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Robust Reconfigurable Erlang Component System
Gabor Batori, Zoltan Theisz, Domonkos Asztalos

Software Engineering Group, Ericsson Hungary Ltd.
H1037 Laborc u. 1. Budapest, Hungary

{Gabor. Batori, Zoltan.Theisz, Domonkos.Asztalosl@ericsson.com

Abstract
In this paper a new robust reconfigurable component system is described which is based on the innovative combination
ofErlang/OTP and the concepts ofreflective interacúng concurrent componenls.

1. Introduction
Wi¡eless Sensor Networks (WSN) [1-l are an intensely rasearched topic nowadays, however, there is no widely
accepted middleware implementation available for application development. The aim of the ongoing RIINES IST t2l
project is to create a middleware architecture that can be successfully deployed in hetemgenous WSNs. The basis of ùe
middleware architecture consists of a reconfigurable component system and a corresponding Componenc Run-Time
Kernel (CRTK). The concepts of the component system rely on well-known componençbased software engineering
principles described in [31. The novelty of ou¡ robust reconligurable component system, ErlCOM, originaæs fmm the

innovative cornbination of the beneficial aspects of component-based programming and the merits of the message
pa.ssing concurrent functional programming paradigm. Moreover, ETICOM is supported by its eoncept awa¡e IDE thar
automatically geneñrtes the component a¡chiæctu¡e in Erlang [4] letting the programmer ùink rnore about
communicating componenls and less worry about editing files.

In the remainder of the pa¡ler, Section 2 overviews the concept of Concurency Oriented Programming (COP). Lr
Section 3, we innoduce the principles of ErlCOM, then in Section 4 the implementation details are explained. Section 5
dascribes the ideas behind E¡ICOM IDE and finally Section 6 concludes widr future wod<.

2. ConcurrencyOrientedProgramming
COP plays a central role in creating fault tolerant reconfigurable systerns by panitioning the complexity of the problem
into a number of concurrent processes that inter¿ct via message passing. The rnessage passing inærfaces between the
communicating components are speci.fied by pmtocols and the messãges of the protocols a¡e forwarded via
communication channels between Íhe concurrent activities. In accordance with [5], Concurrenry Orienæd
hogramming l-anguages (COPL) support at least the following three-step analysis prccess:

1. AII ttre uuly concrurent activities in ou¡ real world should be identified and they should be represented as

conLcurrent c{,t rpo ne nts.
2. Communication channels between fhe concurrent components should be identified and the message passing

inærfaces should be set accordingly.
3. The flows of messages via the communication channels should be investigaæd and their behavior should be

fonnalized into p roÍocols.

If the component representation is isornorphic to the problem the conceptual gap between the ideal solution of the
problem and the implementation of the solution in a particular COPL is minimal, therefore, the reasoning about the
implemenøtion det¿ils is rooted into the original real world concepts.

Erlang is a COPL developed inside Ericsson and it is widely used in the development of different ælecomrnr¡nicaÍions
products. As the complexiry of real world problems increases above a parúcular level like in AXD it seems tla¡ rhe

isomorphic mapping between the Erlang processes and the real world concrurent activities cannot be sus¡ained if the

modularity of the produced code is to be kept inøct. ETICOM tries to maintain that modularity by introducing a

component layer on cop of Erlang/OTP that sarisfies to be regarded as a COPL with some additional abstractions and
supporting mechanisms. In other words, it is positioned as a Domain Specific Language (DSL) for robust
reconfigurable components written in Erlang.
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3. Introduction into ETICOM
ETiCOM intends to provide a super-strucnue on top of the well-esøblished Erlang/OTP envimnment. Since the basic
concept.s are similar to the ones of Erlang, it seerns obvious to explain the ETICOM component sysæm via analogy.

E¡ICOM's components correspond m rhe simple Erlang processes since they obey to "infonnation sharing via msssage
passing" semantics, however, they are implemented as gen_servers to be able to fully utilize the advanced features of
OTP. Similarly to the Erlang process lds each component ha.s a unique name that is registered in the global registry.
The components are spread amund in caplet hierarchie.s locaæd inside the Erlang nodes and the caplers provide Erlang-
like supervisor facilities to maintain the robustness of the component system. The supervisory decisions are taken
according to a set of defined constrainLs of the particular component ftameworlc Examples of robust auto-configuration
a¡e the recreation of cra.shed components or the migration of a couple of running components due to e.g. load
balancing. The inæraction between the components is carried out in the form of messåge pa.ssing through bindings
representing the behavior of the communication channels. Message passing is synchronous; messages can be
inærcepæd before entering the interfaces of the recipients and after the replies have been exiæd the same interfaces.
The pre- and post-acúons of the bindings constituæ a list of additional processing on the individual messagas. It is
imFortant to emphasize that by the introduction of bindings both the concunent acfivities represenæd by the
components and the individual message passings representÊd by the bindings will be reified and be able to be rea"soned

on. It is in contrast wittr plain Erlang where procasses are fi¡st cla.ss citizens, but individual messages are not. Bindings
are regarded a.s componenLs and implemented as gen_servers, however, pre- and post-actions do not contain statp
information, so their imFlementation ¡elies on Erlang processes. Bindings a¡e created when a receptacle of a particular
component is to be bound to an interface of another component and they have been found to be compatible. Both the
components and the bindings can contain explicit sfate infofmation and can be a.ssociated with metadaø storcd in a
global repository that is implemented by Mnesia.

Before going into the deails of ETICOM a short sumrnary of its characæristics is worth of being enumerated.

¡ ETICOM supports concturently executing components that can be dynamically created, ktøded. updated,
unliaadeÅard destrcyed.

. Components are managed by caplets that can be thought of as self-contained vim¡al machines. The root
caplet is ealled capsule.

. The componeûLr are strongly isolaæ4 that is, they are allowed to interact only by mcssages.

. The message ingresses are called interfaces and the message egresses are referred to as receptacles,
respectively.

¡ Each component is identifed by a unique identifier.
. Message passing is assumed to be synchrorutus, inferceptable and dynamically modiûable.
¡ Me,ssage pa.ssing is realized via updateable bindíng components that connect compatible receptacles and

inærfaces.
¡ The components can migrate from caplet to caplet to reconfigure themselves in response to real world evenLs.
. The components build up dlstributed components ùamework¡ that impose constraints on the participating

components and in case of faults the component framework reconfigu.res itself to maintain the constraints
satisñed.

. The component.s coîtaln mctadatct that enable attribute ba.sed componert look-up.
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4. Detailed description of ETICOM

4.1. Component
The principal element of ETICOM is the component that possesses some receptacles and interfaces. All the three

ingredients of the component are implemenæd in the form of gen-server stn¡cnues. Figure I shows the Entity

Relationship Diagram (ERD) of the component and the related concepts-

0..'

0..' 0.1

Figure l. ERD of component and related concepts

Both the inærfaces and the receptacles contain a list of operations specified by ttreir signan:res and the implerrenøtion

of the operations is given Oy oøinary nnang code. When catled the operations automatically get the input parameæn

bound ar¡d they may provide a return parameter in response. What happens in the body of ttre operations is totally up to

the programmers; any t¡n¿ of Erlangiode can be put there. Analogousty, the component may conøin ordinary Erlang

co¿ã, tõo. The Erlang codo excerpts implernenting a sample component, an inærface and a receptacle a¡e shown in

Secrion 4.1.1, Section 4.1.2 and Section 4.1.3 respectively. The code is sligbtþ modiûed due to bettÊr legibility.

4.1.1. Sømp\e Component code
-module (e-Conponent ) .

-behaviour ( gen-servêr) .

-export ( tinit/1, handte-caf1/3,teñninate/2, handle-cast/2,code-change/3,handle-info/21! .

-export ( [load/l'unload/l] ) .

-record (shateData, { instanceName, caplêtNane} } .

init (Àr9) ->
process-flag (trap-exit, true) ,
I InstanceName] =Ar9¡
put (instanceName, InstanceName)'
State=#stâteDatâ { ínstanceName=InstanceName },
{ ok, staÈe } .

handle-calt (geÈInterfaces, -Cl"ient,State) ->
InstanceName-State*stateData . instanceName,
Interfaces=[list_to_atom(aton*to-1ist'(InstanceName]++InterfaceName++nlnterfacen) | |

Int.erfaceName<-tnlnterface'I [] I I '
{ rep1y, { resul,t, Interfaces } ' 

State } i
handle-calI (gêtReceptacles, -client'state) ->

Receptacl-es= [ e-componêntReceptacle ],
{reply, {result' Receptacles}, State} t

hand]-e-cal1 (Anl¡Messagê,-Client' State) -> ireply/ok, StateÌ .

handle-casÈ(stop' State) ->{stop, normaf' State}i
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handle_câst (Anylì4essage,Req)-> {noreply, Req}.

handle_info (An!¡Message, State) -> {noreply, State} .

code_change(_Vsn. Chs, _Extra) ->
load_interface (e_Component Interface ) ,
{ok, {Chs, 0}}.

terminate (Reason,_State) ->
io:format(ncomponent ¡ras terminated by the reason: -w-nr, [Reason]).

load ( InstanceNamè) ->
V_type=itype, text, It!Fe] ],
MeLaDataLí s t = [ V_t ]æe L
meta: deleteallprop ( InstancèName) ,
Imeta:putprop(rnstanceNamerMetaDataType,MetaDataName,MètaDatavarue) | |

{MetâDataType, MetaDataName, MetaDatavalue } <_MètaDataLiÉt L*initialize the interfaces and road the met.a data of the interfaces
CapletNane = meta : getcaplet (InstanceName),
r-rntèrface = líst-to-atom (atom-to-1ist ( rnstanceName) ++ " rnterface,, ),gen_server: st.art_link ( t global, I_fnterface ) , e_Componentlnterface,

IfnstanceNamer r Interface], [] ),
insert_corÞonent ( f_fnterface, interface, InstanceName, Capl"etName),
e_Componentlnterface:load (I_Interface),
*initiarize the receptacles ând load the meÈa data of the receptac.l-es
CapletNâme = meta:getcaplet (InstanceName),
R*Receptacle = list-to-atom(ato&-t.o-1ist(InstanceName)++n Receptacler),
gen-server: start-link ( {gl-oba1, R-Receptacle}, e_co¡q)onentReceptacl-e,

IInstanceNamerR_Receptacle], [ ] ),
insert-component (Rjeceptåc1e, receptacle, rnsÈanceName, capletName ),
e_ConponentRêceptaclê : Ioåd (R_Receptacle) .

unload ( InstanceName ) ->
meta: dêletealfprop ( InstanceName) ,
tdêstrucÈ the interfaces and delete the meta data of the interfaces
r-rnterface = list-to-atom(ätom-to-r.i.st(rnstanceName)++nrnterfacen),
e_Componentlnterface : unload ( I_Interf ace ) .
delete_component ( I_Interface) ,
gen_aerver : cast ( t globa], I_Interf ace Ì, stop ),
gl-obal- : unregister_name ( I_Interface) ,
R-Receptacl-e = list-to-atom(atoÍ\-to-list(rnatanceName)++¡Receptacrer),
e_ComponentReceptacle : untoâd (R_Receptacle),
del,ete_conponent (R_Receptâcl-e ),
gen_sêrver: cast ( iglobaL, R_Receptacl-e l, stop) ,globaI : unregister_name (R_Receptacle ) .

loa.l ínterface (InterfaceName) ->
compile: file ( InterfaceName) ,
sys: suspend ( { globaI, fnterfaceName} } ,
code: putge ( InterfaeeName ) ,
code:load_file ( IntelfaceName) ,
sys : change_code { { global, fnterfåceName } , I, fnterfaceName, 2 ) ,
sys:resume ( {global-, InterfaceName} ) .

