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ABSTRACT

Software performance based on performance models can be
applied at early phases of the software development cycle to
characterize the quantitative behavior of software systems.
We propose an approach based on queueing networks mod-
els for performance prediction of software systems at the
software architecture level, specified by UML. Starting from
annotated UML Use Case, Activity and Deployment dia-
grams we derive a performance models based on multichain
and multiclass Queueing Networks (QN). The UML model
is annotated according to the UML Profile for Schedula-
bility, Performance and Time Specification. The proposed
algorithm translates the annotated UML specification into
QN performance models, which can then be analyzed using
standard solution techniques. Performance results are re-
ported back at the software architecture level in the UML
diagrams. As our approach can be fully automated and uses
standard UML annotations, it can be integrated with other
performance modeling approaches. Specifically, we discuss
how this QN-based approach can be integrated with an ex-
isting simulation-based performance modeling tool.

Categories and Subject Descriptors

C.4 [Performance of Systems|: Modeling Techniques;
1.6.5 [Simulation and Modeling]: Model Development—
Modeling Methodologies

General Terms

Performance, Design, Queueing Networks

Keywords
Software Performance, Queueing Networks, Performance
Modeling

Submitted to WOSP’05

1. INTRODUCTION

Functional and non-functional validation of complex soft-
ware systems is a crucial aspect of every software develop-
ment process. In particular, non-functional requirements
such as performance, safety, fault tolerance and reliability
must often be carefully evaluated in order to guarantee that
the system can be actually used. As developing large soft-
ware systems is a difficult and costly process, it is very useful
to be able to validate non-functional requirements as early
as possible during the software development life cycle. Soft-
ware performance based on performance models can be ap-
plied at early phases of the software development cycle to
characterize the quantitative behavior of software systems.

In this paper we consider model-based performance evalua-
tion and prediction of software architectures at the Software
Architecture (SA) level, specified by Unified Modeling Lan-
guage (UML). In particular, we propose an algorithm for
translating annotated UML diagrams into a performance
model based on multiclass Queuing Network (QN). Model-
based software performance allows the software designer to
receive feedback at the software architectural level. Such
feedback can be used

1. to verify whether the proposed SA meets given non-
functional performance requirements,

2. to compare different architectural implementations of
the same system from a performance-oriented perspec-
tive.

The quality of the results from alternative (1) largely de-
pends on the accuracy of the software specification with re-
spect to the “real system”, and on the quality of the pa-
rameters (estimated resource demands, workload intensities
and so on) used to annotate the software model. Alterna-
tive (2) may be used to compare different systems, at a high
level of abstraction, under the same environmental condi-
tions (e.g., assuming the same workload intensities, or as-
suming the same set of available physical resources). In both
cases the software modeler may perform “what if” experi-
ments to check how performances are modifies by changing
some model parameters.

As performance has been recognized as a particularly impor-
tant issue of many software systems [19], many software per-
formance evaluation approaches have been proposed in the



literature, based on various types of software specification
models and performance models [3]. Recent approaches con-
sider UML [15] as the software system specification. UML is
the de-facto standard for modeling software systems: it has
a large user base and it is able to model static, dynamic and
behavioral aspects of a system. Moreover, UML provides
standard extension mechanisms based on additional con-
structs, which can be used to extend its semantic in a stan-
dard and consistent way. However, standard UML models
cannot directly be used for quantitative evaluation purposes,
as they lack quantitative information that are necessary for
evaluating performance models. To fill this gap, the UML
Profile for Schedulability, Performance and Time Specifica-
tion (in short, SPT Profile) has recently been adopted as
an OMG standard [16]. This profile allows the definition of
requirements for performance and scheduling analysis, and
the specification of quantitative information directly in the
UML model.

In this paper we propose an approach for software perfor-
mance modeling based on UML as the software description
notation, and multichain and multiclass QN [5] as the per-
formance model. The proposed approach takes advantage
of the high level of abstraction of QN model, as we consider
a simple and direct mapping between UML specifications
and QN. This makes it easier the feedback interpretation
of performance results obtained by the performance model
solution at the original software specification model. Mul-
ticlass QN allows the representation of different classes of
requests on the same system, and to model multiple actions
requesting service from the same resource with different ser-
vice demands. We consider software specifications described
as UML Use Case, Deployment and Activity diagrams. Use
Case diagrams describe the workloads applied to the sys-
tem. Deployment diagrams describe the available hardware
resources. Activity diagrams describe the computations the
system performs in terms of service requests to the hardware
resources.

