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ABSTRACT

In this paper we present an original method of analysing ¢y
revised UML2.0 activity diagrams. Our analysis method dlil
on our formal interpretation of these diagrams with respecthe
UML2.0 standard. The mapping into another formalism is thst fi
stage of a refinement process which ultimately deliversvddran-
alytical results on the model. This process highlightsriaeer-
formance problems hidden in the high-level design, allgnsoft-
ware developers to fix these design flaws before they are eoncr
tised in implementation code. We exercise our analysiscgubr
on a substantial example of modelling a multi-player distteéd
role-playing game.

1. INTRODUCTION

Complex software necessitates the use of a systematicaseftie-
sign process in which initial high-level designs and blirggrare
methodically refined towards an efficient and reliable impe-
tation of the system. In addition to the programming languag
languages which will ultimately be used to code the systeme, o
or several modelling languages are usually deployed foigdes
and analysis purposes. In this paper we explain how a general
purpose modelling language (the UML) can be used togethibr wi
a special-purpose modelling language for performanceysisabf
distributed and mobile computing systems (the languageEsiAP
nets).

The Unified Modelling Language (UML) is an effective diagram
matic notation used to capture high-level designs of systes-
pecially object-oriented software systems. The UML is n@m-c
sidered to be thde factostandard for the high-level description of
software systems, even in those cases where the primargshta
building these models is to undertake a performance asadjshe
system under study [4].
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A UML modelis represented by a collection of diagrams describing
parts of the system from different points of view; there arees
main diagram types. For example, there will typically bstatic
structure diagranfor class diagramdescribing the classes and in-
terfaces in the system and their static relationships (itdree, de-
pendency, etc.). State diagrams, a variant on Harel statesch
can be used to record the dynamic behaviour of particulasek
Other dynamic diagrams, such as activity diagrams and seque
diagrams, show how the overall behaviour of the system Isezh

As usual we expect that the UML modeller will make a number of
diagrams of different kinds. Our analysis here is based ¢m-ac
ity diagrams and complements our earlier work on mapping UML
state diagrams and collaboration diagrams to PEPA [1].

In this paper we apply the UML and PEPA nets languages to the
problem of modelling a complex distributed application, altin
player online role-playing game. The game is one of the case
studies from one of our industrial partners on the EC-funoéd
GAS project (Design Environments for Global ApplicationShe
game is a characteristic “global computing” example, erjzass-

ing distribution, mobility and performance aspects. Th@esenta-
tional challenges in modelling the game accurately incleajgtur-

ing location-dependent collaboration, multi-way synetisation,

and place-bounded locations holding up to a fixed number -of to
kens only. All of these are directly represented in the PEB% n
formalism. Due to lack of space we do not describe PEPA nets in
detail her but refer the reader to [2].

2. UML 2.0 ACTIVITY DIAGRAMS

One of the major changes introduced in UML2.0 is a radicat-ove
haul of activity diagrams. UML 1.x actually regards actvii-
agrams as special syntax for hierarchical state machineforkA
pseudostate indicates entry into a submachine consistisgyeral
parallel regions, and a join pseudostate indicates exih fsoich

a submachine. Therefore there are many activity diagramehwh
have an obvious interpretation which are not in fact legdJ ML
1.x. In practice, users of UML have often not obeyed the rgtas
erning the structure of activity diagrams, and have infdiynssed

a Petri net semantics. In UML 2.0, this has been made official.

UML 2.0 also revises the conceptalbject flowsn models. Object
flows already existed in UML 1.x, but were so imprecisely dedin
that few practitioners made use of them. In UML 2.0 the situnat
has been improved. Essentially there are two kinds of flohes, t
normal control flows and object flows. The presence of a contro
token in an activity indicates merely that the activity isabled,



and flow of control tokens shows the enabling and disablinacef
tivities. Object tokens, on the other hand, represent tbjecthe
software system being defined. As such, they have stateyibeiha
and identity which may be used by the activities where they co
tribute. The flow of object tokens shows part of the data flow of
the application being designed. Control tokens flow alongtrod
flows, object tokens flow along object flows. For example, Fedu
shows a control flow from activitteachRoom to activity fightNP,
and an object flow from objediPlayer to activity fightNP. In the
vocabulary of the UML 2.0 specification, an activity may riequ
both control tokens and object tokens in order to be activafer
example, the activitfightNP cannot begin until both the activity

it is a transition or a firing. We assume that these rates atedad
by a performance analyst, at the time of translation.