4.1-2. Sample Interface Code
-module ( e_Component Interf ace ) .
-behaviour ( gen5erver) .
-exPort ( [init/1' handle-calI/3,terminate/2, handle-cast,/2, code-change/3,hand]e_info/2j )-export ( [load/].,untoad/11 ) .
-record(stateDat,a' {componentName, instanceNamerbindingName=undefined} ) .

init (Arg) ->
process_f1ag (trap_exj,t, true) ,
lcomponentName, InstanceName] = Arg.
put' (inst,anceName, InstanceName),
State=*stãÈeData { compor¡entName=ComponenlNåfte, instånceName=InstanceName} ,{okrState}.

handle_cal1 ( {o_operaÈion, [X,y] l r_Ctient, State)->
ReTuTnVaIue=NEEDED TWLEMENTATToN TN ER¿ÀIVG
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{ reply, { resu.l-! 
' 
ReturnvaLue } , State } ;

handle-cal1 ( getconponent' -Client' Statê) ->
ComponenÈ : State#stateData. comPonentName'
{reply' {resuft' Component }, state} ;

handle-cal1 ( { refresbBínding' BindingName } 
' -Client, State) ->' oldBindingName=state*stateData.bindingName,

i"f
BindingName /= undef ined- > I ink ( global : where i s*name ( BindingName ) ) t
true->un1 ink ( global : wherei s-name (oldBindingName ) )

end,
Ner"rstate:State# stateData t bindinglgame=BíndingName ) r

{ reply' ok. Newstate } t

handfe-cal1 (AnyMessager-cLient, State) ->{rep]y, ok, state} .

handle-casE(stop/ State) ->{stop, normal, State}i

handle-casÈ (ÀnyMessage,Req)-> {noreP1y, Re{}.

hândle-info ( { ' EXIT ' , Pid, noconnection } ' 
state) ->

Newstate=Stale#stateData {bindingName:undef ined} r

{noreply' Newstate} i

handfe-info (ÀnyMêssage' state)->{norep1y, State} .

code-change(-Vsn¡ Chsr -Extra) ->iok, tChs. 0)l

terminate (Reason,-State) ->
io:format("Componentlnterface was terminated by the reason: -r,{-nr, lReason]).

foad(fnstanceName)->
V-key: { key, int, 102 4 } ,
MetaDatatist= [V_key],
meta: deleteallprop ( InstanceName) ,
Imêtâ:putprop(InstanceName'MetaDâtaTlæerMetaDataName,MêtaDatavaluê) | |

iMetaDataÏype, MetaDataNåtnef MetaDatavalue l <-MetaDataList I .

unload ( InsÈanceName ) ->
meta: deleteallprop ( InstanceName )

4.1-3- Sample Receptacle Code
-module ( e-componentReceptacle ) .
-behaviour ( gen-server ) .
-export(tínit/1, handle-cafl/3,terminate/2, handle-cast/2/code-change/3,hand1e-info/21)
-export ( [load/1, unload/f ] ) .
-record(stateData, {componentName, instanceName'bindingName=undefined} ) .

init (Arg) ->
process-flag (trap-exit, true) '
ICorìI)onentNåmer InstanceName] = Al'gt
put (insÈanceName, InstaneeName )'
St.ate=#statêData { componentNåme=ComponentName. instanceName=InstancêName } '
{ok, state} .

handle-call ( {opêration'operationrìllg}'-c1ient, State) ->
BindingName = State#stateData.bindingNamet
if

BíndingName /= undefi-ned->
case gen-server:ca11 ( {globalrBindingName}, {operationrArg} ) of

{resu}t' Result } ->
Returnva.l-ue= { result' Result } i

AnyMsg->
Returnvalue={ resuft, AnyMsg }

endi
true->

ReturnValue- { rêsult, notconnected }

end,
{ reply, ReturnValue, State } i

handle-call (gêtcomponen!r-Client, sÈate) ->
Component = State#stateData. componentName'
{rep]y, {result¡ Component }' Stale} i

¡ù

.ãr
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handle_call ( irefreshBinding, BindingNãme),_CIient, Stat.e) ->
oldBindingNane=State*stateDatâ . bindingName,
if

BindingNanê /= undef ined-> I ink ( global- : whereis_name (BindingName ) ) t
true->unl-ink ( global : vrhereis_:nane {OIdBindingName ) )

end.
NewState=State#stateDat.a { bindingNane=BindingNamè },
{rep1y, okrNewstate} i

handle_cal 1 (AnyMessage, _Cl-ient, State ) -> { repl-y, ok, Statê } .

handlê-cast(stop, State) ->{stop, normal, State}i

handle_cast (ÀnldJlessage, Req) -> { noreply, Reql .

handle_info ( i .EXIT, ,pid, noconnection 1, State) ->
NewSLate=State{f stateData { bindingName=undef ined } ¡
{norepl-y, Newstate}i

handle_inf o (AnyMêssage, State ) -> { noreply, State } .

code-change(_Vsn, Chs, _Extra) -> {ok, {Chs, 0}}

terminate (Reasonr_State) ->
io:format(ncomponentRecêptacle was terminated by the reason: -w-n", lReason]).

load(InstanceNâme)->
V_type={tl¡pe, text, ltl¡pe] ],
MetaDatalist= [V_type ] .
meta: deleteal_Lprop ( InstanceName ) ,
lmeta:putprop(fnstanceName,MetaDataTyperMetaDataNafte,MetaDatavalue] | |

{MetaDataType, MetaDataName, MetaDat,aval-ue } <-MetaDat.alist I .

unload ( InstanceName ) ->
meta : deleteaLl-prop ( InstanceName)

6



4.2. Component Communication
Components communicate via message passing, that is, messagss are sent from the receptacle of a component to the

inærface of the other component through the binding. The binding contains a list of pre- and post-actions that are

activated every fime a messâge has reached the binding. Both the pre- and post-actions are implemented as processes

and rtrey are acrivated one by one a.s the message passes tbrough the binding. The behavior of the binding is shown in

Figure 2 and the implemenrarion is given in Section 4.2.1. The code is slightþ modified due to better legibiliry.
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Figure 2. Component Communication

4.2.1. Component Communicøtion Code
tR¡c.ptacle codå:
(t ) hs¡d1c=-c¡l1 ( { operation, operation' Argi, -client, state) ->

BindingName = state#stateData.bindingName'
if

BindingName /= undefined->
case gen-server : call ( { globalrBindingNarTìe}' iopêration' Ar9} ) of

{resultr Result } ->
ReturnValue: { result, Result } i

A¡yMsg->
ReturnValue={ result, AnyMsg }

erldi
true->

Returnvâlue= { result, notconnectedi
endt

treply, Returnvalue' State] i

tBinding behavior:
hqndlç-c¡ll ( { Operation, Arg }' -client, State ) ->

Interf acêName=Stale #stateData . inter f aceName t
PrèActi-onList=state#stateDâta. PreActionList,
PostActionÏ,ist=staLe#stâteData. postActionList.,

l2't case interception(PreActionlistr{oPeration'Arq}) of
{ NevtoPeration/ NewÀrg } ->

(3) case g:er!_server:cafl({global.InterfaceName}, {Nevroperation,NewArg}) of
{resul-t,Result }->

({} {postActionResult } =interception (PostActionlist 
' { Result } ) ,

Returnvalue={ result, PostActionResult } t

v
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AnyMsg->Rêturnvafue= { error, ÀnyMsg} ,
end;
ÀnyMsg->

Returnval_ue={ error, AnyMsg } ,
end,
{rep1y, Returnvalue, State} t

*Interception:
(2) íatercepùion ( [ {_, Pid} | T] , Msg) ->

Pid! {sel,f O,Msg},
receive

NewMsg->
case NevrMsg of

iresult¡ ReturnVaLue]->j-nterception (T, Returnval_ue) i
AnyMsg-> { error, AnyMsg}

end
end;

intô8cÉtrÈion ( [ ],MsS) ->
Msg.

43. Component Run-Time Kernel
The CRTK Provides ¡he API that specifies and implements the operadons according to the principles described in
Section 3. It is very importånt from the point of view of the components tha¡ the CRTK is av¡taUtã ubiquirously, in
other words, it is floating above the available resources. Erlang/OTP offers an elegant solution by combining a
particular module (crl& in our case) with Mnesia so that the global repository is accessible from anywhere. Taking into
consideration the perforrnance aspecls sorne maintenance data related to the caplet provided ¡obusmess of the
compotrents are stored in ETS tables. Each caplet maintains its local ETS daabase where dara abour its currenrly
contained components are stored. Those data enable the capler m provide supervlsory activities on the components. In
addition, Mne.sia tablqs empower ETICOM to feature distributed behavior and the scorage of componenr metådâta
facilitates reflective operations. Reflectívity is the key conoepr of rhe adaprive behavior of dre comFonenls a.s rhe
components can consult the global repository 0o ferch information on any other components and thei¡ metadata and to
inæract with them properþ.

In the following the CRTK API will be explained. The behavion will be given in the form of Endry Relationship
Diagram.s (ERD) and the behavioß are presented in rhe form of Sequence Diagrams (SD). The code excerpr.s rcpresenr
sLightly modified code due ¡o berrer legibiliry.

4.3.1- Component Operations
The CRTK API provides five operations regarding the life-cycle components. They are the following:

. c¡eâte: create a new component in a caplet (Section 4.3.1.1)
r load: load the code of rhe component (Section 4.3.1.2)
. updâta: updaæ the code of the component (Section 4.3.1.5)
r unload: unload rhe code of the componenr (Section 4.3.1.3)
. destroy: destroy the component ¡n rhe caplet (Section 4.3.14)

In the following sections d¡e details of the above mentioned operarions will be shown.

I
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Figure 3. Create Component

4.3.1J. Create Component Code

*crcatô in cRfK
(1) crest€ ( capL etMame I f¡statce¡¡afie) ->

gen-server:call({global, capletName }, {create' InstanceName }},
(5) insert-component ( InstânceName, component r capl-etName, CapleÈName ) .

tcreate in Caplet
(2) cre¿te ( fnstar,ce¡¡ame/ Type) ->

CapsuleName = crtk:getowner (crtk:getselfNameO )'
gen-server : call- ( { gtobal' CapsuleName }, { create. InstanceName } ) t

(,!) insert-componênL(InstanceName,Tlæe).

*cr€atc in Cåpsul€
(3) creåte ( fnsËånceIvame) ->

gen-server:start-link(tgLobal'comPonentName]'e-EnFtycomp' IInstanceName],
tl ) '

*inacrt_coqronent in Caplct
( { } i¡¡rôrt-coNq)on.nt ( I ns t an ceName, T}T)e ) ->

ets: insert (get (componentTable) 
' 
#co¡nponent { componentName=fnstånceName'

corìponentData=#componentData { conponentTl¡pe=TyPe. state=created} } ) .

