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Abstract

From the early design phase through the implementa-
tion performance assessment of software has been sub-
ject to a great variety of approaches in the past. Perfor-
mance modeling artifacts have to be created and results
have to be evaluated. I chose a simulation technique based
on a configurable environment simulator and I will show
how the development of software in a process can be influ-
enced and improved by intermediate results. This proposal
achieves a simple integration of the artifacts in a classi-
cal software development process. When performance re-
quirements have to be met, I want to achieve improvement
of response time or to save money by terminating the pro-
cess early enough, if requirements can not be achieved.
As the improvement of performance properties can often
only be achieved by reimplementing the entire application,
performance aspects have to be considered in time. Ex-
penses in modeling can be returned, if results can be de-
rived early in the process. I introduce methods to resolve
dependencies and consider dependencies to performance
aspects with priority.
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1. Introduction

Performance properties often are crucial aspects of a
software development project. In many cases only a few
parts of the implementation do have to meet critical per-
formance requirements. If at least only one part can be
identified as critical, the development process has to be
adapted to provide a special treatment. One can distin-
guish between two main cases. The first case: dynamical

properties of the software shall be optimized. Second case:
the project can not be realized at all, if only one part of the
software can not meet the requirements. In the last case
one risks the software product not to return the investment.
The main goal is to choose a process that grants a mini-
mum risk to fail. In both cases a performance assessment
has to be carried out as early as possible. As performance
properties can only be observed at an entirely implemented
software system. However, assessments can be made, if
some additional artifacts describing the missing parts have
been developed with priority. Dependencies with not yet
existing components can also be resolved this way. If a set
of concurrent and equivalent design models is available,
one may choose a design that allows the best optimization
of its development process.

This paper illustrates the influence of typical artifacts on
the development process and conditionally created model-
ing documents on demand. In the following I explain con-
cepts that allow to adapt a classical process to meet cer-
tain requirements and an algorithm to design a work flow
that grants maximum risk reduction with a minimum of
expenses for additional modeling. In section 3 I give a
short introduction in the relevant elements of a classical
process and the additional artifacts produced by a perfor-
mance modeling technique based on a configurable envi-
ronment simulator. Section 4 explains how to integrate the
development of several artifacts in a single threaded pro-
cess and Section 5 deals with the scheduling of several ac-
tivities in a process, if concurrent development is possible.

2. Related Work

A lot of proposals have been made about performance
modeling in the past. Most of them are based on Petri-
Nets, queuing networks, stochastic algebras or simulation



techniques. A good overview is given in [9]. Also several
proposals have been made to apply performance modeling
to the construction of the software development process it-
self. In [4, 5, 7, 8] performance engineering techniques are
applied to the software development process to achieve op-
timization and suitable tailoring of the process. An incre-
mental methodology for performance validation using the
UML has been introduced in [6]. In this proposals mostly
a software and a machinery model is used to generate an
extended queuing network models (EQNM). In this pro-
posal appropriate activity/job and data models are assigned
to the elements of the software model. The models have to
be refined through the incremental process. The environ-
ment simulator, introduced in [2], is configurable. So the
environment model (machinery model) can be refined and
recalibrated during the advancing process.

3. Background

A software development that distinguishes between
models and implementation is necessarily separated into
several phases. The phases’ products control the proceed-
ing work flow. I assume hereby the reader is familiar with
the RUP [3] and therefore I only give a short introduction.
Second exemplary artifacts of the simulation based model-
ing technique, which I refer to are explained.

3.1. The Classical Software Development Process

The classical software development process as de-
scribed in [3] consists of several phases. Each phase is
composed of one or more iterations. Each iteration is exe-
cuted in several steps.
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Figure 1. Complete Work Flow

3.1.1. Phases of a Process and an Iteration In Figure 1
some of the phases known from the RUP are depicted
schematically. During the inception phase the basic archi-
tecture and the structures of the solution are designed. The
first basic functionality is implemented during the elabo-
ration phase. This might be treated as a first proof of con-
cept. If the architecture could be validated successfully, the
main part of the systems functionality is realized during the

construction phase. Experiences with the software behav-
ior in its final environment lead to minor changes and op-
timizations of the implementation during the deployment
phase. There is a rather complete structural description at
the end of the inception phase and we are about to make
expenses in implementation after the transition to the elab-
oration phase.

