Synchronous
communication of concurrent components can be modeled by service cen-
ters with finite capacity queues and an appropriate blocking protocol, as
in QNM with BAS blocking. The analysis of the QNM of the SA leads to
the evaluation of some performance indices that have to be interpreted ac-
cording to the model abstraction level, that is at the SA level. The model
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Figure 14: Trace-analysis Approaches and the Software Process.

parameter instantiations correspond to potential implementation scenar-
ios and the performance evaluation results can provide useful insights of
how to carry on the development process at the SA design in terms of po-
tential performance. Performance indices are interpreted at the SA level,
by considering the meaning of the parameters instantiation.

The information required by the approach is indicated with a star in Fig-
ure 14.

> Woodside et. alt. describe in [WHSBO01] a methodology to automati-
cally derive a LQN model from a commercial software design environment
called ObjecTime Developer [O0TD98] by means of an intermediate pro-
totype tool called PAMB (Performance Analysis Model Builder). The
application domain of the methodology is real-time interactive software
and it encompasses the whole development cycle, from the design stage to
the final product.

ObjecTime Developer allows the designer to describe a set of commu-
nicating actor processes, each controlled by a state machine, plus data
objects and protocols for communications. It is possible to “execute”
the design over a scenario by inserting events, stepping through the state
machines, and executing the defined actions. Moreover, the tool can gen-
erate code from the system design. The approach in [WHSBO01] takes
advantage of such code generating and executing scenarios capabilities for
model-building. The prototype tool PAMB, integrated with ObjecTime
Developer, keeps track of the execution traces, and captures the resource
demands obtained by executing the generated code in different execution
platforms. Essentially, the trace analysis allows the building of the vari-
ous LQN submodels (one for each scenario) which are then merged into
a global model, while the resource demands data provides the model pa-
rameters. After solving the model through an associated model solver, the
PAMB environment reports the performance results by means of perfor-
mance annotated MSC and graphs of predictions.

> A more recent approach of Woodside et alt. to performance analysis from
requirements to architectural phases of the software life-cycle is presented
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in [PWO02]. This approach derives LQN performance models from system
scenarios described by means of UCM.

The UCM specification is enriched with performance annotation. The
approach defines where and how the diagrams have to be annotated and
the default values to be used when performance data are missing.

The derivation of LQN models from annotated UCM is quite direct, due
to the close correspondence between UCM and LQN basic elements. The
derivation is defined on a path by path basis, starting from UCM start
points. The identification of the component interaction types, however, is
quite complex since the UCM notation does not allow the specification of
synchronous, asynchronous and forwarding communication mechanisms.
The approach describe an algorithm for deriving such information from
the UCM paths, by maintaining the unresolved message history while
traversing a UCM path.

The UCM2LQN tool automatize the methodology and it has has been
integrated into a general framework called UCM Navigator that allows
the creation and editing of UCM, supports scenario definitions, generates
LQN models, and exports UCM as XML files.

The information required by Woodside and alt.’s approaches is indicated
with no label and a star in Figure 13.

5.1.4 TUML for Performance

In this subsection we consider efforts that have been pursued entirely in the
UML framework in order to make performance analysis possible by starting
from UML software descriptions.

> In [UMLProfile] the UML Profile for Scheduling, Performance and Time
has been specified. It has been adopted as an official OMG standard in
March 2002. In general, a UML profile defines a domain-specific inter-
pretation of UML, it might be viewed as a package of specializations of
general UML concepts that capture domain-specific variations and usage
patterns. Additional semantic constraints introduced by the UML profile
must conform to the standard UML semantics. To specify a profile UML
extensibility mechanisms (i.e. stereotypes, tagged values, constraints) are
used.

Main aims of the UML Profile for Scheduling, Performance and Time
(Real-time UML standard) are to identify the requirements for enabling
performance and scheduling analysis of UML models. It defines standard
methods to model physical time, timing specifications, timing services and
logical and physical resources, concurrency and scheduling, software and
hardware infrastructure and their mapping. Hence,it provides the ability
to specify quantitative information directly in UML models allowing quan-
titative analysis and predictive modeling. This profile has been defined
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to facilitate the use of analysis methods and to automate the generation
of analysis models and of the analysis process itself. Analysis methods
considered in the profile are scheduling analysis and performance analysis
based on queueing theory.