*inscrt-coqronent ía CR![K
(5) insclt-corqroasnt(ColnponentMame.ComponentType.Awnet.RegistryowneÍl ->

NodeNarne=node ( ) r
Fun: fun0 ->
mnesia : writ.e ( *component { componentName=ComponentName' conponentType=ConponentType'

owner=owner, registryo$rner=Registryownerr nodêName=NodeName l )
end,
mnesia : transaction (tr'un ) .
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Figure 4. Load Component

4.3.1.2. Inad Component Code

*load in CRIIK
( 1 ) load ( ¿oaderlvane/ C ompo û e n t Ty pe, -f¡ st ân celvame ) - >

CapletNamê = gêtRegistryolrner ( hstanceName ),
State=getState ( InstanceName) ,
if

State == created->
gên_server: call ( {g:1oba1, CapLetName},

{ load, LoaderNamê, CorÌponentType, InstanceNåme} ) itrue->

end
io:fornat("-w was loaded previously. ! ! l-n,', IfnstanceName] );

tload in Caplet
(2 ) load ( -LoaderName, C onpo n e nt T ltpe¿ I¡ s É a¡ce¡¡ame ) ->

State=getStat.e ( InatanceName),
gen-server:c411(iglobalrLoaderName), {loadrComponentT}¡pe,InstanceNamerstate}},
{ resul-t, rnterfaces }=gen-se¡ver:cal1 ( {grobal. rnstanceNâme}, getrnterfaces) ,
{result,Receptac}es}=gen-se¡ver:ca11(tglobal,InstanceNamei, getReceptacles),

(5) ComponentÏlt)e: load ( InstanceName ) .(8) tget the interfaces and receptaclês of the eomponent and register the componenent
tin the ETS
ProvidedlnterfacesList= [ #interface { interfaceName=InterfacêName } I I

Interf aceName<-providedlnterf aces l,
Rêquestedlnterfacesl,i6t= [ #interf ace { int erf aceName=Interf aceName } I I

Interf aceNamê<-Rêquestedlnterfaces l,
load (ComPonentTyPe, InstanceName, component, LóaderName, ProvidedlnterfacesLíst,

RequestedlnterfacesList ),
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tload in Load¡r
(3) load ( conp o ne n tType, I n s t anceMane I compo ne nt stãtê) ->

gen-server : call ( { globaf, capsule} . { load, ComponentTyPe' InstanceName } )

tlo¡d in CapauJ.e
(4) Ioåd ( conponentTwe I fnstånceName) ->

conponentPid = global : whereis-name ( InstanceName) .
if

ComponentPid /= undefined ->
gen-server: cast ( {gfobal, InstanceNâme}, stop) r
global : unregister-name ( InstanceName ),
gen-server: start-link ( iglobal' InstanceName ) ' 

ComponêntTlPe'
IInstanceName], [] );

true->io:format ("-v, should be created before loadingl ! !-nr' IInstanceName] )

end.

*Ioad tbe Interf,åces and Èhe ngt¡ data of a coqronent
load ( .rnstancelVame) ->
(6) *initialize the interfaces and l-oad the meta data of the interfaces

CapletName = crtk:getcapfet (InstanceNamè),
Interf ace : I i st-to-atom ( atom-to-Ii s t ( InstanceName ) + + f Interf âcê r ),
gen-server: start-link ( {global' fnterface} 'interfaceModul-e, IInstanceName, Interface], [] ),
inLêrfaceModulê: load ( Intèrface ) ,
insert-component (Interface' interface' InstanceName' CapletName),

(?) *1oad the meta data of the conponenl
V-type={ type, textr Iaddêr, mult] ],
MetaDatalist= ¡y_typel ¡
crtk: deleteallprop ( InstanceName ) ,
lcrtk:putprop(InstancêName,MetaDataType,MetaDataName,MêtaDatavalue) | I {MetaDataïype

, MetaDataName, MetaDatavalue ) <rMetaDatalistl '
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4.3.1.3. Unload Comporwnt Code

tunlo¡d coryo¡es¡t in CRTK
(1) unload( fnstãnce¡\¡ame) ->

Capl-etName = getRegistryowner ( fnsÊarcelvame),
if

Capl"etNane /= undefined->
gen_server: call ( {gIoba1, Capl-etName},

true->badarg:
end.

tunload in capaule:
u¡load ( f¡st¿ncelvam€) ->({) gen_server:cast ( {global, f¡s¿å¡ceÀ/åme}, slop),

global : unregiister_narûe ( fnstanceÀ¡arne) ,
tstart. Èhe empty component
gen_server: start_Iink ( { global, Irlst.anceMame} , e*Emptycomp,

iunload, -rnstanceNamei ) t

tunload coqronent in Caplet:
unload_cqronent ( .rìstancewame) ->
(21 toåderName=getloader(Tn.sÉancetvame),

ModulêName = getModuleName (.fnstarce¡I¿me),
gên_server:cal"l({global,toaderNane}, {unload¡ fnstance¡Iane } }.
ModuleName : unload (ComponentName) .

(6) *insert the empty eomponenÈ data to the ETS table
insert_component ( fnslânce¡Iarne, component ) .

*unlo¡d in Lo¡d¡r
(3) uaload ( fnsËâncelvaÍ¡e) ->

gen_server : cal- 1 ( { globa1, capsule }, ( unload, Insta¡ce¡,Iarne } ),

[], [] ),
tstop interfacôr and d¡letc n¡tg d¡rta i¡ c€Í{ronent,:
unloåd ( fr¡et anceJvåIne) ->
(5) *destruct the interfaces and delete Lhe meta data of the intêrfaces

Interf ace = 1 íst_to_atom ( atom_to_L i st ( InstanceName ) + + n Interf ace r ),
interf aceModule :unload ( Interf ace),
delete_co¡nponent ( Intêrface) ,
gen_server:cast { {global, InÈerface i,stop) r
globaI : unregister_name ( Interface) .
crtk:deleteallprop (InstanceName) .
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4.3.1.4. Destroy Component Code

*deetroy coqronent in CR![K
(1) drstroy ( f¡sta¡cewame) ->

CaptetName = getRegistryowner ( InstanceName),
if

CapletName /: undefined->
gen-server: caIl ( {global' CapletNarne} ,

(5) delete-comPonent(InstânceName) i
true->badarg

ênd.

tdesùroy coq)onent 5l caPJ.et:
dest:coy ( Instance¡¡ame) ->
l2', capsuleName = crtk:getOwner(crtk:getSelfName() ),

gen-serve¡ : ca.l1 ( { globaÌ, CapsufeName }, { destroy' InstanceNarne} },
5¡¿¡s=getState ( InstanceName )'
if

State==f oaded->un Ioad-comPonen! ( InstanceName ) i
true->ok

end,
({) delete-component(InstanceName).

tdeatroy coqronent ln cepsule:
(3) deltrÖy ( InståncêNåine) ->

gen-server:cast ( {global, InstanceName}' stop)

*d¡letc a cðûq¡onent f,ro ttre EIIS
(rl) delete_coqro¡ent ( f¡sÈancelûåme) ->

ets:delete (get (comPonentTabl-e) , ComponentName) ,

*dclete coqton€ú¡t f,ron lôlESI.A:
(5) dôlete-coq)onent ( f¡lsÈåriceJvåme) ->

Fun = fun() ->
mnesia : delete ( { component, ComponentName } )

end,
mnêsia : transaction (Fun) .
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Figure 7. Update Component
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4.3.1.5. Update Component Code

*u¡rdate conqroaent in CRIIK
update ( Conpo ne ntType. I n sË anceName) ->

State=getState ( InstanceName ),
if

(1)
12t

Stâte == loaded->
suspendconnectedBindings ( InstanceName),
gen_server: call ( { gIobal, Capl-etNåme },

{ update. ComponentT}æe, f nstanceName } ),
resumeconnectêdBíndings ( InstancêNâme ) i

State == truê->
io:formât(o-w should be loaded before updating. ! ! !-no¡ [InstanceNamei ]

({)

tupdate coqron€srt in captert,:
(3) updåte ( ConponentType, f¡¡s¿a¡ce¡ùame) ->

LoaderName = g.etloader (InstanceNamei,
unload_componênt ( InstanceName ),
load_component (LoaderName. ComponentTlrpe, InstanceName ) .

*suspend the bindings con¡ected to Èho coqroaênt:
( 1 ) suapcndCoanecÈedBindlng3 ( f n st ancelva¡ne ) I >

F=fun (X) ->
BindingName=getBinding (X),
sys : suspend ( { gIobaI. BindingName } }

ênd,
Connectedlntêrf aces=getConnectedf nterfaces ( InstanceName ),
IF (Interface) | | Interface<-ConnectedlnterfaceE],
ConnectêdReceptacl"es=getConnectedReceptacles ( InstanceName ),
IF (Recêptac1è) | | Receptacle<-ConnectedReceptactes ] .

tresus. tbe bindinge connec'ted to the coqroûrent:
( tl ) rcrurnCoaaeatedBindings ( fnst an c¿lv¿mc ) - >

r=fun (X) _>
BindingName=getBinding (X ) ,
sys : resume ( t global, BindingName i )

end,
Connectedlnterfaces=getConnêctedlnÈerfåcês ( InstancêName) .
IF (Interface) | | Interface<-Connectedlnterfaces] ,
ConnectedReceptacles=getConnectedReceptacles ( InstanceName ),
[F (Receptacle ) | | Receptacle<-ConneetedRecêptacles ] ,

4.3.2. Binding Operations
The CRTK API requires that before two corqponents are able to cornmunicate to each other a communication channel
should be e.søblished between the two parties. Two operations are provided to manage the binding between the
receptacle ar¡d rhe inærface of the communicating parties. They are the fãlbwing:

r binil: creare a binding berween the receptacle and rhe interface (Seccion 4.3.2.1)
r unbind: destroy the binding between the receptacle and the inærface (Section 4.3.2.2)

In úe following sections ttre details of the above mentioned operations can be seen.

l+
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4-3.2.1. Bind Code

tBínd a¡ íntcrface to r a€cePtacl¡ in CRTK
bind (BinderName, InterfaceName' RecePtacfeMame' BindingMame, CapletNamel ->
(1) gen-server:c411({g1obal'capletName},

{bind, BinderName, IntêrfaceName, ReceptacleName, BindinqName' BindingName} ) '(?) insert-þindíng(BindingNåmerlnterfaceName'ReceptacleName)r
insert-component (BindingName, binding' capletName' capletName ) 'BindingName : Ioad (BindingName) .