Our approach provides some advantages. It makes use of
the standard UML SPT profile for annotating the software
model. In this way, the approach can be easily integrated
into standard-compliant performance modeling tool, allow-
ing the same software model to be analyzed with different
performance models. This would be very useful as different
performance models are best suited for special classes of ar-
chitectural models; the advantages of multi-formalism soft-
ware performance modeling has already been recognized [2].
The proposed approach leads to product-form QN models [5]
if the software model satisfies some constraints which will be
discussed later more precisely. Informally, such constraints
are mostly on time distributions, allowed resource schedul-
ing policies, lack of fork and join synchronization and si-
multaneous resource possession. In this case we can derive
performance indices by efficient product-form solution algo-
rithms for QN. Finally, we consider UML models describing
both software and hardware components of the system to be
analyzed. Taking into account information about hardware
resources of the system allows more detailed performance
models, and hence more precise results. If informations on
hardware platforms are not available, it is still possible to
use our approach to analyze the system at the SA level. To
do so, it is sufficient to define enough identical “virtual” re-

sources such that resource contention will not occur in the
performance model. Performance results such as resources
utilization and throughput will be meaningless in this case;
other measures such as mean execution times of particular
sequence of actions, or whole interactions described by an
Activity diagram, can still be used.

The proposed approach can be integrated with other dif-
ferent methods for software performance analysis in a more
general framework. The framework can provide a set of
tools for quantitative analysis of software systems. Specifi-
cally, as observed in [2] software designers would take advan-
tage of the combined use of different approaches to evaluate
the performance of software artifacts. The proposed ap-
proach can be easily integrated with the recently developed
tool UML-WV [13] providing a simulation-based evaluation of
UML-based software systems.

The paper is organized as follows. In Section 2 we briefly
discuss the proposed approach with respect to some re-
cent model-based methods for software performance anal-
ysis. Section 3 presents the proposed approach by introduc-
ing the software model based on the UML SPT Profile, the
QN performance model and the translation algorithm. The
method implementation and application to a simple case
study are described in Section 4. Finally, conclusions and
open problems are discussed in Section 5.

2. SOFTWARE PERFORMANCE MODEL-
ING WITH QN

In this paper we propose an algorithm for automatic deriva-
tion of multiclass QN performance models. QN proved to be
an effective modeling tool for different classes of systems, in-
cluding communication networks and computer systems [10].
QN models have been the first performance models used for
software evaluation purposes. The SPE (Software Perfor-
mance Engineering) approach by William and Smith [19, 21,
20] has been the first integrated performance analysis and
software development approach. It uses QN as the system
model (representing hardware and software components),
and Execution Graphs as the software execution model.

Different approaches dealing with performance evaluation of
software systems have been proposed in the literature; see [3]
for a comprehensive review and comparison of model-based
performance prediction at the software development time.
In the following, we will briefly review only some recent
approaches that consider UML as the software specification
notation.

In [11] the authors derive multichain QN models from an-
notated UML 2.0 specifications. They consider UML mod-
els in term of Use Case, Sequence and Collaboration dia-
grams. Their approach is compositional: the approach de-
fines a library of architectural patterns (Sequence diagram
fragments) and relates them to QN patterns. This is fa-
cilitated by the new operators for the Sequence diagrams
introduced by UML 2.0 that allows identifying patterns of
interest. The approach works at a high level of abstraction,
as it does not consider the hardware resources on which
the system operates. While this assumption can be use-
ful if hardware information is not available, it is likely to
produce inaccurate results if more detailed information is



indeed available.

In [7] Cortellessa and Mirandola use information from dif-
ferent UML diagrams to incrementally generate a perfor-
mance model representing the specified system. The tech-
nique, called PRIMA-UML, considers SA described in term
of annotated Use Case, Sequence and Deployment diagrams.
Use Case diagrams are used to derive the operational profile
of the system. Sequence diagrams are used to derive an Ex-
ecution Graph [20], and Deployment diagrams are used to
derive the system execution model. The performance model
is based on Extended QN, and is derived from the Execution
Graph and the Deployment diagram. In [9] 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 gener-
ates the corresponding software and system execution mod-
els allowing the designer to evaluate the convenience of in-
troducing 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.

Some approaches deriving Layered Queueing Network
(LQN) models from software specifications have been pro-
posed in the literature [18, 17, 8]. LQN models are partic-
ularly useful for modeling client-server communication pat-
terns in distributed systems. A LQN model is an acyclic
graph, with nodes representing software entities and hard-
ware devices. Arcs represent service requests. Nodes with
outgoing but no incoming arcs represent clients, intermedi-
ate nodes with incoming and outgoing arcs are usually soft-
ware servers and nodes with no outgoing arcs are hardware
servers. While LQN are particularly useful for representing
client-server systems, QN have some advantages: they are
a more general modeling technique, and special classes of
QN models (product-form QN) can be analyzed exactly us-
ing efficient algorithms. Our approach is able to generate
product-form QN if some constraints on the UML software
model are satisfied. General QN models can be solved ei-
ther by means of approximate numerical algorithms or by
simulation [6].