> The approach introduced by Kéhkipuro in [K01] is quite different from
the other ones described in this section. The proposed framework con-
sists of three different performance model representations and of the map-
pings among them. The starting representation is based on UML. The
key point of this approach is the use of UML as a new way to represent
performance models. This approach proposes a UML-based performance
modeling notation (i.e., a notation compatible with the UML design de-
scription) which can be used in the UML specification of a system, in
order to specify performance elements besides the pure functional ones.
Then the UML representation is automatically mapped into a textual
representation, which retains only the performance aspects of the system,
and it is further translated into an extended QN model representing the
simultaneous resource possessions, synchronous resource invocations and
recursive accesses to resources. Such a model can be solved by using ap-
proximate or simulation techniques, and the results can be translated back
to the textual representation and the UML diagrams, realizing in this way
a feedback mechanism. The approach has been partially implemented in
a prototipe tool called OAT (Object-oriented performance modeling and
Analysis Tool).

Note that this approach does not really propose a transformation method-
ology from a SA specification to a performance model, since the three steps
(or representations) of the framework just give three equivalent views of
the modeled system with respect to performance. In this approach a de-
signer must have a performance skill, besides UML knowledge, to produce
a correct diagram. However, the approach lifts up the transformation step
to the specification level. In fact, in order to obtain a real model transfor-
mation methodology, it would be sufficient to add a further level on top
of the whole framework, producing from usual functional oriented UML
diagrams extended UML diagrams annotated with performance informa-
tion.

In Figure 15 we summarize the information required by Kahkipuro’s ap-
proach.

5.2 Process Algebras based approaches

Several stochastic extensions of PA have been proposed in order to describe
and analyze both functional and performance properties of software specifica-
tions within the same framework. Among these we consider TIPP (TTIme Pro-
cesses and Performability evaluation) [HKMS00], EMPA (Extended Markovian
Process Algebra) [BG98, BCD00] and PEPA (Performance Evaluation Process
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Figure 15: Kahkipuro’s Approach and the Software Process.

Algebra) [H93, GH94] which are all supported by appropriate tools (the TIPP
tool, PEPA Workbench and Two Towers —for EMPA).

All of them associate exponentially distributed random variables to actions,
and provide the generation of a Markov chain out of the semantic model (LTS
enriched with time information) of a system. Beside exponential actions, also
passive and immediate actions are considered. The main differences among
PEPA, EMPA and TIPP concern the definition of the rate of a joint activity
which arises when two components cooperate or synchronize, and the use of
immediate actions. Different choices on these basic issues induce differences on
the expressive power of the resulting language. We refer to [HHK02] for an
accurate discussion about this topic.

The advantage of using PEPA, EMPA or TIPP for software performance
is that they allow the integration of functional and non-functional aspects and
provide a unique reference model for software specification and performance.
However, from the performance evaluation viewpoint, the analysis usually refers
to the numerical solution of the underlying Markov chain which can easily lead
to numerical problems due to the state space explosion. On the software side,
the software designer is required to be able to specify the software system using
process algebras and to associate the appropriate performance parameters (i.e.,
activity rates) to actions.

In order to overcome this last drawback, Pooley describes in [P99] some
preliminary ideas on the derivation of SPA models from UML diagrams. The
starting point is the specification of a SA by means of a combined diagram
consisting of a Collaboration diagram with embedded Statecharts of all the
collaborating objects. The idea is then to produce a SPA description out of
each Statechart and then to combine the obtained descriptions into a unique
model.

Balsamo et alt. introduced in [BBS02] a SPA based Architectural Descrip-
tion Language (ADL) called FEmilia (an earlier version called EMPA can be
found in [BCDO0O]), whose semantics is given in terms of EMPA specifications.
Amilia aims at facilitating the designer in the process algebra-based specifi-
cation of a software architecture, by means of syntactic constructs for the de-
scription of architectural components and connections. Amilia is also equipped
with checks for the detection of possible architectural mismatches. Moreover for
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Figure 16: SPA and SPN Based Approaches and the Software Process.

Emilia specifications it has been proposed a translation into QN models to take
advantage of the orthogonal strengths of the two formalisms: formal techniques
for the verification of functional properties for Emilia (SPA in general), and
efficient performance analysis for QN.

Figure 16 indicates the information required by SPA-based approaches.