*Bi¡d àn intcrf¡ce to ê rccc¡tt¡cle in caPlêt:
bind (8i¡lderNamet InterfaceMame. ReceptacleMame,BindingMamet Moduielfåme) ->
12, gen-server : call ( { global ' BinderManel , {bítld' fnterfa ceName' ReceptacfeName r

BìûdingMañel,) 'capletNane = ertk:getSelfName ( ),
metaJrivate: insert_component (BindinqNamer bínding' CapletName, capletName) t

(5) c¡tk: put InterfacesLate ( InterfaceNamer connêcted' BindingName' provided) 'crtk : put Interfacestate (ReceptacleName' connected, BindingName, requested) ,
( 6) insert-þinding (BindingName, BinderName, InterfaceNamê, ReceptacleName, .

tBind åa intcrface to a rcc€¡¡t.cle in Binder:
bínd ( frte¡fa ceMaÍne I ReceptacfeNa.¡¡e. BindingMarnel ->
(3) gên-sèrver: call ( { gLobal, e-nodelcapsule } , { cr€lts, Eindjng.¡\¡ame} ) ,

gen-server:c411({gfobal,e-nodel-capsule}, {load,defauttBinderBehavior,
BindingMame' created) ) t

gen-server:caL1 ({global, InterfaceMame}, {ref,reshBi¡ding,BirrdingrNarne} ) 'gen-server:caLl({globalrRecep¿ac.LeName}r {¡.efrÕlhBiading,BindìngMame}),
gên_server: call ( { gIobal, BindingMamel, {ut}dÀtèInt€rfåccDâta. fnÊerface¡Iame } ) ,

*ineerÈ-binding in Caplet
(6) ínrert_Þinding(BindingMame, BindeÍNàñe, InterfaceName. RèceptacfeNåme)->

ets : insert ( get (comPonentTable ) , #component 1 componentName=BindingName,
componentÐata=#componentData { componentTypè=bindingr binderName=BinderName,
state=l-oaded, bindingDaÈa=*bindinqrData { s ource=RecePt aclêName'
target=InterfaceNameÌ, interceptionList=#interceptionl,ist {preAction= [ ] ,
postÀction= [ ] ]'moduleNamê44oduleName i ] ] .

l

I
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tin¡crt-bindiag in CRn(
(7) Ín¡ort_Þiading(BjndingMame.InterfaceMametReceptacLeMamet.fsonDemånd) ->

Fun = fun0 ->
mnesia : wríte ( #binding { bindingNâne=BindingName, interf aceNâme=Interf acêNane.

receptacleName=ReceptacleName ) )
end,
mnesia : transaction (Fun) .

trefrc¡l¡Binding in r¡ lnte¡fac.,/Råcetr¡tac].c
({ ) haodf¡_cåIl ( { r.f,relhBínd,ing, Bi ndi n grIüane }, _Cl- i ent, s t.ate ) - >

OLdBindingName=State#stateData. bindingName,
if

BindingName / = undef ined->lÍnk ( globaI : whereis_name (BindingNane ) ) t
true->unl-ínk ( globaI : whereis-Jname (oldBindingName) )

end,
NewState=state*stateData { bindingName=BindingName } .
{reply, ok.NewState} ;

unbln(l(}

(1)

(2)

I
I

ref6hE¡nrl¡ng0

lrefreshBlndinc() .
0t0 |
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Figure 9. Unbind

4.3.2,2. Unbind Code

tU¡rbi¡d a¡ interfacc froú ¡ reccptaclc 1n CRfß
( 1 ) u¡bind ( f ¡ te¡f¿ ce¡¡ame/ Receptå cl. etúame ) ->

BindÍngName = getBinding ( InterfaceName, ReceptacLeNamê) ,
gen_server: call ( { global, CapletName } ,

{unbind. Intet:faceName, ReceptacleName, BindíngNme } ) ,
BindingNarne : unload ( BindingName ) i
delete_component (BindingName ),(5) deLete-þínding(BindíngName).

*Unbind ¡r¡ iatcrface f,roo ¡ reccptacJ.e in caplet:
unbí'¡d ( frterfacelva.û¡e, Receptac 7eMâme, B indj¡JgNåme) ->

BínderName = getBinder (BindingName),
if

BinderName /= undefined->
(2', gen-servèr : call ( {global, BinderName } ,

Ie
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({)
{ unbind, InterfaceNamer RecePtäcleName, BindingName } } ,
crtk: putlnterfacesEate ( InterfaceName' unconnected, ni1, provided) ,
crtk : put Interfacestate (RecePtaclêNamer unconnêcted' ni1, ¡equested) ,
delete-component (BindinqName ) t

true->io:format (r'BinderName is undefined for -w-nn, lBindíngName] )

end.

*U¡rbind ån ínterfåcô to a rcce¡rtacl.e in Bindcr:
( 3 ) unbind ( f n terfa ceÀiåft e, Re cept ac.l.elüa ne. B i n dì n gMame)' >

gen-server:cäIl ( {qlobal'CapsuleName}, {destroy, BindìngMane } r,
gen-sèrver: call ( i global, InterfaceMame i , { refrethBinding, undefined } ) t
gen-sêrver: call ( { globalr Recep¿âcìe.lvame} , { r.f,aelt¡Binding' undefined } ) -

*dcleÈc-binding in CRÍK
(5) dclcte_binding (BindingrÀrame) ->

Fun = fun0 ->
nnesia : delete ( {bínding' BindingNanè } )

end,
nnesia: transaction (Fun) .

4.3.3. Reflective Operations
The CRTK API provides rellective opera¡ions for the componenl$ to be able to look up mn-time and meta information
ro adapt thei¡ behavior !o the changing erviro¡u¡¡ent" The following operations are supported in the current version of
ETICOM:

. g,eÈåtlprolr/r: Get all metå data of an Entity. An Entiry could be a Capsule, Caplet, Loader, Binder,

Component, Inærfacg Receptacle or Binding Component'
. d.].eterllprop/l: Deleæ all meta data of an Entity.
. getållcoryonents/0: Get alt the Cor¡ponenLs of the sysæm
. gctÀl1BindÍngs/o: Get all Binding Components of the $ystem
r getAlllntcrf,¡ce¡/ 1 : Cet all interfaces of a Component.
r get-AllReceptacler,/1 : Cet all receptacles of a Component
r getllllntcrf,accg/O : Cet all inærfaces of the sysæm.
r gctÀIlRcceptaclcr / 0 : Cet all receptacles of the system.
. gôtå]'tcàp].et,s/').'. Getall caplets of thesytcem.
r getBind€rs/l : Cet all Binders of a Capsule.
r getLoâd€r5/1: Cet allLoadersofaCapsule.
. ad¡Þr.Àctloa/S: Add a pre-action to a Binding Componem
r addPosÈåctlo¡./52 Add a post-action to a Biûditrg Component
. deletePr.lct íon/ 2 t Deleæ a pre-action ftom a Binding Component.
. dclet¡Poctàctios¡/2: Deleæ a post-action from a Binding Component.
. g'etgôlfNe/o: CettheglobalregisterednarneofanEntity.
r getcapleÈ/r: Cer rhe globally registered name of a C.omponent, Binding Component, Inærface or

Receptacle.
. gêtBindiry/2: Õe¡¡heBindingComponentconnect€dtothegivenlnærfaceandReceptacle.
. giêtor.ne¡/l: GettheownerofthegivenEntity.
. puÈrnterfaeestate/ 4 : Set the connectivity sfate (connected, unconnected) and the Binding comlxrnenl

ofthe given Inærface or Recepracle.
. ísconnect€d/l : Get the connectivity status of the given Interface or Receptacle.
r gêtiir¡ding/l: Get the Biiding Component that is connecßed to the given Receptacle or Interface.

lv



5. ETICOM IDE
In Section 3 and Section 4 we described the principles and the implementation detåils of rhe ErlCOM. As ir ha.s been
demonst¡ated E¡ICOM needs a relatively cornplex architectu¡al implementation in Erlang so rhat fleúble componenr
deployment and inæraction could be achieved. In order to alleviate the programmer's task to worry about editing files
we created an IDE that looks like a Service Creation Envimnment. The principles of rhe IDE derive from our
methodolory [6] that relies on the fact that every Domain Specific Language (DSL) can be regarded as a tuple of
concrete synt^^r, obstract syntu.r and semantics. The concreæ syntax specilies the æxn¡al and/or graphical
representation of the language elements, the abstract syntåx describes the relationships among the concepts of the
language elements and the se¡nantics enfleshes ¡he abstact concepts with meaning. Our rnethodology encourages the
progr:¡¡nmer to create a series of DSLs to attack the problem; each language should be creaæd in such a manner tha[ it
is isomorphic to the problem solution on fhat pafiicular level. The refinement of the solutions is realized by a
translation process between the languages. In the case of ETICOM we have two domain specific languages in action:
ETICOM and Erlang/OTP. The tanguage aspecls of Erlang/OTP are well known, so the tanguage definirion of ETICOM
can be based on thern Gu methodology utilizes Ceneric Modeling Envi¡onment (CME) t7l to provide precise
langu"ge deñnition, thereforq ETICOM is described in GME. The abstract syntax is specified by Endry Relarionship
Diagrams (ERD) and related constraints formulated in OCL. The ERD describing the core of ETICOM is shown in
Figure l0

Figure 10. Abstract Syntax of ETICOM

The concrete syntax provided by rtre IDE is the graphicat representåtion of the ETICOM concepts. Obviousl¡ it
concerns only the concepts of ErlCOM, that is, rle Erlang code residing inside the componenm and the interaction
points is not touched in any ways and can be produced arbitrarily. A sample application using ETICOM's concrete
syntåx is shown in Figure 11.
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Figure 11. Concrete Syntax of ETICOM

The semantics of ETICOM is defined relative ro Ertang, ttrat is, ETICOM's concepts are Eanslated into Erlang. The

implemenørion of ErlCOM, explained in Section 4, is automatically produced by a translator that understands the

abi6act synøx and generates Erlang code accordingly. The uanslator only deals with the architecn¡re code; the Erlang
code in the body of the components and the inæraction points is treated transparently. It means that if ùe model graph

of the component framework has been rmdified and the translation has been carried out the corresponding gen-servers

get updated and redeployed on the fly.

To sum¡narize our approach, the ERDs provide the abstract syntax; the concretß syntax is designed to facilitate the

programmer's ask by assigning æxtr¡al and/or graphical mnemonics and syntactical sug¿tl to the elements of the

abstract syntax and the semantics utilÞes the SDs and the corresponding Erlang code snippets to assign meaning to the

elements of the absftact syntax.

6. Future Work
The robusr reconfigurabiliry of ETICOM promotes it as a possible candidare to be profitably applie.d in coûstantly

changing envi¡onmenß where applications should be able to frequentþ adapt to new ci¡curnstances. Moreover, our

methodology enables the prograrnmer to conoentrate on ttre application logic and the generaæd component architecture

automatically provides access ¡o the distribuæd reflective CRTK. In the fra¡nework of the ongoing RUNES IST project

we p¡opose to use ETICOM in the gateway nodes of the sensor network since it see¡ns that the gateways own enough

¡esources to be able to run Erlang virtual machines and sensor network reflectivity might be sufficiencly represented in
the gateways. We hope that our efforts help us discover new terr¿ins where Erlang can be successfully deployed in rlre

future.
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The benchmarklng challenge
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!* Appllcatlons bonchmarking and performanee meaurement requiree:

t To bê able to simulats an important number of usêrs playing real-life scenarii.

S- To be able to do near real-time and high throughput mesurements to provide reliable figures.

I Tsunaml is a dlstributed load testlng tool that has been designed as a heav¡y duty
benehmarking tool and tamework

* The aofünare la protocol.lndependent. lt currantly can be used to atresa HITP,
SOAP and Jahber/XMFP sen¡ers, þut olher protocole ean be added.

* This talk presents Tsunaml main achievements, along wlth real life use caÊes!
and explore posclble fiamework extenslonq and lmprovements.

t
I
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Summal * Ullhat is Tsunaml ?

* Tsunaml maln strength rely ln ita ahillty to eimulate:

l, a huge number of simultaneous users ftom a single CPU,

ü an heavier load in cluster mode.

* When used on cluster you ean generate a really lmpreeslve load on a aen er wlth
a modest cluster, easyto set up and m¡intain.

* Taunami ia developed ln Erlang and thir lswhere the por*er of Tsunami relles.
Tsunami ls based on the Erlang OTF (Open Transactlon Platform) and lnherlts
several characteristics from Erlang:

G Performence: Erlang has been made to support hundred thousands of lightweight processus
in a single virtual machine.

* Scalability: Erlang development environnêment is naturally distributed, promoting the idea of
proosssus location transparence.

Ë Fault-tolerance: Erlang has been built to develop robust, fault-tolerant systems. As such,
wrcng answer sent fom the server to Tsunami does not make the whole running benchmark
crash.