The CLISSPE approach by Menascé and Gomaa [14] derives
multiclass QN models from software specifications described
as UML Use Case, Class and Collaboration diagrams. As
the approach was developed before the UML SPT profile was
developed, annotations have to be specified in the CLISSPE
language which is then translated into the QN model. Our
approach in contrast does not require the use of intermedi-
ate hand-coded representations, as the QN model is directly
derived from annotated UML diagrams.

In this paper we propose a different approach for software
performance modelling. We consider a SA described both
at the software execution level and at the hardware level.
In this way, the software engineer may be able to model the
system by considering more information, hopefully getting
better results. Our algorithm does not use any intermedi-
ate representation, thus it is able to translate UML soft-
ware specifications directly into performance models. This
leads to the advantage that the derived performance model
is structurally very similar to the software model. Such sim-

ilarity makes the process of interpreting performance results
back at the SA design level very easy. In particular, each
service center in the QN model represents a processing re-
sources described as a node in the UML Deployment dia-
gram. Thus, performance measures computed for a service
center of the QN (e.g., utilization and throughput) directly
corresponds to the same performance measure on the hard-
ware resource it represents. Moreover, our approach is con-
sistent with the Activity-based approach described in [16].
Thus, the proposed algorithm can be easily included in pos-
sible performance evaluation framework based on the UML
SPT Profile, such as the UML-W¥ tool described in [13].

3. FROM UML MODELS TO QN PERFOR-
MANCE MODELS

In this section we describe our approach for transforming an-
notated UML specifications into multiclass QN models. We
consider a software performance modeling framework shown
in Fig. 1. Starting from software performance requirements
and an UML specification we consider an annotation step
to enrich the UML model with performance information.
Then we derive the performance model whose solution can
provide a feedback at the level of the UML software specifi-
cation model.

f (1) Performance Requirements Definition

: (2) UML Model Development

" (3) Model Annotation

C)) Model Derivation

| QN Model
| Derivation

| | I
L Simulation Model ' .....
. 1 Derivation l

Figure 1: Software Performance Modeling Frame-
work

More specifically, the four steps work as follows:

1. The software engineer defines the performance require-
ments of the software system.

2. A UML specification of the software system is devel-
oped. We consider software specifications in term of
Use Case, Activity and Deployment diagrams. The
software specification includes a description of both
the hardware resources (Deployment diagram), work-
loads (Use Case diagram) and software execution (Ac-
tivity diagram).

3. The UML model is annotated with quantitative,
performance-oriented information. We use a subset of



the annotations defined in the UML Profile for Schedu-
lability, Performance and Time Specification (in short,
SPT Profile).

4. The annotated software model is translated into a suit-
able performance model, which is then evaluated. It is
possible to derive multiple performance models from
the same UML specification. We currently consider
the proposed QN-based performance model, described
in this paper and the simulation-based performance
model described in [4].

5. Performance evaluation results provide feedback that
should be interpreted at the SA design level. The soft-
ware development process may be iterated from step
(1) if the performance results show that the require-
ments are not satisfied.

The part of this framework dealing with simulation model
derivation and execution have been implemented in the
UML-¥ tool [13]. In this paper we consider step (3) above
and we define an algorithm for translating the annotated
software model into a multiclass QN based performance
model. The performance model can be solved using an ap-
propriate solution technique and performance results pro-
vide feedback at the software specification level. In partic-
ular, feedback is provided by inserting performance results
as annotations to the software model elements they refer to.
Hence the software performance analysis cycle can be iter-
ated to meet given performance requirements or to compare
different software design alternatives.

We first show how the software model can be described
and annotated using UML Use Case, Activity and Deploy-
ment diagrams. Then we introduce the multiclass QN per-
formance model. Finally we give the transformation algo-
rithm for translating the software model into the perfor-
mance model. We illustrate with an example how the UML
model annotation and the performance model derived.

3.1 UML model annotations

The software architecture is described in term of UML Use
Case, Activity and Deployment diagrams. The diagrams
are annotated according to the UML SPT Profile [16], as
described below.