The iteration steps are depicted schematically as sec-
tions of each bar. These steps are executed repeatedly.
Typically the analysis and design steps are dominant dur-
ing the inception phase while the implementation is domi-
nant during the construction.

Requirement

Analysis

Design

Implementation

Test
Requirements
Documentation

Analysis

Analysis Model

Design Model

Source Code

Test Protocols

Figure 2. Artifacts

3.1.2. Artifacts Different typical artifacts are produced
by each step of an iteration. In Figure 2 the artifacts are
assigned to their correspondent iteration step. These arti-
facts may be created originally during the activity or may
be extended as an increment of a preceding document.

The requirement analysis describes the customer’s de-
mands in a more formal way. The subsequent analysis
model describes an abstract solution, that realizes the de-
mands of the preceding document. This activity is more
like a synthesis, but the document only contains a model
of what a solution should achieve. This type of model may
consist of a huge set of UML diagrams. It may be a com-
plete description of the system, but it should not consider
how the system should be realized. This is the content of
the design model. A simulation can only be performed
on a model, that describes how a system is finally imple-
mented. Therefore performance assessment requires a de-
sign model that does not contain any unresolved dependen-
cies.

3.2. Simulation Based Performance Modeling

Many proposals have been made to derive EQNM, Petri
Nets or other models from UML models more or less au-
tomatically; see e.g. [11, 14, 15].

The proposal of using a configurable environment simu-
lator allows to introduce some outreaching features. Each



resource can not only be modeled as simple load related
delay but as a component with own dynamic properties.
The jobs to be executed on a resource are described by the
software model annotated with appropriate job classes

These model elements can be calibrated by running
probes on corresponding resources. So the accuracy may
be improved during the steps of refinement. Also we de-
rive a performance model from the SM using UML activity
diagrams. The activity symbols are annotated with appro-
priate job models describing the properties of the jobs to
be executed. These job models can also be refined during
the process. The whole methodology is described in [2].

Model
Environment

Diagram)
(Class

Diagram)
(Activity

Activity Models Data Models Resource Models

Dynamic
SW Model

Figure 3. Model elements

3.2.1. Model Elements Dynamical aspects of software
functions are modeled with activity diagrams. The con-
trol flow is modeled with activity states and transitions.
The data flow is modeled also in activity diagrams using
Object Flow States. Even though the UML 2 is al-
ready published, I adhere to the activity diagrams intro-
duced in the 1.X versions. Most modelers prefer this clas-
sical way to use activity diagrams. The merge of control
and data flow may cause disadvantages in using algebraic
methodologies, but it describes the algorithm as it is and as
it has to be transformed to the implementation.

We need activity or job models and data models to cre-
ate diagrams describing the dynamical behavior. These
models are provided in several packages shown in Figure
3. ObjectFlowStates model the data flow in activ-
ity diagrams. These states describe data objects, created or
consumed by activities using them as parameters. The data
package elements can classify ObjectFlowStates.
The data models provided in the Data Models pack-
age deliberately abstract from the data contents of objects,
but rather concentrate on the memory relevant parameters,
such as memory consumption and internal structure. Ev-
ery activity state of our model represents a job that is to be
executed by a resource. In general, only activities that con-
sume execution time or space will be annotated with an ac-
tivity/job model, that can be selected from the Activity
Models package. The developer chooses an appropriate
model out of this package and defines the name of a re-
source to execute an instance of this job. The job models

generally contain information that is essential to calculate
the processing time.

The modeler wants to describe the environment that
will execute the software. The environment is a set of re-
sources, mostly hardware. Type, size, speed and structure
of the resources influence the performance properties. The
environment description is laid down in an UML class dia-
gram. Each resource is described by an object. The names
of these instances correspond with the names used in the
dynamic model. The resource model package shown in
Figure 3 provides resource model classes. Every object is
classified by the appropriate model class.

3.2.2. Scenarios Activity diagrams describe infinite sets
of execution sequences and scenarios. A single scenario,
an execution path, has to be specified to calculate response
time or throughput. A sufficient count of variables used in
annotations of the activity graph, like guards or multiplic-
ities e.g., have to be replaced by values. This for example
can be achieved using the Tag Value Language (TVL) pro-
posed in [10]. These specifications can be described in a
sequence diagram or laid down in several tables bundled to
a scenario specification, as proposed in [2].
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Figure 4. Environment Simulator

3.2.3. Simulation A simulation software as shown in
Figure 4 calculates the requested values describing the
software’s performance properties. Dynamic software
models, environment models and scenario specifications
are new artifacts in a software development process. The
performance analysis is a new type of document that will
influence the design and the implementation of the soft-
ware as well as the process of the software development.