€ 2û)5 PrGr€ía P¡¡.3

Tsunaml baqkom$nd: A strang sirnulation model

* Tsunaml has been developed byNicolas Nlclausse

I lt is an industrial implementation of a stochastic model for real uaers simulation.
Usarewnts dlstrlbutlon is baeed on a Poi¡son Law. Thls model ls used to
cloaaly çimulat* real.world uaer boh¡vlour.

* Tsunami is belng devaloped since 2001, flr*t by lBçAtX and now by Fmceas-one.

I Thle modolhas already heen tested ln the lNRlAtñfagon Froleet (web trAfflc
Generat(lr and beNchmark].

The Wagon project has been developed in the context of MISTRAL lts main objectif was to
simrÚ& various types of Intemet trafic to study server behaviours. WAGON has been used in
the context to the French national VHTD (Vraiment Très Haut Débit) project.

* Tsunami is based on the result of Nicolas Niclausse PHD Thesis:

Modeling, pertormance analysß and dimensioning of theWWW

O¡06Êæ€rú
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Tsunami maln features 17izl

Ë High Performance:

t, Tsunami can simulate a huge number of simultaneous users per physical computer. lt can
simulates up to 10000 users on a single CPU. Trad¡t¡onnal injection tools can hardly go further
thân 200 users.

fr Distributed:

l.: The load can be distributed on a cluster of dient machines

S Multi-Protocols using a plugin system:

r. HTTP (both standard web traffic and SOAP) and Jabber are currently supported. LDAP and

SMTP are on the TODO list.

* Sslsupport

F $everal lP addresses can he used on a slngle maehlne udng the underlying Q$
lF Allasing

* OS monitoring:

t, CPU, memory and network trafic can be monitored us¡ng Erlang agents on r€mote servers or
SNMP

O 2m5 Pr6r¿r€ P{.1

am¡ main features

* XML conflguration system

* Mlxed behavlours:

r Several sessions can be used to simulate differents type of users during the same benchmark.

You can define the proportion of he various behaviours in the benchmark scenario.

il Stochasticprocesses:

É ln ord€r to generate a realistic trafic, user thinktimes and the anival rate can be randomize
using a probability distribution (exponential cunently)

* Adaptative scenarl¡:

* Scenarii can have dynamic part, that depends on the result of the cunent scenario request or
can be generated by Erlang code.

* Çompleta statistlc set

3
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HTTP re¡ated

* HTTPIÍ .0 and HTTPlf.f support

n GET and PO$T requeats

t Qooklee: Automatlc cookles management

ts 'GET lf"modifled sincê'type of rcquest

* $lìlW-authentlcation Baslc

* Prory mode to record sessions using a Web browser

t SOAP aupport ualng the HTTF mode (the $QAPAc,ilon HTTF header ia handled|.

O1ú5 Pr6Oo. Pnt

Jabber featureç

* Authentlcatlon, presence and ragister message*

* Chat mo$iagas to onllne oroffllno usens

I Roster set and get requestr

* Glohal usera! eynchronication can be set on speclffc ¡dlone

O 2fDS Fleeor¡ P{¡t



reDorts set

t Mesuren and sta$atics produced hy Tsunaml are extensrve. They are ailrcpresented as a graphe. Tsumami produces statistics regarding:

+ Performance: r€sponse time, connexion time, decomposition of the user scenario based onrôquest grouping instruction, rêquêsts per second

E Errors: Statistics on pagê return code to trace errors

r; Target cluster behaviounÁn-T"ns agent can gather informat¡on from the target cluster.Tsunami produce graphes for CPU ana-memory consumption and network traffic. SNMp isalso supported.

R Nofe that Tsunaml take care of the synchronlsatlon process by iteelf. Gatherçd¡tatlçtlc¡ are eaynch ron iredr.

w lt 11 posalble to-g-ener1le-grapher durrng the benchm¡rk as ata$atica aregarhered in rcal-$me. !hi1rnäne lt poosibre to s;à aiiil tìrcrrma* has ro bestopped heÍo¡e the end of the benchmark

OiqxtR6fr
P¡e¡

HTTP

I Record ¡cenarlo: tsunaml st¡rt-rccorder

* Edltf organice scenario

* write amall code for dynamlc parts if needed and placo dynamie mark up in the*cenario

* Test and adfuet ¡cenarlo to have a nlce progreaelon of the load. This is hlghlydependent of the application and of the iizior*re ia.g"t 
"tu"t"r. 

Gatculate thenormal durallon of the ecenario and use the lnterarrl*ãl tlme between users andthe duntlon of the phase to egtlmate the numher oi 
"lruiï"neous 

useru Íor eachglven phaae.

* Launch henchmark with yourfirst appllcation parameters set up: tçunaml starl

t Analyse nesultg change parameters and raunch another benchmark

i

€2æ5 PrúeûÞ
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Un nq .*ml file: File

* Scnnariiare enclosed into tsunamitags:

<?Xml vereiO¡r=rt1. 0 tr ?>
<têunâmi loglevel=( info" dumpt.raffic=,,fa1aer >

</tsunami>

taunamL .:m1fflel Çllenta

€2m5 Pr!È6<h
P¡c ll

and
* $cenarii start wrtb a cilent¡ (Taunami cruster| and server deffnrfion:

<clients>
<client hoet=,r louxorrt $reight = 

tr l, r maxueerg= r 5 0 0 tr ><ip vah¡6=,r10. 9. 19S. 12,,></íp>
<Íp vah¡s=,'1.0. 9. L9s. j.3,,></ip>

</c1ient.>
<clienÈ hosE=,,remphie" wêight=r3( ma.xuÉers_r2sor cpu=r2tr><ip valus=nlO. 9. ¡.9S. 14,,></ip>
<,/client>

</cJ-ients>

<server host=r10. 9. 19S. 1,r port=xg0g0,, type_rr¿cp,r></êerver>

t sewral rdrtuar rp ean he used to simurate mo¡e machrnes. Thrs rs very usefurwhen a load-balancor use the clienfs tP to distribütei¡i;ì';,ffi" amoung a ctusterof ¡erwrs' ln thls example, a ¡econd machlne ¡¡ usãdln ñ r.rn"*l cluster,yin t higherwelsh( and ã cpue. Two Errans unüäi*älrüifus w¡u be used rotake advantage of the numbei of CFU.

* The server ls the entry point into the cluster (only one sen¡er shoutd be defined).

O2t)5 Pr6rOn
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taunami.¡ßml file: Monitorinq

t $cenaril can contaln optlonal monltorlng informations. For example, here is a
cluster monitoring definition based on Erlang agents, for a clueter of 6
computers:

<moniÈoring>
<monitor hoat="geronimol type="êrlangl"></moníEor>
<moniÈor host="bígfoot-L't type="erJ-ang" ></monitor>
<monitor hosÈ="bigfoo!-2 " type="erlang" ></monítor>
<monitor hoÊt=rf 14-1" type="erlang"></monitor>
<moniEor host=( f 14-2'r t)æe=rterlang"></monitor>
<monitor host=trdb¡' tl¡pe=rterlang"></monitor>

</monitoring>

oÐ5 Pr6ÈOna

Underatendi tsunami..:ßmt fllçt the load nFosression

* The type keyword snmp can roplace the erlang keyword, lf SNMF monitoring is
preferêd. They can be mixed. erlang l¡ the default value for monitoring.

* Note: For Erlang monltoringr mon¡lored computers need to be acceeslble through
the neñrork. $$H neede to be configured to allor¡v connectlon without paâsword

on
* (See: Tutorial: Erlang - Starting a set of cluster nodes on Erlang-projects.org for details)

Ptþ t!

* The load progreselon is set-up by deflning several arrlva¡ phases:

<afiivalphaEe phaae="1-r duration=il10rr uníE='rminutse'r>

<users inEerarrivalÈil2tt unit='rêecondrr> </ueerg>
</arrivalphase>

<arrívalphase phase=tt2n duration=r10il unít='rminuterr>
<ugers inEerarrival=r1n unit=rrgecondrr> </usere>

</arrivalphaae>

<arrivalpha8e phâae=tt3 " duration=(10 rr unitÉrrmirtuterr >

<uger8 inEe¡arríva1=tr0.1tr unit=¡'gecond"> </ugers>
</arrívalphase>

O2æ5 RoæOm
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Understandlng teunaml . ¡¡mI file: Þefault values

* Default nalues can be set up globally: thlnktlme between requeets in the scenarlo
and ssl cipher algorithms. Theae raalues overrides those set in session
configuration tags.

<default name=r'thinktimeI value=$3rr random=nfalse,'/>
<defauLt name= " asl_cíphere,,

value=,' Expl 0 24 - Rc4 - sHA, EDH - RsA- DEs - cBC3 - sl{Atr,/ >

* Default values for specific protocols can be defined. Here is an example of
default values for Jabber:

<default
<defeult
<default
<default
<defaulÈ

t]4ìe= " ts_j abber'r
t)rpe=rr t.E_j abber'l
type= 'r ts_j abber "
t14le= " ts_j abber'l
t)4)e= " ta_j abber "

¡¿¡¡s="g1oba1_number" value=,,5,, />
nAme=ttuserid_maxrr valUe= r'10 0 " />
name=ttdomainr value=" jabber.org,, />
name=rrugeñIameÍ value=,,glop,t />
¡¿¡¡g='rpêBawdu .|"1sg=rtglop,, />

O 2O5 Prodror¡o Ptr lt

Undemtandins tsunam{.rßnl flle: $ea*lons fllål
* $easlons dafina the content of the scenarlo itaetf. They de*crlbe the requeeta to

exacute.

<gegsion name=rhEEp-example'r popularity=r70tr
pers i gt.en! = 

rr brue rr mesÉages_ack= Í parge rr t,)æe= tr ta_ht,t,p tt >

<request,> <hbtp ur1="/tr method=xGETtr verêiôn=r1.1tr>
<,/hÈtp> </request>

<request> <http url=',/images/logo.gíf "
*"ahOU=ttnttrr verBion=I 1. 1 r

if_modified_since="Fri, L4 Nov 2OO3 02:43:31 GMT',>

<,/httsp></rêquesc>

<thínkt íme value* { 2 0 { random= Í true " > < /thínktime>

<transaction name= tr index_rêquest t' >

<requeae><http url= " /index. en. html "
mebhod=rGETtr vergion=,r1.1r >

</http> </requeet>
<request><htÈp url=', / images/header. gíf,,

mêthod= nGETrr verBíon=rt L. 1n >

</htt,p> </requeet>
</traneaction>

e2mS ProGOne
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üeunamL .xnl flle: $essione enl
<Èhínktime valuê=r6or random=,rtruê,,></thínktíme>
<request.>

<http ur1=,'/,' method=rPOST{ version=u1. L,
aottatra"=,rOl_a=blutr >

</hÈt,p> </requeeÈ>
<requeet>

<hÈÈp url=" /b:¿" method=rGEÎr vers¡i6¡=n1.1r
contentê= "bla=b1u&name=glop,t >

<rdwn_authenÈ icate userid= r'Ãladdin,,
pass¡ùd= ¡' open seÊame'r /></http>

<,/regueet>
</seesíon>

<segsion name="baqkofficê,' populariÈy=(30r .. .>
.. . </eeeeion>

* T!: popularity is the frequency of thrs type of session. Thrs in used to decrdedwhlch sesslon a nelv usor w¡ll execute. ïhe sum or aii sàss¡on.s populariry rü"tbc 100.

*. This example show several features of the HTTp protocol support ln Tsunami:
GET and Posr Requa8q basic authentication, tr¡nsactton for atatistics
deflnitlon. ... The same aFpnlach can he ussà tor aenning ¡a¡¡erxlrtpp seesion.