We observe that, in general, in order to carry out perforraamal-
ysis, we would aim for a PEPA net that is more abstract than the
general purpose UML activity diagram which describes th&iac
ties of a system in detail. Thus at the end of the section waudis

the process by which the translated PEPA net is refined ingo on
more suitable for performance modelling.

First in order to demonstrate the translation, we show itoex
ample, which represents of fragment of the MMPORG which con-

moveP has been completed — so that a control token is passed on tostitutes our case study presented in the next section. fagsient

fightNP — and the objediPlayer is available. Notice that UML2.0
tokens are not identical with basic Petri net tokens, siheeetis a
notion that they have identity which is preserved througtvslolf
an activity requires two tokens to begin, it then possestesé
same) two tokens whilst it is active. As we shall see, thisesor

is represented as a UML 2.0 activity diagram; this is traeslanto
a PEPA net model at the same level of abstraction.

3.1 Example Activity Diagram
Inthe MMPORG (Massive Multi-Player Online Role-playing1@e)

sponds sensibly with the treatment of tokens in PEPA nets. We there are players (users) and non-playing characters ¢gigion-

may thus view activity diagrams as a particular kind of coéal
Petri net with two kinds of tokens: indistinguishable cohtokens,
and object tokens. UML2.0 appears to assume a sensible iype d
cipline for object tokens, although this is not made formatvill

be an assumption of our translation that our UML activitygiéans
are well typed.

3. FROM UML 2.0 ACTIVITY DIAGRAMS
TO PEPA NET MODELS

In this section, we demonstrate the translation between 2ML
activity diagrams and PEPA net models. We consider actdlisy

grams in which there is choice, looping, control and objem,

but no synchronisation.

As a first step we identify the components of the PEPA net, dis-
tinguishing tokens and static components. The contextcolue
the activity diagram is a token of the PEPA net, as is eachcobje
token involved in an object flow. The behaviour of the contab¢
ject component closely reflects the structure of the agtdiligram
respecting sequence and choice: each activity of the diape
comes an activity in the PEPA definition of the component. Whe
a choice in the activity diagram is labelled by guards, thards
are elevated to the status of activities offered in comipetiin the
PEPA token component.

The behaviour of the context object is partitioned into a hanof
different subcontexts, according to the interactions witter com-
ponents which are required, i.e. according to which agtisite-
quire cooperation with an object token. These joint adg&simust
occur within a place of the PEPA net, thus we make these tetvi
transitions, and the immediately preceding activitiesfjs. Thus
there is a distinct place in the PEPA net for each activityclwhi
involves an object flow.

sters, witches, etc) which interact as they play the ganayieg
from room to room. When players and non-players are withén th
same room they may meet and fight. If the player wins the fight,
he may either obtains a new skill card or some objects behgrmi

the non-playing character. If the player is defeated, hialer of
points decreases.

The activity diagram on Figure 1 depicts a scenario in which a
player moves to a room and interacts with a non-playing ctera
The result of the fight is reflected in the subsequent statetf b
the player and the non-playing character. As we will see & th
next section, this is a simplification and each room offexess
such possible scenarios. The player is the subject of thgratia

In UML2.0 terms this means that the cld&yer is the classifier
context for each activity in the diagram; see [5] for disdoiss

e O
n)—@)

fightNP

Figure 1: UML 2.0 Activity Diagram

As described earlier, the specification of object flows hasen-
hanced in UML2.0. It allows us to model the non-playing cleten
generated by the room as an objdRlayer, which is used as an
input to thefightNP activity. The objeciNPlayer’ is the output of
this object flow — the result of thiégghtNP activity on the object
NPlayer. If the player wins the fight, items belonging KPlayer
are given to the player. In this cag¢Rlayer’ is a modified object.
If the non-playing character wins the fightPlayer’ is simply a
non-playing character object which can be involved in offgts

For each object token we define a PEPA token component. As well OF moved to other rooms of the game.

as the activity on which it cooperates with the context tokers

given activities to bring it into the place of interactiordaiemove it
from the place of interaction. These transitions will benfiis, rep-
resenting the object becoming available for interactio, laaving
the subcontext of interaction.