4. Integration of Performance Aspects

In this section I consider how to integrate the creation
of the artifacts described in Section 3.2 and how their de-
pendencies are treated during the process.

4.1. Overview

Analysis Design. . .

Performance Modeling

TestImplementation . . .

Figure 5. Modified Steps of an Iteration

4.1.1. Integrating PM in an Iteration To improve per-
formance properties or reduce costs or risks the perfor-
mance modeling should appear in an iteration as early as
possible. Performance assessment needs the description
how a functionality is realized. Therefore, performance
modeling can be executed at the earliest subsequent to the
completion of the design model as shown in Figure 5.
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Elaboration
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Figure 6. Modified Phases of a Process

4.1.2. Performance Assessment through the Phases If
performance is a critical aspect of the software the inspec-
tion of this aspect can be inserted at the earliest subsequent
to the inception phase, when a complete idea of design is
available and no expenses in implementation have already
been made.

In Figure 6 this is depicted as developing an estima-
tion model. In this early phase only the assignment of sim-
ple standard models for the jobs and data as well as for
the environment is possible. The analyst has to be experi-
enced to choose appropriate models. Precise design mod-
els, real implementations or code samples will be available
in the preceding elaboration phase. More accurate models
for jobs, data and resources can be selected or developed.
However, most of the performance requirements have been
investigated during this phase. The performance model can
to be improved further on. At the end of the construction

phase the complete implementation can be run on the final
environment. Accurate performance models can be devel-
oped based on performance measurements.

There is a fuzzy border margining the phases. Similar
artifacts appear in each phase, containing models with in-
creasing accuracy. But they differ with reference to their
sources and their technical realization. These differences
are compared in the following.

4.2. Detail

4.2.1. Artifacts of the Design Phases In Figure 7 a part
of an iteration is depicted. The iteration starts with the
analysis of an informal, mostly textual, description. The
performance requirements artifacts have to be derived from
this source as well as the first UC analysis. First, a perfor-
mance requirements document is developed, that contains
a description of all requirements that have to be met. Sec-
ond, an environment analysis is developed, that describes
what kind of resources will be available. Third, a scenario
and context analysis is developed, that describes all ex-
ternal factors that have influence on the running software
and the additional load of the environment. These artifacts
depend on the classical use case analysis, because perfor-
mance requirements are assigned mostly to certain func-
tionality and use cases. The analysis model will be devel-
oped as usual. If only the analysis model is available, we
know what we want to develop. The selection of job, data
and resource models are based on the analysis experiences.

A dynamical model first can be derived from the soft-
ware model, when the complete design is available. Pre-
pared activity and data models have to be assigned. A set
of code samples has to be selected or developed to cali-
brate the environment model later. An environment model
can be adjusted according to the estimations of the analyst.
Also a context and scenario specification can be developed
or derived from the scenario and context requirements in-
dependently. If code samples are available the environ-
ment model can be calibrated. For each specified context
and scenario one test run can be evaluated in the simula-
tor. The results are summarized in a performance analysis
document. This document may either help to improve the
implementation or terminate the process, if it shows that
requirements can not be met.

4.2.2. Artifacts in the Implementation During the Im-
plementation the developed code may replace the code
samples of the design phase. In Figure 8 we show how
measurements of the entire implementation can be used to
improved the performance model’s accuracy. The initial
calibration of the environment model was executed with
a sample of code. The calibration based on the assump-
tion that the implementation will behave analogously to the
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sample of code. Now it can be replaced by a real imple-
mentation. This may result in more accurate models. The
accuracy can be improved by a repeatedly executed recali-
bration in each iteration. A final measurement of the entire
system will create a model that can be used to optimize the
software’s function in the deployment phase.

5. Optimization of the Process Design
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Figure 9. A Design Model Example

In the design model we often find a distribution of func-
tional elements to several packages. In Figure 9 an exem-

plary set of packages is depicted. The systems’ use cases
are spread over the package structure. Some use cases de-
pend on others. The use case Z in our example is perfor-
mance critical. The annotated condition signifies this use
case is expected to terminate within 500 ms.