G Dynamic substitution 
.are qrlk un plaqed ln element of the scenarlo. For HTTp,thls mark-up can be placed ¡n ¡aä¡ä authenticafi* iil-*;uthenticate mf: 

- '
userid ond passwd attributes), URL (to change egr paramker) and posf
eonlent

* Those mark-up are of the form ttuodule:Fuucbion*t. suhstitutions are
eryc$1d on a reguest'by'raqueat ba*is, only lf the requesttag has the attrlbuûesubgt=atrue,'.

lF When a suhstitutlon is asked, the substitutlon mark-up ls replaced by the resultof the eatt to the Erlang function: ModutelFuncüontiidi. 
- -

I' Here ls an example of use of suhstitution in a Tsunaml scenarlo:

6¿'æ5 Roe{rr¡

Underatandi tsurramL.¡*url sub*tltutlone

<session name= Í rêc2 00403 1"6 - 0 g : 47,! popularity=,r I O0 (
pereistenÈ=(t.ruêr messages_ack="pareên t14te=,,ts_httpr ¡

<reques! subÊt={ truen>
<http ur1=t,/echo?symbol=**symbol :new*È', meÈhod={cETtr>
<,/ht.tp></request>

</session>

P4! It
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[Jndergtanding tstmam:[ . ¡fmå filer Brmamie suhstltutiçns f8f2]

t Here is the Hrlang codc of the rncdt¡le usEd fior dynarnlc euhstltutfien:

-module (symbol) .

-export([new/r]).

new (Pid) >

case random :uniform (3 ) of
l_>

2>

3>

end.

t As yeu ean this, vrrtting seenarlo with dynarnie *¡b*tftutlon is trlvial.
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Hxarnnle amnhçs: FIlt rate
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Fioures and orsanisatlons uslno Tsunaml

* Tsunaml has heen successfully ueed for huge benchmark:

Ü Jabber protoæl: 10 000 simultaneous users. Tsunami were running on a 3+omput€rs cluster
(CPU 800Mhz)

I HTTP and HTTPS protocol: 25 000 símultaneous users. Tsunami were running on a 4-
computers cluster. The tested platform reached 3 000 request per second.

* T¡unami has been used for benchmark at:

Ë DGI (Direction Généralê des impôts): French finance ministry

t Gap Gemini Emst & Young

* IFP (lnstitut Fnançais du Pétrole): French Res€erch Organisation for Petroleum

l.. Libertysurf

t

ê 2{b5 È@!io Ptt 2l

Coneluslon

* Tsunami has sevaral f,d\rantages ovnr othar inleetlon tool¡:

F Outstanding performance and distributed benchmark

: Ease of use: The hard work is already done fur all supported protocole No need to write
oomplex scripts. Dynamic scenarii only require small trivial piece of code. Tsunami scenarii
realisation is mostly based on

* Multlarotocol support Tsunami is for example one of the only tool to benchmark SOAP
applications

r Monitoring of the target dust€r to analyse the behaviour and find bottlenecks. For exemple, I
did use it to analyse cluster symmetry (is the load properly balanced ?) and to determine he
best combination of machines on the thrê€ duster tiers (Web engine, EJB engine and
database)
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A Virtual World Distributed Server developed in Erlang
as a Tool for analysing Needs

of Massively Multiplayer Online Game Servers

Michal Staski
Erlang Training and Consulting Ltd

London, United Kingdom

michal@erlang-ænsulting. com

ABSTRACT
At present massively multþlayer online games allow several
thousands of players to stay in a single, persistent virtual world-
Be¡ause of the fast gowing interest in this type of servers, we
started researching lheir efüciency and scalability. Our larget was
an analysis of the MMOG server, which cor¡ld service up to 1fi)0
players in a single virtual world- We made an aszumption that the
server will be distributed and running on a dedicated clustcr. As
the implementation plaform we chose Erlang/OTP its main
advantages being inkgmtion with a distributcd database, soft ¡eal-
time and supporting distributed applications. ln this paper we
discuss the realisation of the project and practical aspects of the
measu¡ement of server parameters.

Keywords
Massively Multiplayer Online Game, Erlang, Load Testing,
Dist¡ibuûed Server.

1. INTRODUCTXON
Massively multiplayer online games (MMOG) are a dynamically
dweloping seg¡nent of the computer games industy. Even though
there are rnany difficulties that you need to overcome while
building thi. typ" of systems, there has been ¡ signiffc¿¡f i¡src¿se
in the interest in MMOG throughout the last couple of years. ln
the yoar 2004 the total income from selling online games was
over 1.5 billion US dollars. l¡ the year 2006 the total income is
predicted to be trrice as big.

ln classic multiplayer games, like Quake, the number of
players usually is ünd€r 20. At present one of the most popular
MMOG in Europe and USA is World of W¿rcraft released by
Bh?,zeñ Enterteinment, in which several thousands users play on
each server. MMOGs arc characferisedby big demands forthe the

sysûem and for the network inf¡astructurc. Thousands ofplayers
staying concurently in the same virtual world, interacting with
each other and changing the state of the game environment
generate heavy network trafüc and a heavy server load.

Not many titles were as successfi¡l as the World of Warcrafr.
Most of ihem had technical faults and lacked in atkactive
gameplay. To provide a good level of gamepþ, every user needs
to h¿ve arr uptod¿te infonnation about lhe state of the vi¡tual
world. This ståte chatrges wery time when lhe user takes an

Marcin Gazda
AGH University of Science and Technology

Al. Mickiewicza 30
30-059 Krakow, Poland

action Qike moving his character or collecting an object) leading
ûo the conflict between capacity and coherence. It is impossible to
guarantee that a dynamicalþ sbared game staûe will change

frequently and that every user will have ¡ permånent åccess to the
s¡me and most current staûe.

2. PROTOTYPING
The main reason of failures in creating MMO games is the

fact that you can only frrlly test it at the end of the developing
process. AI of tlre leaks and misøkes in the design can be noticed
during beta tcsts when thousands of users start playing it lt is

impofant ûo prototype every solution in order to simulaûe players

and check if the solution is appropriate. During the phase of
prototyping you can experiment with the frrnctional and technical
aspects of the sysûem and you should determine the archiæcture
of the system.

2.1 Using Erlang/OTP for the prototype
Usually proûotyp€s are developed on hardware not as shong

as the target one, so it is imporiant that lhe platform used fo¡
proûotyping is compatible with differcnt operation sysûems and it
is not dedicated to a specific one. Another requirement for the
platform is the possibility of a quick and easy development
process. There is a need for mechanisms that can support
distribuúed archiûecûres, because these are thc most promising

di¡ections ofresea¡ch. Suppoting high availability and efftcient
intemal communication are also sþificant. This is why Erlang
Open Telecom Platform was chosen. Important features from ou¡
point of view are: op€n source, its own virtual machine, light
p¡ocesses and the distributed database Mnesia.

I{andling a big amount of users requires cono¡rent oriented
progr¿mming. This can be accomplished with Erlang processes -
one process for each user. There is a need of scalability of the
systern, wha¿ can be realised by distributing the server on a cluster
of machines. Erlang allows pÍrcesses to communicate with each

otlrer by knowing only tlreir PID and wilhout knowing if they are

run on the same node, so you can heat the clusþr as one coherent
systern Such persistence allows you ûo bt¡ild prototypes

effectively.

L



3. IMPLEMENÎATION
For the sake ofresearch a game client in Java and with Java3D
library was dweloped The application provid€s frrnctionality
simila¡ to role playing games. Users can move their characters,
collect objects, chat with each other and do some rnagic.
Messages with the inform¿tion about user actions a¡e sent io the
server and then dispatc,hed to other connected users.

The server was irnplemented in Erlang. All of the game data is
sûored in Mnesia tåbles. The Mnesia's scheme was configured ûo

kecp lhe replicas of all tables on all nodes. Most frequently used
datå like socket binding or player's position are stored in ETS
hash tables.

Erlang processes are organised in a supervision hee. The root
prccess on wery node is responsible for starting services assiped
to this node. Services were implemented with the gen_senter
behaviour. There a¡e two ki¡ds of services: processing netv¡ork
hafüc and processing user's actions. When 'network proccssing'
service is run, the node becomes atr acc€ss point and it starts to
listen on a TCP port for new connections. When 'action
processing' service is ru¡¡, then the node takes part in distributing
the computations.

C¡m¡s

ftê

I
61 8z

3
3

45
b

fþme 1. Syrtem,r archltecture
The game ûerrain is divided into geographic zones assigned ûo the
nodes processing the player's actions. Every player is assigned to
the zone in which he is standing. Processes conholling the playen
placed within the same zone a¡e n¡n on the same node. Whe¡ the
pl&yer moves ts anoihe¡ zÍme, its coilrolling prccess is moved to
thc eppropdatc node. This opcration necds e lot ofcalculetionr, eo
the algorithm was implemented to prevent often zone switches.
The player is swiûched into another zone not when he crosses a
zone border, but when he gets out oflhe zone range.

4. SYSTEM PERFORMANCE ANALYSIS
When the implementation of the system was finishe4 a game
session with real players was organised- Seven people were
playing for several hours so we could log all oftheir actions and
carry out analyqis on how oûen statisticalþ a user takes an action.
Then we generated scenarios for IDX-Tsunåmi which is a
distributed load testing tool that can simulate TCP clients. A plry-
in for lDX-Tsunami was developed to support our protocol and to
log the server perfonnance.

The research was done in two phases. During tlre first one two
types of architechres were tested- The ¿rchitecture of the ûrst
type is built by single-ñrnction nodes, which means that every
node is processing either network traflic or player's actions. The
architectu¡e of the second type is built by double-ñrnction nodcs,
which means that wery node provides both services.

For wery a¡chitecture the maximum number of players that it can
handle was determined- We determined the number by analysing
several different indic¡tors, such as the time in whicú the servei
replies for messages, outgoing network traffic, number of
outgoing packets urd the utilisation of the CPU on the server side.
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Flgure 2, Ärcùltectnrer with double-funcdon nodes

According to research, zone based solutions ¿re h¡ghl¡r dependant
on the disfribution of players in lhe worlil We made an
assumplion that players are spread around the worldequalþr and
this t¡nd of sitration could be possible if the game world is big
enougÈ- But the åct is {hat when many players are sfanding in the
same regiorl lite during battles, lhe servel can be overloaded

During the second phase urc worked on synchmnizing issues. Let
irnagine that two players are looking at the same mushroom lying
on tùe gmund- One of them moves near fhe mushrroom and picls
it up. Then the mersage is sent to the server. Bdo¡e the server
passes fhis message to the second player, he cå¡r still see the
mushroom, so he can try to pick it up. lf he dose so, obviously he
will fail, because lhe mushroom is already collecteù We
measurd the probabiliry that a player would qr w.ould not fail in
two kinds of sltuatlonsl tvhên thc sêrvêr ls not ovcrloadcd and
when it is overloaded ln the second case players more ofren
cannot ûake successfi¡l actions, because the state of the world
whlch they can observe is desynchronized from the state on the
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5. CONCLUSION
To summarize we found {he Erlang Open Telecom Platforrn very
appftrpriate for developing prototypes of the dist¡ibl¡tert MMOG
systerl Beçause of the fact that you can quickly build a solution
and then experiment with it you can examine different algorithms
in a relatively short periodof time.
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Third Pafiy Gateway

EUC2005 ch¡nd¡æbskbr Mdl¡Fdhi
T-Mobile(JK)

TPG - TVhat is it
TPG is a third party gateway.