5.3 Petri Net based approaches

Like Process Algebras, Petri nets are usually proposed as a unifying formal spec-
ification framework, allowing the analysis of both functional and non-functional
properties of systems. There are a lot of stochastic Petri net frameworks (e.g.,
GreatSPN, HiQPN, DSPNExpress 2000, and many others which can be found
in [PND]) allowing the specification and the functional /quantitative analysis of
a Petri net model.

Recently approaches to the integration of UML specifications and Petri nets
have been proposed [KP99, BDM02]. In [KP99] the authors present some ideas
on the derivation of a GSPN from Use Cases diagrams and combined Collabora-
tion and Statecharts diagrams. The idea is to translate the Statechart associated
with each object of the Collaboration diagram into a GSPN (where states and
transitions of the Statechart become places and transitions in the net, respec-
tively), and then to combine the various nets into a unique model.

In [BDMO2] the authors propose a systematic translation of Statecharts and
Sequence Diagrams into GSPN. The approach consists in translating the two
type of diagrams in two separate labelled GSPN.

The translation of a Statechart gives rise to one labelled GSPN per unit
where a unit is a state with all its outgoing transitions. The resulting nets are
then composed over places with equal label in order to obtain a complete model.
Similarly, the translation of a Sequence diagram consists of modeling each mes-
sage with a labelled GSPN subsystem and then composing such subsystems by
taking into account the causal relationship between messages belonging to the
same interaction, and defining the initial marking of the resulting net. The
final model is obtained by building a GSPN model by means of two composing
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techniques.
In Figure 16 we outline the information required by PN based approaches.

5.4 Methodologies based on simulation methods

We shall now consider two approaches based on simulation models. They use
simulation packages in order to define a simulation model whose structure and
input parameters are derived from UML diagrams.

> The first approach, proposed by de Miguel et alt. in [DLHBPO00], focuses
on real time systems, and proposes extensions to UML diagrams to ex-
press temporal requirements and resource usage. The extension is based
on the use of stereotypes, tagged values and stereotyped constraints. SA
are specified using the extended UML diagrams without restrictions on
the type of diagrams to be used. Such diagrams are then used as input for
the automatic generation of the corresponding scheduling and simulation
models via the Analysis Model Generator (AMG) and Simulation Model
Generator (SMG), respectively. In particular, SMG generates OPNET
models [OPNET], by first generating one submodel for each application
element and then combining the obtained submodels into a unique sim-
ulation model. The approach provides a feedback mechanism: after the
model has been analyzed and simulated, some results are included in the
tagged values of the original UML diagrams. This is a relevant feature,
which helps the SA designer in interpreting the feedback from the perfor-
mance evaluation results.

> The second approach, proposed by Arief and Speirs in [AS00], presents
a simulation framework named Simulation Modeling Language (SimML)
to automatically generate a simulation Java program (by means of the
JavaSim tool [JSim]) from the UML specification of a system that realizes
a process oriented simulation model. SimML allows the user to draw
Class and Sequence diagrams and to specify the information needed for
the automatic generation of the simulation model. The approach proposes
a XML translation of the UML models, in order to store the information
about the design and the simulation data in a structured way.

5.5 A methodology based on stochastic processes

All the approaches presented in this section so far consider QN, SPA, SPN or
simulation based performance models. In this subsection we describe an ap-
proach which considers generalized semi-Markov processes, i.e. stochastic pro-
cesses where general distributions (and not only memoryless ones) are allowed
and the Markovian property is only partially fulfilled.

> The approach in [LTKLWO02] proposes a direct and automatic translation
of system specifications given by UML State diagrams or Activity dia-
grams, into a corresponding discrete-event stochastic system, namely a
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generalized semi-Markov process. The first step of the approach consists
of introducing extensions to UML State diagrams and Activity diagrams
to associate events with exponentially distributed durations and deter-
ministic delays. The enhanced UML diagrams are then mapped onto a
generalized semi-Markov process by using an efficient algorithm for the
state space generation.

The approach has been implemented using the tool DSPNexpress 2000 (in-
formation in [PND]) which supports the quantitative analysis of discrete-
event stochastic processes. DSPNexpress imports UML diagrams from
some commercial UML design package, and adds the timing information
by using a graphical user interface.

The approach has two main drawbacks, namely, the use of non standard
UML notation for the additional timing information and the possible state
space explosion in the generation of the state transition graph out of the
UML diagrams.