Use Case diagrams represent workloads applied to the sys-
tem: each Actor models either an open or closed popula-
tion of requests arriving to the system. Actors stereotyped
as < PAopenLoad>> represent an infinite stream of external
requests. The interarrival time between two subsequent re-
quests can be specified by using the PAoccurrence tagged
value. We usually assume exponential interarrival times dis-
tribution in order to derive a product-form QN model. Ac-
tors stereotyped as < PAclosedLoad > represent a fixed pop-
ulation of requests that repeatedly interact with the system.
The number of requests is given by the PApopulation tag,
and the time spent by each completed request before the
next interaction with the system is given by the PAextDelay
tag.

In the following, we consider a simple case study to illustrate
the annotations. We consider a network-based video server

<<PAOpenLoad>>
PAoccurrence = ["unbounded",

["exponential"™, 30]]

ii

User

Update
Client

Time

<<PAClosedLoad>>
PApopulation = 10
PAextDelay = ["assm","dist",
["exponential", 100]]

Figure 2: Example of Annotated Use Case diagram

system, where a user requests video frames from a video
server through a network connection.

Figure 2 represents an annotated Use Case diagram. We
have two actors, User and Time respectively. The first actor
represents an open population of requests with exponentially
distributed interarrival time with mean 8 time units. The
second actor represents a fixed population of 10 requests
which continuously circulate through the system; each re-
quest spends an exponentially distributed amount of time
outside the system, with mean 10 time units, before inter-
acting again. In our example, actor User represents the re-
quests generated by users requesting videos from the video
server. The Time actor represents periodic updates which
are sent by the video server to the player software on the
client workstation.

Activity diagrams are used to describe in more detail the
content of each Use Case. In particular, Activity diagrams
describe the computation performed on the system. Thus
each Use Cases must have exactly one associated Activity di-
agram. Each action state stereotyped as < PAstep>> in the
Activity diagrams represents a service request from one ac-
tive resource (processor) of the system. The resource name
is indicated with the PAhost tag, and the service demand is
given with the PAdemand tag. In order to produce product-
form QN models, service demands should be exponentially
distributed. Transitions in the Activity diagram can be an-
notated with an associated probability PAprob, which repre-
sents the probability of taking one specific transition. This
is only meaningful if there are multiple outgoing transitions
from the same action state; in this case, the sum of prob-
abilities of all outgoing transitions must be 1. Note that
UML Activity diagrams may contain fork and join synchro-
nization nodes. Fork nodes allow the execution flow to split
into multiple concurrent threads; join nodes allow multiple
independent execution threads to synchronize. Fork and
join synchronization can be represented into the QN model.
However, the resulting network would not be in product-
form, and could only be solved by approximate algorithms
or by simulation [6].

Fig. 3 shows the annotated Activity diagrams associated to



the Use Cases of Fig. 2. The Activity diagram associated
with the Play Video Use Case shows the computations per-
formed in the system when a user requests a video. First,
the video server is initialized; then, a sequence of actions is
iterated several times to transmit the frames. Each frame
is encoded by the server, transmitted through the network,
displayed on the client machine and finally an acknowledge
is sent back through the network. When the loop is finished,
the server process is terminated.

The activity diagram associated with the Update Client
Use Case shows the interactions performed in the system
when a software update is sent from the video server to the
client machine through the network.

Deployment diagrams are used to describe the hardware re-
sources available on the system. Each node stereotyped as
< PAhost>> represents an active resource (processor). The
scheduling policy can be specified with the PAschedPolicy
tag: we consider the tag values for “FIFO”, “LIFO” and
“PS” (Processor Sharing) scheduling policies. The PArate
tag allows the modeler to specify the relative speed of the
processor (for example if PArate=2 the processor will spend
0.5 time units to satisfy a service request for 1 time unit).

Note that the UML SPT Profile allows the representation
of active resources as well as passive ones. However, QN
with simultaneous, passive resource possession do not allow
a product-form solution, so in the following we will consider
active resources (processors) only.

Fig. 4 shows an example annotated Deployment diagram.
We see three resources available in the system: the video
server, the client machine and the network. All of them rep-
resent processors with FIFO scheduling policy, and different
service rates shown in the annotations.

3.2 QN model

We consider QN models with K service centers and C dif-
ferent classes of customers. The service centers represent
the resources of the UML model. If there are closed work-
loads applied on the system, then we define one additional
delay center (infinite server) for each closed workload. Per-
formance measures can be directly interpreted at the SA
design level: utilization, throughput and mean queue length
of the service centers denote the utilization, throughput and
mean number of waiting requests respectively on the physi-
cal resources on which the SA executes.

Multiple actors represent multiple workloads. In this case,
the QN model can be decomposed into multiple disjoint
chains. Each chain represents the requests from the same
workload. Requests belonging to the same chain (workload)
can be of different classes: job classes are used to model the
path of requests to the various resources in the UML model
that correspond to the path of job visits to the servers in
the QN model.