. Bulk MT-SMS

. PremiumMT-SMS

. Reoeive MO-SMS

. Location Based Servioes

EUC2005 Chandraebsl.ùar Mdlapadbi
T-Motite(JK)
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Why did we do it?

. Replace ¿ f¿iling IT system

- Slow response times

- Lots ofunwanted features

- Missing wanted features

- Unstable

- Expensive

- Built using Weblogic, Java, DB2

EUC2005 Chandrrsbekher Mullepadbi
T-Motile(JK)

How did we do it?

. lst version u¡,2002

- Written in 3 weeks ( warts and all )
. 2ndversion in 2003

- Half hearted attempt to win the political battle

. 3rd version :m2004

- Political battle won!

- Got rid of most of the warts (except )04L)

EUC2005 Chaadruhelúar Mullaparthi
T-Mobile(UK)
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Architecture

Nortel
isD-ssl,

HTl?

IITTPS

IITTP

EIIC2005 Chanrlnsbclùer Mrllaperthi
T-Motúle (IK)

blic n

Reply nocte

lansaction

Some Details

. yaws asthe front end webserver

. XIVIL parsing using eXpat (hup:/lwww.libexpat.org/)

. ibrowse as the IITTP client

. mnesia based message queues

. Configurabletlroughput for eaoh 3rd parfy

. All events logged in an extemal lTB Oraole DB

. Public node uses Sun Fire V120

. Trx node uses Sun Netra T4 (dual proeessor)

. Business Logic: nearþ 11000 lines of oode

. Libraries: nearþ 19000lines of code

EUC2005 Chandraskkhar Mullapadhi
T-Motilc(JÇ
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ibrowse
lrttp:l/iungerl. soureeforge. flet

. My first contribution to the erlang communityl

. RFC2616 compliant (AFAIK)

. ITITP/0.9, I{TTP/1.0, IITTP/I. 1

. Understandschunkedencoding

. Named pools d connections to each webserver

. Pipelining support

. Downloadtofile

. Asynchronous requests. Responses are streamed to a process

. Basic authenticdion

. hoxy authenticdion

. Cantalkto Secure webservers using SSL

. ToDo - Use inets driver IITTP pa¡sing

. ToDo - Supportthe CONNECT method

zuc2oo5 *"*'-*:H:Ë#,**t

Performance

Traffic Level

Availability

RTT: 120ms

E'UC2005 Chandrashekhar Mullapadhi
T-Mobile(JK)
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a

Effort
lst version developedby me in 3 weeks

I've.forgotten what I did.in the.2nd version

3rd version

- Updated to meet all "knovm" requke,tne,ltts

- Kept rry<tating as newrequireme,lrts were "discovered"

- Perform¡nce tuned with Sean's help

- Peterlrmil developed a loadtool

- Francesco Cesarini took overfromme and did loadtesting bug fixing and

training of sr4port ststr Iots of everything!

- Chris Ne$¡nsn hdped with end to end testing and SSL troubleshooting

- Peter Whitsker held endless meetings with srpport to get TPG accepted

- Tammy Sarmders helped setrp a rtatabase for logs produced by TPG anil

made a posterto inspile everyone!

- I{aider Mohammed was brave enougþ to take ovmership ofTPG!

guc2005 ChandræÌrelûar Mullaparthi
T-Mobile(JK)

a ¡l

Customer conrments
. 'You have gone fromthe worst performing network [out

of 40 networksl to the best" - WIN (verbal quote)

. "\ile have aohieved a lù0o/o improveme,lrt in performance

and we have not nrnup as any connections as \ile had

before" - WIN CTO John Rands

. 'Requestsnowtakebetween ó0 and l00ms. This oompares

\ilell against ATK (very rarely see a transaction < 500ms)

and is âpproaching Grouse (where most transactions te,nd

to take 20-50ms)" - I!D( CTO Chris Wilson

EUC2005 Cha¡dræhekhrr Mulleperthi
T-Mobile @K)
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eXAT: Sofbware Agents in Brlang

Abatru,ct_ This paper describes eXAT, a new agent
programming platform to write and execute qgents ua-
ing tbe Erlang language. The maÍn cha¡acteristic of
eXAT is that it provldos an "all-in-one frameworktt for
the design, with a single tool, of øgent íntellígence,
ogent behøtíor and øgent communíention. This ls made
possible by means of a set of modules strongly tled to
one another: (i) an Elrlang-based ruleprocessing en-
gine, (íí) an execution envlronment for agent tasks,
based on obJect-oriented ffnite-state machines, and
(üi) a module able to handle FIPA-ACL mess¡agea.
Agent tasks a¡e coupled wlth rule.processing enginee
in order to support transition triggerlng on the basis
of agentts mental state. Moreover, the agent commu-
nication faciltty províded by eXAT can not only trlgger
taskts events but also influence agentts mental state
accordlng to FIPA-ACL semåntics.

Indet ferrn¿- Software Agents, Agent Programming
Platforrrs, FIPA, Inferelce Systerns, Ontologies.

L lntroduction
To date, agerrt teclurology [40] is becoming widely used as an
iuteresting approach to truild autono¡¡rous software syetems.
Many agent progra.rnming platfonns and tools l¡ave l¡een de
veloped [4, 10, 1, 8, 38, 32, 34, 35, 71, airning at providiug an
execution enviro¡rrnent for agent-based applications, together
with a set of libra¡ies for agent developers.

In order to offer a st¿ndaxdized and cross-platform elviron-
urent, the rnajority of such tools a¡e developed in Java, while
few of them ernpþ ød-lroc progranrming languages, However,
the use of Java is able to support ouly sorne aspects of agent-
oriented prograuuning, while other aspects, such as the iltelli-
gence, require exter¡ral tools.

Let us remiüd that, by definition [31, 40, 4ll, an "agent" is
a softwaxe errtity that, while situated in an environrnenl, rutt:ts
to environmental changes awJ eløl¡otates plans to be orecuted
iu order to acbieve a speci.ûc goal; an ageut can af,so intefltct
with other agents, ifsuch interactions provide help in achieving
the goal. Florn the developer poiut of view, this implies tlree
specific requirements that should be met by a.n agent progrârn-
ming platform or language:

a. Ability of spw:í;tying and, implementing the rutctiue behøui,or

ol an ogent. This is in gerreral supported by a rnodeling
based on finits'state nachines.

lr. Ability of spu:ifyi,ng uruL implementi,ng agent rcasori,ng,
which ca¡r be supported by artificial irrtelligence tools such

as expert systems, rule-processing eugines, etc.

c. Altilítg of su,pportì,ng ínteruc"bì,¡¡n utí,th other cgenfs, by rnea,ns

of suitaÌ¡Ie ilresfflge excha.nge abstr¿¿tions.

In such a scenario, imperative arrd object-basal capatrilities of
Java a¡e suit¿ble to support FSMs ând i¡rter¿ctiols [10, 1, 8],

bui fail to take into account "agent intelligence": as we a.rgual
urany tinres [15, 17, 18], the Java language does ¡rot seem an å,p.

propriate choice for agent system iurplementatio¡r since it is not
able to offer native stateûrents to express logic construct like
predicates or production rules. Iu fact, each tiure a rea^soning

proce{¡s has to be included in an agent systenr developed with a
Java platform, additiorral tools a¡e i¡rtroduced [3, 2, 36], which,
however, use logic/decla¡ative languages that difiers from Java
in both synta.:c and seurarrtics. The result is a mixing of pro-
gra,mnring approaches that does ¡rot help the developed because
s/he is forced not only to deal q'itl¡ two cornpletely difierent lan-
guageo but a.lso to handle data exchanging between the different
language donrair¡s.

Following guch staterre¡rts, we fourd that Erlaug, tha¡rks to
two main features, pâttem nratching in function clause dec-

la¡ation and ha,rdling of symbols in data, is instead a good
candidate to offer a complete solution that te&es ca¡e ofall the
aspects of agent progralrming. On this basis, we developed the
eXATI platfonn [5] with the aim of providilg an "all-in-one"
environment th¿t considers together the three tr¿in aspects

of agent-orienterl prograruruing: úehuvì,or, intelligence and se-

montíc øruL syntactic interoperuúility. Thk paper, which i.s a
sylthesis of our previow works [1.2, 14, 13, 15, 17, 18, 16, 111,

describes the eXAT platform, focusing on its intemal structure
a¡rd frurctionalities. After a l¡riefdiscussion about the rnotiva.
tions tlrat, led us to choose Erla¡rg, the internals of eXAT will
be presented, together with eorue code sarnplæ that will show
how to r¡se the va¡ious rnodules provided by eXAT to build a
cornplete urulti-agent systeur.

The paper is etructured as follows. Section 2 illustrates ùhe

reâsons for droosing Erlang for agent system implemeutation
(and thus the reasonç why we developed eXAT). Section 3 givec

a brief overview of the eXAT platfonn. Section 4 describes the
agent behavior model aud the abstrâctiorr provided to write
agentts ta^sks. Section 5 focuses on agelt futelligerce by pre-

senting the rule-processing engine included in eXAT. Section 6

deâls witb agent interaction a,nd iìlustrates the tools and mod-
ules to ha¡rdle rnessage excha,nging, frorl both the syltactic and
sema¡tic point of view. Section 7 co¡rcludes the paper.

Corrado Sa¡rtoro
Univemity of Catania - Engineering Faculty

Department of Computer and Telecommunication Engiaeering

Viale Andrea Dorie, 6 - 95125 - Catania, Italy
EM¿il: csanto@diit.unict.it
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-nodule (reactive_ageat ) .

age¡.t_IoôP () ->
E = nait_for_nert_eventO,
act (E) ,
agert_looP ().

act ({8¡ritch , or}) -> % act, uhen slui,tch i"s turne¿l on
act ({switch , off }) -> % act uhen auitch is tu'r¿,eil off
act({terpelatuÍe, I}) when X > g0 ->

% øct uhen the tempemtut'e is giyd,ter thøn 30
act({têt0perature, X}) when X < 20 ->

% oct uhen the temperature í¿ lesa thøn P0
act (-) -> % unknown eüent, no oction

1

2
3
4
b
6
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I

10
11
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13
t4

Figure 1: A sinple pure-reactive agent in Erlang

2 Why Erlang?

The main reasons that letl us to choose Erlaug as a possible lau_
guage for the developrnent of agent systems derive from the ba.
sic properties of agents liste<t in l4}l-reactiaity, pro-u,cti,ueness
aruJ. s(rciol aùility; each of this property is analyzal to evaluate
if-and how-it can be supported Ì:y Erlang.

2.L Reactivity

An agent has the basic capability of reactiug to incomilg
events. They include e.g. a change of the state of the refer-
ence euvironrrent, the arrival of a Ítessâges frorr the user or
other agents, the occurrence ofexceptional conditions, etc. A¡r
event ca¡r be coruidered featured by a tgpe a;llJ ¿dititiorutl duta
bound to the evelt itself (e.g. for an incotring rnessage, tho
additioual data could be the payload) ald, on this basis, suit-
able predicates orr bound data can <liscrirninate various reactiorr
câ,ses to eveuts of the sarne type,

Flom the prograrnurer's point of view, reacting to events
irnplies to provirle (i) a,n abstractio¡r for urodeling eve¡rts and
(ü) soure constructg or library calls to specify the courputation
to be triggered when a particular eveut occurs, also given that
the bourd data could be subject to certain couditions. Erlang
seems particularþ suitable to face such requirements for ilre
following reâsons:

1. Erlang is a synbolic language (like prolog or LISp), and it
is knovnr that the vse of lifural symltols (atoms) facilitates
the represeutation of coustalts in data. Structured infor-
nration cal be represeutal as tuplcs a,ld, silce they are
untyped, a¡e well-suited for heterogeneous data [ig] and
thus pa.rticularly appropriate for eveut types that could
be very different one a¡rother, For exa,rnple, the state ofa
switch can be represerrted as {suitch, on} or {switcb,
off), a sensal temperature with {tenperature, 25}, an
incoruing üìessâge as {nessage, 'QIIRY-IF,, {sender,,UserÂgent, )), etc.