6 Comparison and classification

In this section we provide a synthesis of the methodologies previously surveyed,
in light of the several dimensions outlined in Section 2. Table 1, summarizes
all the methodologies and their characteristics. The first column reports the
methodology’s name that will be used in Figure 17. The second and third
columns indicate the behavioral and performance models, respectively. The
former is the starting point of the considered methodology while the latter rep-
resents the target model for the analysis. The fourth and fifth columns consider
potential constraints implied by the methodology. These can be related to the
software system architecture or to a specific application domain. The lifecycle
column indicates the first software development phase in which the methodology
can be applied. The seventh, eighth and ninth columns are quality attributes
that we derived from the study of the various methodologies. Information level
represents the amount of information that has to be provided in order to make
the methodology applicable. This encompasses information like operational pro-
file, resources workloads, etc. Feedback indicates that a methodology has ex-
plicitly addressed the issue of providing some sort of feedback from performance
analysis to the designer. This means, for example, that from a bad throughput
figure, it is easy to single out which are the responsible software components.
Automation degree refers to the suitability for automation of a methodology. It
is worthwhile noticing that this does not indicate the current achieved automa-
tion, which is instead indicated in the last column. The tool column mentions
the tool that supports the automated portion of the methodology, if any.

Note that there is a dependency between the information level and the lifecy-
cle phase. The more information is needed the more advanced software develop-
ment phase is implied. This means that some methodologies, although starting
from abstract software descriptions, are applicable only from the design level
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onward, as far as the lifecycle phase is concerned. The kind of detailed informa-
tion required by each methodology can be found in the figures in Section 5. Note
that one could also imagine that these pieces of information do somehow exist,
e.g., can be predicted by using execution scenarios. However, for classification
purposes we consider the development phase in which this kind of information
would naturally be available and relate the methodology to that phase.

According to the discussion in Section 2, in Figure 17 we classify the method-
ologies. In each internal small cube, label ordering has no meaning. Differently,
when a label lies at the intersection of more cubes, like [CDI01], this indicates
that the corresponding methodology has characteristics of both classes.

Most of the methodologies fall in the slices of syntactically or semantically
related models and in the layer referring to software design. Let us recall that
the dimension concerning the integration level of software models with the per-
formance models refers to the way the mapping between software models and
performance models is carried out. In the slice of syntactically related models
we put the methodologies that integrate the design and the performance mod-
els based on structural-syntactical mappings. These means that the analysis of
the dynamic behavior of the design model does not play a driving role in the
mapping. For example in [PW02] there is an explicit correspondence between
syntactic elements at the design level and elements of the performance model,
e.g., UCM components and LQN tasks.

The slice of semantically related models refers to methodologies whose map-
ping between design and performance models is mainly based on the analysis
of the dynamic behavior of the design artifacts. For example, in [WHSBO01] the
mapping is based on the analysis of the state machines model of the system
design.

The last slice singles out the methodologies that allow the use of the same
model both for design description and performance analysis. This slice can
actually be seen as a particular case of the semantically related models one
when the mapping is the identity modulo timing information. However, we
decide to keep it separate because this ideal integration can be obtained only if
the software designer has the skill to work with sophisticated specification tools.

Figure 18 shows the three stages of any software performance analysis process
and of the automation tools that can apply in these stages. Arrows indicate
that the corresponding tools support the automation of a stage or of the set of
stages enclosed in the box the arrow points to. The dashed arrow going from
performance model evaluation to software specification represents the analysis
of potential feedback. It is dashed since, so far, not all the tools pointing to the
largest box automatically support this feature.