The QN model is described by a set of parameters, which
are summarized in Table 1. The QN consists of K servers
and C different classes of requests. The routing probability
matrix is P = [P[i, 7, j,8]], 1 <4, < K,1<r,s <C, where
Pli,r, j, s] denotes the probability that a class r job finishing

["exponential", 0.2]]
PAhost = "VideoServer"

Initialize \____
Player

Prepare ol
Frame
Transmit e
Frame
<<PAstep>> B

.| PAdemand = ["assm","dist",
["exponential", 5]]
PAhost = "Client"

<<PAstep>>
PAdemand = ["assm","dist",

<<PAstep>> B
PAdemand = ["assm","dist",
["exponential", 1]]
PAhost = "VideoServer"

<<PAstep>> B
PAdemand = ["assm","dist",
["exponential", 0.5]]
PAhost = "Network"

PAprob = 0.9

<<PAstep>> B

.| PAdemand = ["assm","dist",

["exponential", 0.1]]
PAhost = "Network"

PAprob = 0.1

<<PAstep>>
Terminate __._| PAdemand = ["assm","dist",
Player

["exponential", 0.2]]
PAhost = "VideoServer"

(a) Play Video

<<PAstep>> B
Prepare  \__..... PAhost = "Video Server™"
Update PAdemand = ["assm","dist",
["exponential",2.0]]

<<PAstep>> B
Transmit \___ .. PAhost = "Network"
Update PAdemand = ["assm","dist",
["exponential",5.0]]

<<PAstep>> B
Apply  \__..... PAhost = "Client",
Update PAdemand = ["assm","dist",
["exponential",3.0]]

(b) Update Client

Figure 3: Annotated Activity diagram for the Play
Video and Update Client Use Cases

its service at service center 7 immediately join service center
j as a class s job. Let u[i,r] denote the service rate for
class r customers at service center i. For an open chain, A[r]
denotes the external arrival rate of class r customers and
qli,r] is the probability of an arrival of class r requests at
service center i . For a closed chain, N denotes the constant
number of requests.

3.3 Transformation algorithm



<<PAhost>>
client | [~ PArate = 1.0
PAschedPolicy = "FIFO"
<<PAhost>>
Network | [~ PArate = 10.0
PAschedPolicy = "FIFO"
<<PAhost>>
Video | f----- PArete = 4.0
Server PAschedPolicy = "FIFO"

Figure 4: Example of Annotated Deployment dia-
gram

C Number of customer classes
K Number of service centers
P = P[i,r,j,s] Probability that a customer of class
r completing its service at service
center ¢ by enters service center j
as a class s customer

= pli,r] Service rate of class r customers at
service center ¢
A= A[r] (Open QN) Arrival rate of class r
customers
q=gq[i,] (Open QN) Probability that an ar-

riving class r customer enters the
network at service center ¢

N (Closed QN) Number of customers
in the system

Table 1: Description of symbols used in the algo-
rithms

We shall now present the transformation algorithm from the
annotated UML software model into the QN performance
model.

We consider a SA described as a set of annotated UML
Use Case, Activity and Deployment diagrams. Use Case
diagrams are translated into workloads of the QN model,
Activity diagrams define the QN model routing matrix, and
Deployment diagrams describe the service centers.

Let us introduce the notation used for defining the trans-
formation algorithm. In the following, given an object
z we denote by alz] the value of attribute a for object
z. We consider an UML Activity diagram as a directed
graph G = (A,T) with nonnegative edge weights, where
A = {ao,a1,a2,...} is the finite set of action states of the
Activity diagram and T = {¢1,¢2, ...} the finite set of tran-
sitions. We denote with ao the entry and exit point of the
Activity diagram. A generic transition ¢ is a pair of activities
(ai,aj), 1 <i,j < |A]. We define the attribute p[t] € [0,1]
for each transition ¢t which denotes the probability of travers-
ing t. A transition ¢ from action a to action b means that
action b is executed after a is completed. To model different
possible execution paths, it is possible to specify multiple
successors of an action in the Activity diagrams. Each tran-
sition in the UML Activity diagram is annotated with the
PAprob tagged value which specifies the transition probabil-
ity.

The UML model contains a set R = {ri,r2,...rx} of re-

sources. We define an attribute for each action of the Ac-
tivity diagram, a € A, denoted by res[a], that represents
the resource on which the action a is executed. The associa-
tion between actions and resources derives from the PAhost
tag of UML action a. We assume that all resources in R
get a unique identifier in the range [1...K]. We introduce
the attribute id[-] for each resource r; € R to denote such
identifier, defined as id[r;] = 1.