Since the objective of a PEPA net is to carry out performanedya
sis based on an underlying Continuous Time Markov Chain (CTM
an exponential delay must be associated with each activlitgther

3.2 The PEPA net model

Figure 2 depicts the PEPA net translation of the activitygchan
shown in Figure 1. The activities of the UML diagram représen
the behaviour of the player, which is represented explieitl a to-
ken (mobile component) in the PEPA net. Each of the actvise
mapped to a PEPA activity which is either a transition (Ipcala
firing (global). This is determined by considering the difiet con-
texts in which the player finds himself: these before duringand



after interaction with the non-playing character. These cowadp
to the places of the PEPA neP2, P3, and P4. The non-playing
character is represented by another token of the PEPA netsand
possible contexts are represented by pldeesP3 and P5 respec-
tively.

P1

(createNP,s1) (getNewCard,s2)

P4

(moveP,r1)

(removeNP, s2)
P5

(decrPts,s4)

Figure 2: PEPA net corresponding to Figure 1

3.2.1 Component Player

When the player is in the room, they may be attacked by a non-
playing characterfightNP). The result of the fight may be either

a defeat of the playerP{ossNB or his victory PwinNP. In the
former case, he loses pointdecrPts). In the latter case, the player
gets cardsgetNewCard).

def

Player = (moveP,r1).Player;

Player, & (fightNP, a).Player,

Player, Y (PWINNP, g2 X ¢2).Player; + (PlossNR g1 x ¢1).Player,
Player, & (getNewCard, s1).Player; + (getNPobj, s2).Player;
Player, e (decrPts, s3).Player

3.2.2 Component NPlayer

Once a non-playing character has been created by a roomyit ma
meet a playing character. A fight may then follow and as erpli
before, if the non-playing character is defeatBd/(nNP), it has to
give objects to the player. Moreover, it vanishes from thetesp
(the room), via action typdestroyNP If it wins (PlossNB, it just
continues its progression in the rooms of the current gane.le

NPlayer & (createNP, ¢1).NPlayer,

NPlayer & (fightNP, §).NPlayer,

NPlayer, = (PlossNP T).NPlayef + (PwinNP, T).NPlayef
NPlayef e (removeNP, t1).NPlayer

3.2.3 Markings

The places of the PEPA net are defined as follows.
(NPIayet{NPIayer], PlayefPlayer], Player-] B,Cﬂ NPlayef_],
Player-], NPlayef_] )

where/C = {fightNP, PwinNP, PlossNR.

3.3 Level of abstraction of a PEPA net model

In a more complete model of the MMPORG the activity diagram
shown in Figure 1 would be embedded within a larger diagram
showing the player’s progression through a number of rodkfieen

a sequence of interactions are encountered, the subconégpre-
sentingafter one interaction antbeforethe next may be merged.
A PEPA net model of this could look like the model shown in Fig-
ure 3. This provides a more abstract view than Figure 2.

We make a direct correspondence betwé&dn P2, and P5, and
the new placeROOM.1, ROOM2, andROOMS respectively. As
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Figure 3: PEPA Net model of Figure 2 at a higher level

the resultant activities of a fighjétNewCardgetPobjdecrPt3d do
not need to be firing transition activities, we IRBOM 3 as a place
where the fight occurs and its result consumed. So pl&semnd
P, of Figure 2 become a unique plaB®OM.3.

This PEPA net model does not explicitly show the result ofitpet

at the net level but note that it is still implicitly definedtimePlayer
andNPlayercomponents. The level of abstraction reflects a choice
of what constitutes a separate context for Bt@yerand therefore
needs to be represented as a distinct place at the net lev@n W
focused on a single room the presence or absence dfifthayer
was considered to define a fresh context. When the game ada who
is considered the current room provides a more appropristext,
where both the more detailed contexts may be subsumed.

4. THEMASSIVE MULTI-PLAYER ONLINE
ROLE-PLAYING GAME

Assuming thatL is the number of levels in the game ai is the
number of rooms at leve], the PEPA net model of the game con-
sists of three types of placeROOM;, SECRETR; andINIT_R;
wherej = 1...L andi = 1...N. Respectively, these model
roomi, the secret room and the starting point at lei@Figure 4).

We use plac®©UT to represent the environment outside the game.
Moreover we consider componeri$ayer, NPlayerand Roomto
model the behaviour of the playing character, the non-ptaghar-
acter and the room respectively.

Component Player

Once connected (firing actiamonnec), the player starts by choos-
ing one of the rooms of the current level. This is modellechgsi
firing actionselect with ratep; x ro, ¢ being the room number at
the current level ang; the probability to select this room number.