The picture shows that most of the tools apply to the whole process providing
a comprehensive environment. On the other hand several tools, with different
characteristics, exist that automate single stages of the process. This suggests to
investigate the possibility to provide an integration framework where the tools
automating single stages of the process can be plugged in to provide a user with
a best-fit analysis framework.
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Approach Behavioral Performance | Architectural | Application Lifecycle Information | Feedback | Automation Tool
Model Model Constraint Domain Phase Level Degree
[WS98] Annotated MSC | QNM — General Design High No High SPEeED
|CMO0| UML Sequence | KQNM General Design Tigh No Tigh
[GMO2]| UML Diagrams | EQNM — Mobility Design High No High —
Code
[CDI01] UML Sequence | LQN Client/Server General Design High No Medium/ —
Low
[PW99) UML  Activity | LQN Architectural General Design High No High Implementations
[Ps02] Collaboration Patterns (not available)
|Groz|
IMGOO0| UML QNM Client/Server General Design High No Medium CLISSPE System
Collaboration (not available)
[AABIO0] Annotated MSC | QNM — General Architecture | Low No High —
Design
[WHSBO01] | ROOM notation: | LQN — Real-Time Design High Yes High PAMB
Statc Machine Interactive
[PWO02| UCM LQN General Reqgs and High No High UCM2LQN
Architectural UCM Navigator
Design
[Ko1] UML Diagrams | QN (closed General Design High Yes High OAT
multiclass
product form)
SPA Process Algebra | SPA seneral Specs Low No High T'wo Towers
based* PEPA Workb.
TIPP Tool
GSPN Petri net GSPN General Specs Low No High iIQPN
based** GreatSPN
DSPNexpress2000
|DLIBPQO| | UML Diagrams | Simulation Real-Time General Design High Yes High SMG and OPNET
Systems
|AS00| UML Sequence | Simulation General Design High No High SimML, JavaSim
[LTKLWO02] | UML  Activity | Semi-Markov | — General Design High No High DSPNexpress2000

State Diagrams

Process

Table 1: Summary of the methodologies.
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7 Conclusions

In this paper we have presented the state of the art in software performance.
We have taken a software-designer perspective in order to classify and evaluate
the growing number of approaches presented in the last years. Our choice is
driven by the generally acknowledged awareness that the lack of performance
requirement validation in current software practice is mostly due to the knowl-
edge gap between software engineers/architects and quality assurance experts
rather than to foundational issues. Moreover, short time to market require-
ments make this situation even more critical. In this scenario expressive and
intuitive notations, coupled with automated tools for performance validation,
would allow quantitative numerical results to be interpreted as design feedback,
thus supporting quick and meaningful design decisions.

This is confirmed by the classification we carried out. Referring to Figure 17
it clearly appears that almost all methodologies try to encompass the whole
software life-cycle starting from early software artifacts. It is also meaning-
ful that most methodologies are tightly coupled with tool support that allows
the automation of (portion of) them. Like there is no methodology which is
fully supported, there is no methodology that does not provide or foresees au-
tomation. Most approaches try to apply performance analysis very early, typi-
cally at the software architecture level. So far, most of them still require many
pieces of detailed information on the implementation/execution scenarios in or-
der to carry on performance analysis. Nevertheless there is a growing number
of attempts that try to relax implementation/execution constraints to make the
analysis applicable at abstract design levels.

Three indications clearly come out of this survey. The first is about software
design specifications, the second is about performance models and the third one
is related to the analysis process.

For software design specifications we believe that the trend is in using stan-
dard practice software artifacts, like UML diagrams. Queuing Networks and
their extensions candidate as performance models. QN provide an abstract/black-
box notation, thus allowing easier feedback and model comprehension, especially
in a component-based software development. As far as the analysis process is
concerned, feedback besides the actual performance analysis is a key success
factor for a widespread use of this kind of methodologies.

Obviously, several problems still remain to be studied and solved. Software
notations should allow for easily expressing performance related attributes and
requirements. The more abstract software notation is used the more difficult
the mapping to the performance model is. For QN this is a problem that
can only be amended by the existence of algorithms and tools that permit
the creation of performance models from standard software artifacts. This is
not a problem for GSPN and SPA provided that the designers use these same
notations for the behavioral descriptions, which, in software practice, is rarely
the case. Therefore, if we assume a standard development process, with standard
software artifacts, like UML-based ones, the effort to produce the performance
model from the behavioral description is comparable for all three models.
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Another problem concerns the complexity of the obtained performance model.
This sometimes might prevent efficient model evaluation. The existence of a
strong semantic mapping between the software artifacts and the performance
model may suggest strategies to reduce the performance model complexity still
maintaining a meaningful semantic correspondence. Complexity problems can
also be addressed by using simulation techniques besides analytical ones.

Last but not least the whole analysis process asks for automatic support.
How to provide useful feedback is an important issue that deserves more study
and experiments.

Summarizing, we believe that from this survey it emerges that although no
comprehensive methodology is at present available, the field of software perfor-
mance is mature enough for approaches that can be profitably put in practice.
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