Table 2 summarizes the introduced attributes used in the
algorithm and the corresponding UML tag name used derive
the attribute values.

We describe now the transformation algorithm from the an-
notated UML model to the QN, first for an open and a closed
workloads, respectively, and finally for the entire model.

Open Workloads

Algorithm 1 describes the transformation for generating
open QN models. The inputs of the algorithm are an actor
W stereotyped as < PAopenLoad >, the activity diagram A
describing the associated Use Case, and the Deployment di-
agram R describing the set of all the resources available in
the system.

In general the software modeler may specify multiple actions
requesting service from the same active resource with differ-
ent service demands. Thus, it is necessary to ensure that
every execution path in the Activity diagram corresponds
to the correct sequence of visits to the service centers in the
QN model. To this aim we proceed as follows. We consider
the set of actions that require service to each resource in the
UML model in order to define the set of classes that belong
to the corresponding service center in the QN that represent
the resource. For each resource r € R we define the attribute
count[r] that denotes the total number of actions requesting
service from r. For each resource r, we label all the actions
in the set {a € A | res[a] = r} with a unique number in the
range [1... count[r]]. Then for each action a € A we intro-
duce the attribute indez[a] that denotes this unique number.
Hence action a requesting service to resource res[a] is trans-
lated into a job of class indez[a] requesting service to the
service center representing res[a]. This attribute indez[a] is
used to define the transition matrix P of the QN.

To prove the correctness of Algorithm 1 we observe that
the routing matrix of the QN model, defined in lines (16)—
(22), is such that if there is a transition ¢ = (z,y) from
action x to action y with probability p[t] in the UML model,
then there is a QN transition from service center id[res[z]]
to id[res[y]] with the same probability. The normalizing
assumption on the probabilities PAprob associated to the
multiple outgoing transitions from the same action state in
the Activity diagrams given in section 3.1 guarantees the
normalizing probability condition of matrix P in the QN.

External arrivals are defined on the service center associated
to the initial action of the Activity diagram. The arrival
rate is set equal to the PAoccurrence tag associated to the
Actor executing the Activity diagram. Job classes are used
to route requests according to the action order defined in the
UML Activity diagram. Transition probabilities are derived
from the PAprob tags associated to UML transitions.



Attribute Description

UML Tagged Value

resla] Resource on which action a executes PAhost
demand[a] Service demand of action a PAdemand
p[t] Probability of traversing transition ¢ PAprob
rate[r]  Service rate of resource r PArate
arrwalrate]W]  Arrival rate of external requests (open workload) PAoccurrence
population[W] Number of requests (closed workload) PApopulation
extdelay[W] External delay of requests (closed workload) PAextDelay

Table 2: Object attributes used in the algorithms and corresponding UML tag name defining their value

Algorithm 1 Generation of an open QN

Require: Activity diagram G = (A,T), Deployment dia-
gram R, Actor W stereotyped as < PAopenLoad>>
: {Initializations}
: for all r € R do
count[r] :==0
end for
for all a € A do
count[res[a]] := count[res[a]] + 1
indez[a] := count[res|al]
: end for
C' := max,cr{count[r]} {Number of Classes}
10: K := |R| {Number of Service Centers}
11: P = P[i,r, j, s] := new vector [K x C x K x C]
12: A = A[r] := new vector [C]
13: q = ¢[¢, ] := new vector [K X C]
14: p = pli, r] := new vector [K x C]
15: {Define the routing matrix P}
16: for all ¢t = (x,y) € T such that = # ap and y # ao do
17: i:=id[res[z]]
18: 7 :=indez[x]
19:  j :=id[res[y]]
20:  s:= index[y]
21 Pli,r, 9] = plf
22: end for
23: {Define Service Rates u}
24: for alla € A— {ao} do
25: 4 :=1d[res[z]]
26: 7 := indez[a)
27:  pli, r] := rate[r]/demand]a]
28: end for
29: {Define Arrival Rate A}
30: for all t = (z,y) such that x = ag do
31: = id[res[y]]
32:  r:=indez[y]
33:  A[r] := arrivalrate[W]
34: qli, r] == plt]
35: end for

RN @

Closed Workloads

Algorithm 2 describes the derivation of a closed QN from an
actor W stereotyped as < PAclosedLoad>>. The approach is
very similar to the one used for open QN generation. Note
however that in this case the number of service centers is
K +1, where K = |R] is the number of nodes in the Deploy-
ment diagram. The reason is that the constant number of
requests may spend some time between the end of one inter-
action with the system and the beginning of the next one.
Such time, also called “think time”, can be defined by the
software modeler by using the PAextDelay tag. The think

time is modeled as a service center with infinite number of
servers. The service rate of this service center is equal to
1/extdelay[W] for all job classes, W being the Actor repre-
senting the closed workload. The population IV of requests is
derived from the PApopulation tag associated to the Actor.