Once the player receives an image of the room, they may do dif-
ferent things: observe, walk, talk to another charactexy{pl or
non-playing). They may also try to use one of the objects Hae
with action typeusey; or to take a new onedkey;) from the room.

In this last case, the system, through the room characterantept

or refuse to let the player take the object using action quep,,

or refusg,,;. Here the rate of these actions is not specified by the
player because the decision is made by the room.

When the player is in the room, they may be attacked by another
player €ightP) or a non-playing charactefightNP. The result of

the fight may be either a defeat of the play@tossPor PlossNP

or their victory PwinP or PwinNP). If defeated, they lose points
(lessis) and some objectsgétR,,) if the fight is against another
player. If they have no more pointggrqys), they are transferred

to the starting point of the current level. This is modellgdfibng
actionfailure. If victorious, the player gets objectgetNRy;) or



SECRET_R,

Level L

INIT_R,

ECRET R,

Level 1

Figure 4: PEPA net model forN; =3, j=1...L

cards fiewyq) if they defeated a non-playing character.

The player may decide to move to another roowith action type
moveP; and probabilityg;, or reachSif they find the secret room.
The player may also decide to stop the game at any momentgs lon
as they are in the stating poitNIT_R; of a level. This is modelled
using activity(stop, s).

def

Player = (connectr).Player,
Player, & Zf’zjl(selec;,pi x ro).(RImage T).Player,
+ (stop, s).Player,
Player, & (observea ).Player, + (walk, a2).Player
+ (talk, a3).Player; + (fightNP, 81).Player,,
+ (fightP, 82).Players; + (test 33).Player,
+  (usepj, 01).Player, + (takey, 62).Playery
+ ivzjl_l(movel%v,qi x r1).Player,
+ (reachSr;).Player,
Player,; « (PlossNR T).Player,, + (PwinNP, T).Player,4
Player,, & (lessts, 1)-Player, + (zerqys, v2)-Playerg
Player,; e (getNRyy;, T).Playen, + (newgd, vs)-Player
Players; £ (PlossR T).Players, + (PwinP, T).Player;s
Player, & (lesspts, 71)-(9€tPop; 73)-Player; + (zergs, v2)-Players,
Player;s & (getms, 74).(getP0bj, T).Player; + (getPobj, T).Player;
Player;, & (getPobj, vs).Playerg

Player, = (lessts,71)-Player + (gelys, v4)-Player
+  (zerqus,v2).Playerg
Player; & (accepty, T).Player, + (refusey,, T).Player
Player e (failure, f).Player,
Player, & (win, T).Playerg + (lose, T).Player
Playerg & (get‘pts, ~4).(successc).Player,

Component NPlayer

Once a room has created a non-playing charagemdrateNFPp, it
may walk, use its own objects and meet a playing character. A
fight may then follow and as explained before, if the non-jigy
character is defeate®{inNB), it has to give objects to the player.
Moreover, it vanishes from the system (the room), via actyqge
destroyNP If it wins, it just continues its progression in the rooms
of the current game level.

o
®,

NPlayer = (generateNRT).NPlayer
NPlayer e (walk, 61).NPlayer, + (talk, T').NPlayer

+ (fightNP, 2).NPlayer,

+ SN2 '(moveNR, g; x v1).NPlayer,
NPlayer, & (PlossNR T).NPlayer, + (PwinNP, T).NPlayer
NPlayer, e (getNRyy;, d3).NPlayer, + (continug d4).NPlayer,
NPlayer, & (destroyNR T).NPlayer

Component Room

The room creates and destroys the non-playing charactegthe
activitiesgenerateNRanddestroyNPrespectively. When it is cho-
sen by a player, the room clones itself and sends an imagerto th
(RImagg. The room also acceptadcep}y,) or rejects (efusgy,)
any attempt by a player to take an object from the locationreMo
over it makes all computations related to the fights and sérals
results to the characters using action typéassPor PwinP and
alsoPlossNPandPwinNP.

a
@

Room = (generateNRo;).Room+ (Rimagego).Room
+ (fightP, T).Room + (fightNP, T).Rooms
+ (takespj, T).Room + (usep;, T).Room
Room & (accepty, p1).Room+ (refusgy,, p2).Room
Room ¥ (PlossR ¢1).(PwinP, ¢2).Room
Room & (PlossNR ¢3).Room+ (PWinNP, ¢4).Room
Room ¥ (destroyNRo2).Room