5.1. Concurrent Development Process Threads

Building analysis model

Design of package 1

Design of package 3

Design of package 2

Figure 10. Concurrent Design Threads

Often packages or subsystems can be developed con-
currently during a phase. If no performance aspects have
to be regarded, the design could be executed concurrently
as depicted in Figure 10.

Regarding the performance requirements the use case Z
should be considered first. The design can be optimized if
no dependencies exist. A subsequent performance assess-
ment may either indicate the clearance for the design of
the other packages or may terminate the development pro-
cess, if the requirements could not be met. Thus wasteful
development of models can be avoided.

5.2. Preferred Development Process Threads

In Figure 11 a modified work flow is depicted. Two con-
current sections are shown. In the first section packages
with performance constraints are designed. In the sub-
sequent section packages without performance constraints
are designed.

Figure 9 shows a dependency between use case Y and
Z. Some preconditions of the use case Zmay be granted by
the use case Y. Perhaps this coherence will cause and addi-
tional workload to the executing resource. In this case an
additional context model has to be developed. This model
contains assumptions of the load that the use case Y rep-
resents. As this use case is not modeled yet the load can
only be assumed. Once all dependencies are resolved by
additional context models the dynamic behavior can be as-
sessed.

In the following section these assumptions have to be
regarded. If any assumption is violated the concerning
function has to be redesigned to meet the requirements.
(If the requirements can not be met at all, the performance
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critical function has to be redesigned. The treatment of this
trigger is not depicted here.)

The administration of this process needs a repository to
manage all triggers and correspondent model documents.
Every model has to be tested if constraints resulting from
former assumptions have been violated.

5.3. Process Optimization

Estimate costs of design and loadmodeling

Assign to non critical "threads"Assign to critical "threads"

Identify SWE "thread"

[((1-rf)*costCM)<(rf*costMod)]

[else]

[contains critical function.]

[else]

[else]

[Is associated with a critical function.]

Figure 12. Scheduling Algorithm for Concur-
rent Process Threads

A concurrent process thread, that should develop a per-
formance critical package or subsystem design can be as-

signed to the corresponding section. However, a con-
current process thread without performance requirements
does not necessarily have to be assigned to its correspon-
dent process section. If this package has dependencies to
performance critical packages it may cause the develop-
ment of some additional artifacts (context models), for the
performance properties may else not be assessed. These
artifacts do not represent a part of the solution. The costs
of these artifacts should not exceed the value of a more se-
cure approach. If they exceed the costs the entire design,
this package immediately should be developed in this pre-
ferred section.

We have to consider the assignment to both process sec-
tions. To achieve the right assignment we first need an
estimation of the failure probability concerning the perfor-
mance aspects. Then we have to estimate the costs of de-
signing the whole package and the costs of developing the
additional models.

Now we consider the loss in both scenarios. If we meet
the requirements, the development of the additional mod-
els was in vain. If we do not meet the requirements, we
modeled the whole package in vain.

With

• rf : risk of failure

• costCM : costs of context development

• costMod : costs of the entire design

Additional costs do not exceed the value of a more secure
process if:

• ( (1 − rf) ∗ costCM ) < ( rf ∗ costMod )

This equation can be used as a guard for a scheduling
algorithm depicted in Figure 12.

The most problematic parameter is rf, of course. There
are a lot of techniques to work out the values of costCM
or costMod. The correct estimation of the rf parameter
depends on an experienced modeler or statistic analysis of
the company’s experiences in prior projects.

6. Conclusions and Future Work

In this paper I proposed modification of a classical soft-
ware development process to integrate typical artifacts of
a simulation based performance assessment methodology.
We achieved a development process design that grants ei-
ther a secure approach to an entire implementation, that
meets all requirements or an early termination of the at-
tempt, if it can not be successfully accomplished.

Equivalent designs and architectures, if they exist, may
be selected not only regarding their design quality but also



their capabilities of optimization of the development pro-
cess.

Some new artifacts have to be created in this process.
They either influence the administration of this process or
mediately influence the content of the models. Some more
experiences have to be made to quantitatively assess ex-
penses of their development. The quantitative reasoning of
the process administration has to be improved in the future.
However, the minor changes and few additional documents
induce a remarkable gain of security, efficiency and qual-
ity.
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