Algorithm 2 Generation of a closed QN
Require: Activity diagram G = (A,T), Deployment dia-
gram R, Actor W stereotyped as < PAclosedLoad >
{Initializations}
for all » € R do
count[r] :==0
end for
for all a € A do
count[res[a]] := count[res[a]] + 1
index[a] := count[res[a]]
end for
C := max,cr{count|r]} {Number of Classes}
10: K:=|R| + 1 {Number of Service Centers}
11: P = P[i,r,j, s] := new vector [K X C x K x (]
12: A = A[i, 7] := new vector [K x C]
13: p = pli, r] := new vector [K x C]
14: {Define the routing matrix P}
15: for all t = (z,y) € T do
16: i := id[res[z]]
17 r:=indezx[x]
18:  j:=id[res[y]]
19: s :=indez[y]
2. Pli,r,j,5] = plf
21: end for
22: {Define Service Rates u}
23: for alla € A — {ao} do
24: i :=id[res[z]]
25: 7 := index[a)
26:  pli,r] := rate[r]/demand]a]
27: end for
28: Let service center 0 be a Delay Center with u[0,:] :=
1/ extdelay[W] for all job classes
29: N := population[W]

The Complete Algorithm

Algorithms 1 and 2 produce the QN for single workloads.
Each QN consists of a single chain, which is an open or
closed depending on the workload it represents. Since it
possible to define multiple workloads to be applied to the
software system, the complete QN model can be obtained
by merging all the individual networks. The complete per-
formance model will thus be made of multiple chains, each
one with multiple job classes. Algorithm 3 summarizes the
complete UML-to-QN translation. Let Ch denote the set of
chains of the QN.



Algorithm 3 UML to QN model transformation

1: Let Ch:=10 {The set of chains}
2: for all Workload W do

3:  if W is stereotyped as < OpenWorkload > then

4 Let @ be the QN computed according to Algo-

rithm 1

5: Ch:=ChuUQ

6: elseif W isstereotyped as <« ClosedWorkload > then

T Let @Q be the QN computed according to Algo-
rithm 2

8: Ch:=ChUuQ@

9:  end if

10: end for

11: Let @ be the QN obtained by merging all chains in Ch
12: Return @

If the UML model is made of Ko actors representing open
workloads, K¢ actors representing closed workloads, Ngr
resources, then the QN model for the whole system has
Ko + K¢ chains, including a total of k job classes, and
Ngr + K¢ service centers. Note that k is defined as the max-
imum number of actions requesting service from one of the
resources, considering all the Activity diagrams.

The computational time complexity of the transformation
algorithm is O(|A| + |T']), where |A| and |T'| are the total
number of actions and transitions in all the Activity dia-
grams. The space required is dominated by that required
for storing the routing matrix, which is O((Ng + K¢)2k?).

It should be observed that in order to produce a product-
form QN model the UML model must satisfy some con-
straints. Specifically, the following conditions must hold [5]:

1. Scheduling policies at the active resources must be
one of FCFS (First-Come-First-Served), PS (Proces-
sor Sharing), LCFS-PR (Last-Come-First-Served with
Preemptive Resume) and IS (Infinite Server).

2. Service demands from FCFS servers must have the
same distribution. Service demand for PS, LCFS-PR
and IS service centers can be class-dependent (i.e.,
multiple actions can have different service demands).

3. Arrival processes in open workloads must be Pois-
son. Multiple independent streams of requests may
be present, with (possibly different) arrival rates A;.

4. No passive resources may be present in the system.

5. Activity diagrams may not include fork and join nodes.

Note that if the previous conditions are not satisfied, a QN
model can still be derived from the UML model. However,
the QN model does not admit a product-form solution, and
its analysis requires approximate solution techniques or sim-
ulation.

4. EXAMPLE

As an example, we consider the UML diagrams shown in
Fig. 2-4. From the Use Case diagram of Fig. 2 we see

Initizlize Player
Res=1
index=1

Prepare Frame
Res=1
index=2

Transmit Frame
Res=2
index=1

p=0.9

Display Frame
Res=3
index=1

Transmit ACK
Res=2
index=2

p=0.1

Terminate Player
Res=1
index=3

Figure 5: Annotated graph produced by applying
Algorithm 1 to the “Play Video” Activity diagram

two actors, User and Time, representing an open and closed
workload, respectively.