Component SRoom

This component models the secret room. It is similar to tinerot
rooms except that at most one player can be inside and ngimgla
characters are not allowed to get in. Once inside, the plaggeto
pass a different test to get to the higher level.

def

SRoom = (RImaggo).SRoomt- (takey;, T).SRoom
+ (usepj, T).SRoomt (test T).SRoor
SRoom £ (accepty;, p1)-SRoomy- (refuse,,;, p2).SRoom
SRoog &' (lose ¢3).SRoom4- (win, ¢4).SRoom
The Places

The places of the PEPA net are defined as follows. A typicairoo
of the game will have storage areas for both players and fayers
and will have some internal logic, encoded in the static comept



in the room. The following room iROOM;;, wheres = 1... N;
is the room number anfl=1... L is the game level number.

ROOMj; e (Room%? (Player[_] %? Ei] Player[_])) %?
(NPIayel{_] [l NPIayel{-])

This place uses synchronization skts K2 andK3 to capture in-
teractions with the room, between the players and with riapipg

characters respectively. The synchronizing sets useceidefini-
tion above are defined as follows:

K1 = {takeyp;j, USQp;, accepty;, refus%bj, RImagefightP, PlossR
PwinP, fightNP, PlossNR PwinNP}

K2 = {fightP, getPy;}

K3 = {generateNRfightNP, PlossNRE PwinNP, destroyNF,’getNPobj,
getNRyy;, talk}

The secret room is different from the other rooms in the game i
that only a single player is allowed in the secret room at &tim
Non-playing characters cannot enter the secret room sconagst
locations are provided for them.

def

SECRET_R; = SRoorﬁél Player[.]

The synchronisation set used in this definition is simpleabse it
does not need to cater for non-playing characters.

K4 = {takeyy), Usey;, accepgy;, refus%bj, RlImagetest lose win}

Two additional places are used to store player tokens ow &mitr
the game {/NIT_R;) and when outside the gam@UT).

Playef-] || ... || Played-]
PlayefPlayed || ... || PlayefPlayei

def

INIT_R;
ouT

5. MODEL ANALYSIS

We consider the following abstraction of our PEPA net modetre
each levelj has one input and two output parameters. The input pa-
rameter denoted by; represents the arrival rate of the players to
the level. The first output parameter denoted)yy. is nothing
other than the input to the next levgl+ 1. This represents the
rate of successful players of levgl The second output parameter,
notedy;, represents the rate of the players leaving the game.

def

By usingflow-equivalent replacemefs] we were able to use the
PEPA Workbench for PEPA nets to investigate how the proltabil
of any of the players completing the ganeehpProb varies as the

rates of progression\j and rejectiong) are varied. All of the rates
here have been taken to be equal=£ A1 = A2 = A3 = A4 and

B=p1 = po = ps = pa).

The graph below illustrates the expected outcome that thtzsgil-
ity of completing the game is highest when the rate of prcgioes
from one level to the next is highest (high valuesX)fand low-
est when the rate at which players leave the game is highigét (h
values ofu), and it quantifies this information.

compProb

This technique is very well suited to this application beseait al-
lows us to evaluate one of the key performance indices of aagam
application: difficulty of completion If it is possible to progress
too quickly from commencing playing to completing the firalel

of the game then the application may be considered uncigallen
ing. Conversely, if it is very arduous to make progress ingame
then the developers risk losing their target audience ardinfin
their game consigned to being suitable only for the most citimm
ted game-playing enthusiasts.

6. CONCLUSIONS

In this paper we have demonstrated a mapping between thg newl
revised UML diagram type, UML2.0 activity diagrams, and REP
nets, a recently defined performance modelling formalisrhis T
mapping facilitates performance analysis at an early stdgke-
sign, using a stochastic representation consistent wattaisigner’s
intentions.

One of the lessons which we have learned from the present work
is that the encoding of a UML 2.0 activity diagram as a PEPA net
is not facile and requires careful consideration. In pad ih due

to the inherent complexity of UML 2.0 activity diagrams whic
arises because they attempt to provide high-level modgetion-
cepts such asontrol flowsand object flowswith well-specified
properties. PEPA nets provide similar modelling conceptthe
stochastically timed world of Markovian modelling. Our ¢dlbu-

tion here has been to show how UML 2.0 activity diagrams can be
refined into models in this formalism, thereby facilitatiefficient
performance analysis.
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