The User workload and its associated Activity diagram is
processed according to Algorithm 1. We define three service
centers that correspond to the three nodes in the Deploy-
ment diagram. The Activity diagram associated to the User
workload has three actions (namely, Initialize Player,
Prepare Frame, Terminate Player) that are executed on
the same physical resource, the Video Server.

Let us suppose that the numbering of resources is as follows:
resource 1 corresponds to the Video Server node, resource 2
corresponds to the Network node, resource 3 corresponds to
the Client Workstation node. Algorithm 1 annotates the
Activity diagram as in Fig. 5. Actions requesting service
from the same processor get increasing values of their index
attribute.

Given the intermediate annotations, the transformation al-
gorithm produces the QN in Fig. 6 which has three customer
classes. The reason is that there are three actions requesting
service from the Video Server resource. Customer classes
are shown in the figure using different line dashes. Class
switching is denoted by lines entering a service center and
leaving it with a different pattern. The service rates are de-
fined according to the PArate tagged values on the UML di-
agrams. Service rates are up = (20,4, 20), u2 = (20,100, 1),
s = (0.2,1,1). Arrival rate A = 1/30 at service center 1,
p=0.1

The Time workload and its associated Activity diagram is



p
VideoServer A Network Client

—Class 1 ----> Class 2 > Class 3
Figure 6: QN model for the Show Video Activitydia-

gram.

translated according to Algorithm 2 into the closed network
shown in Fig. 7. In this case we have the three service cen-
ters representing the physical resources in the Deployment
diagram, plus an additional delay center representing the
external delay (think time) spent by requests outside the
system. In this case the QN has just one job class, as each
resource is used by at most one action. Service rates are
po = 0.01, pi1 =2, p2 =2, pus = 1/3

Lo

VideoServer Network Client

Figure 7: QN model for the Update Client Activity
diagram.

Finally, the complete multiclass QN model corresponding
to the whole system is shown in Fig. 8. The QN has four
job classes, three service centers and one delay center. The
four job classes belong to two different chains. The first
chain corresponds to the interactions described by the open
workload; the second chain corresponds to the interactions
described by the closed workload.

The QN model of Fig. 8 can now be analyzed with an ap-
propriate algorithm, and performance results can be com-
puted. These performance measures include server utiliza-
tion and throughput, which can be directly reported and
interpreted at the SA design level: they correspond to uti-
lization and throughput of the resources represented in the
Deployment diagram. The software modeler may use these
values to identify potential bottlenecks, or compare differ-
ent architectural implementations of the same system from
a performance-oriented viewpoint. The SA model can even-
tually be modified and the performance modeling approach
iterated many times until the non-functional performance
requirements are satisfied.

5. CONCLUSIONS

In this paper we described an algorithm for automatic trans-
lation of annotated UML specifications into multiclass QN
performance models. We consider UML specifications in
term of Use Case, Activity and Deployment diagrams. Use

VideoServer A Network Client
H3 -
Chain 1
[ —— Class 1 ----> Class 2 > Class 3 J
Chain 2
[ — —>Class 4

Figure 8: The full QN model

Case diagrams are used to describe external arrivals of re-
quests. Activity diagrams specify the system execution
model, i.e., which actions are performed and where those
actions execute. Finally, Deployment diagrams describe the
hardware resources available in the system. All diagrams
must be annotated with quantitative, performance-oriented
annotations according to the UML SPT Profile. The re-
sulting multiclass QN model can be analyzed with standard
techniques. The proposed approach can be fully automated
and uses standard UML annotations; for this reason, it can
be integrated with other software performance modeling ap-
proaches based on the UML SPT Profile.

It should be observed that, while the approach we described
can produce QN performance models from general UML
specifications, the software model must be constrained in
order for the performance model to be solved analytically.
In particular, Activity diagrams with fork and join nodes,
or with simultaneous resource possession (actions requesting
and releasing passive resources) would result in Extended
QN performance models which can be analyzed with ap-
proximate numerical techniques or by simulation. In the
latter case, other performance modeling approaches may be
applied (e.g., those based on LQN [1, 18, 17], or simulation-
based models [13, 12]). The choice of the performance model
which is best suited for a particular type of system and for
the kind of analysis to be performed is outside the scope of
this paper, and is discussed in detail in [2]

Future works include the integration of this approach, and
other software performance modeling approaches based on
the UML SPT profile, on a general framework. The aim
is allowing the software designer to choose the performance
evaluation tool best suited for the kind of analysis to be
performed. Also, with the development of additional UML
profiles, other non-functional aspects of SA could similarly
be evaluated at the design level.
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