2. Erlalg is a fiurctio¡ral language and fr¡¡rctions can Ìrave
multiple clauses. Matching on function deûnition ca¡r Ìre
exploited to specify the cornputation to execute following
an incorning event formed as desired: function clause dec-
la¡ation will specify the uratchilg criteria releva¡rt to a
triggering event, while furctiol body will implenrent the
a,qqociated aßtion.

Figure 2: Sone Erlang frrnction clauses expressing infererrce
rules

The exa.rnple in Figure 1 shows a, practica,l usage of the corr-
cepts indicated above. The listing in the Figure reports a possi-
ble iruplementation of a (very siurple) pure reactive agent pro-
grarnured iu Erlang. Ageut's rnain loop (function agent_J-oop,
lines 3-6) waits for a.n incoming event and therl executes the
associated actiorr; courputations tietl to events a.re specified by
using urultiple clauses of the functiorr act, eâßh orre rnatching a
different value of the para,rneter: when the fuuction is invoked
using the event acquired (lire 5), .or{y the matching clause
is activated (if one exists, otherwise the default clause-li¡re
14--is chosen). As the reader ca¡r appreciate, using syrnboìs,
structured data and functions with several clauses inprove uot
only engineeriry and irnplementing reactive agents, t¡ut also
the rearlability of the source code.

2.2 Pro-Activeness

Pro.activeness üteåfls the capability ofan agent to develop ald
execute plans in order to achieve a speciflc goal. Unless specific
BDI2 tools are errployed [7, 361, such a"n ability is gerierally
supported by nreans of a rule productiorr systern [9, 2, 6, 11],
featuring a knowledge l¡use altld a seü of infet,erun rzles. In this
context, Erlang's features axe pârticularly iuteresting for the
following reâsors:

L. Symbols a.nd priuritive types (i.e. atons and tuples) are
well suited to represent fuc-ts of a knowtedge base; more
over the use of the sa,tre types for fa¿ts and events (i.e. tu-
ples) facilitates agent desigl, allowing programrners to di-
rect use event data in the lcnowledge base.

2. F\urction clauses, whicl¡ indeed represerrt prcdiantes on pa,-
ra¡neters that if matched a¿tivate the clause, ût well in
tlre representation of the preunilition part of a rule; at
the såme time, the function body can represent l,lrc ac"tion
pert.

Note th¿t despite þ¡le¡rg's câ,på,bility to represent rules, the
la.uguage and run-tirne system do not irrclude a.n engine for
rule processing, which has to be provided by an externaì tool.
For this reâson, tlrc ERESYE system has been designetl by the
authors [11] a.nd it has been irrcluded in the eXAT platfonn.
ERESYE is an Erlang-based rule production systern featuring
the sarne characteristics (from both the syntactic antl seman-
tic point of view) of other well-küo\iln similar tools, such as
OPSS [20, 21], CLIPS [3], Jess [2], etc.

The exa,urple in Figure 2 gives â, sketch of Erlang frlrction
clauses r¡sed as rules of an ERESYE inference systern. Iu the
example, the rules showl perurit to enrich the knowledge by
deriviug the concepts of ,father-of, a¡rd ,nother-of', on

2BDI means "belief-desire-intention" and it is one of the most
widely accepted paradigms for rational agents.

L

rule(Engine, {rchild-ôf,, X, y}, {fenale, y}) ->eresye:assert(Engine, {rnothêr-of ,, Y, X});

rule(Engine, trchild-ofr, X, y), {naJ.e, y}) ->
eres]re:asÊert(Engine, {'father-of ,, y, X}).



the basis of the L¡¡rowledge of the 'child-of' anrd "gender"
corrcepts,

2.3 Social Ability
Agent-orierrted engineering is ba.sed on subtlividing a whole
application into a set of goals to tre a¿hieved by several co'
operating ageuts; thus the possibility of supporting iuterac-
tion arnong agerrts is a ura.rrdatory furrctionality of a.ly agent
progrannuring language or platfonn. As it is krown, the Er-
la.rrg la.rrguage a¡rd its run-tirne systern l¡ave bee¡¡ explicitly de
sigrred to support conununication; rnoreover, the Erla.ng pro-
grarruring model [9, 17] is based on subdividing a problern into
a set of tasks to be assigned to the sâme uuurber of a¡ncur-
rent prrxnsses lh.at shøre nothi,ng and interact each other only
by nreaus of message p.usúng. The reader can appreciate the
sirnilarity betwee¡r this nrodel and the basics of rnulti-agent
systerns þ01: Erlang co[currelrcy r¡lodel a,üd interactio¡r co¡r-
structs seeru thus perfect "as-is" to support interactions aüìong
(Erlarrg-prograururetl) agents. The only concerr is with the
exchalging protocol and data representation, which is Erla.ng-
proprietary and tl¡us non-sta,üda,rd (even if it is docuurented).
An agent platforrn is thus needed when standâxd uressaging, as
in FIPA3, is requirecl to favor the interoperability with different
platforrns and ageuts writtel in other progra.uuning la.nguages.

3 Overview of eXAT

The eXAT platform [12, 13, 14, 15, 18, 17, 11.] has been designed
with the objective ofproviding an "all-in-one" errvirorrrnent to
execute agents a.nd to progra,m theur iu their behu.vi,oxtl (reuc-
ti,ue), intelligent (prc-uctiae) allLd enoperutiue (sotio)) parts, all
with the så¡ne lailguåge (Erlang).

Agent behaviors can be progra,rrmed by specifying úasÈs

rnodeled as finite-state rrlsßhires (FSMs), euidred with tlre
possibility of using umposition, i.e. seriâl and pa,rallel execu-
tio¡r of sulr-FSMs, ailtJ exlension, i.e. refining sonre pa,rts of anr

existing FSM (accordirrg to the coucept of virtual i¡rheritauce
proper of the object-oriented teclurology) in order to support
new requireure¡rts, Task rnodel a¡rd progra,rnrning a¡e detailed
in Sectio¡r 4,

Agent intelligeuce is instead prograrnmed try mea,ns of rule-
basøl code, supported arrd executed by the ERESYE tool (as
briefly illustrated in the Section 2). Au ERESYE engiue, te
gether with its progra.rnmed rules, can be bound to al agent
of the platform in order to support agent's inference: the
knowledge base of the engine can thus repræent agent's mental
state, while production rules support agent's reasoning pro-
cess. ERESYE engile's evente câ.û be bound to behaviors, tlnrs
allowing reasoning processes to also trigger userdefined agerrt
âÆtions. The details of ERESYE a,re reported in Section 5.

Agent interaction is performal by urea.ns of the exchauge of
FIPA-ACL [24] messagesa; ttris is supported by eXAT's mod-
ules that include library frurctious to serd å.nd receive messages,
eucoding thern through (user-defined) ontologies. Message ex-
changing is urainly corurected to behavior execution thus ûrak-
ing possible the occurreuce of a proper event when a new mæ-
sage is delivered to the agent. But rrressåge exchanging is also

3FIPA, whi"h mea¡s '¡Foundation for Intelligent and Physical
Agents" is a non-profit IEEE organization for the etandardization
of agent technology [30].4F[PÀ-ACL (Agent Communication Languaee) is a stendardized
interaction language for agents.

able to influence agent's rre¡rtal state tha¡rks to the support
of. FIPA-ACL semunticsz a.rr incourilg rnessage is processed
by the ACL ser¡rantics module autl, according lo llrc mean-
ing it carries (as defiled irr FIPA-ACL standard [24]), suitable
actions âxe perforued on the klowledge bâse of the ERESYE
engine bound to the receivirrg agent. This allows for the iurple.
ne¡rtation of "urore rational" rrulti-agent systerns. Details a¡e
provided iu Section 6.

4 'Writing Agent Tasks

4.1 Basìc Task Model

The behavioral pa.rt of a.n agent is progranuned in eXAT by
rrreans of one or rnore Jasks, expressed as finite-state ¡nachines
(FSM). The FSM nodel used i¡r eXAT is an extensiou of the
l-¡asic rnodel that uraps the occurre¡rce of an event in a giverr
state to a¡r action and a uew state, i.e.:

(Eu ent, Curr ent State) + (Aúion, N ew Sto,te)

In eXAT, a^s inttoduced i¡r Sectio¡r 2.1, a,rr event is chaxacterized
by a type and additio¡ral infomtation (everrt data) bound to the
everrü itself. On this basis, a FSM, or agent task, is modeled
with the following eleurelts:

¡ .E is the set of eaent types. Tlrc event types handled by
eXAT arer

- acl, tlrc reception of a¡r ACL ilressage;

- ti,mz.out' the expiry of a given timeout;

- eresge, the assertiorr of a pa.rticular fact in an
ERESYE engine;

- silent, the sile¡rt eve¡rt.

e P is the set of duta pattem,s to be bouud to a certain event
type. A datu pattern specifies a ternplate to be ¡natched
with event's data, for the event to be al¡le to trigger a
ùra¡rsition.

. S is ùhe set of states of the FSM.

r ,4 is the set of. uctions to tre done.

o f : SxÐxP + AxS is the tra¡sitionfimctiorrthat rnaps
au everrt occurring with a given patteru a¡rd in a ss¡fsi¡r
state to an âction execution â¡rd â, rew state of the FSM.

An agerrt task is specified in a single Erla^ug rnodule (the na.rre
of the module becomes a,lso the name of the task) that imple
ments the following three main fulctions:

actio¡t(State) -> [{Ev€ûtllare, ActiolFurc},
event (EventNane) -> {EventType, Pattêûl¡a[e]
pattêra(Pattêr¡lla¡e) -> Pattôrspec

F\rnction actio¡l speciûes the tra¡sitions exiting frorn the
state given as para.meter; it retums a list of couples euent nume
an¡J. action tuncti,on, rnesning that, at the occu¡rence of th¿t
event, the nssociated Erla.ng function will be executds. The
other two fulctions, ev€nt â,nd patten, âre used to fully spec-
ify the event bor¡¡rd to a cert¿in tra¡rsition. An event is chsx-
a¿terized lry a type alnd a tenrylate (or pattern) that must be

6The stste reached by the FSM after the oc¡urrence of an event is
encoded tn lù.e AdàonFuncand., for this reason, it does not explicitly
appea,r here.

3



-Eodule(first).
-êxport([actio!/2. ever.t/2r pattern/2,

do_procesaing/4, f inatíze / 47)
-include("ac1.hrl").

action(Self. start) ->
[{ueu-uesaage-èvent, do_processing},
{tineout_event, finalizê}l .

eveDt (Self , ne¡r_uessage_event ) ->
{acl, info¡[-patte:ru];

eveat (SeIf , tinêout_event ) ->
{ti¡¡eout, ti!êout_Pattertr}.

patte¡¡(SeIf , inforn_patterû) ->
[#aclnessage {apeechact = rINFoR}lr}] ;patte¡n(SeIf , titreout_patt6rr) -> 10000.

do-processing(Self , EventNane, Hessage, ActNat¡e) ->
% Pertonn processàng ....
object :do(Se1f , start).

Data, Actllare) ->f isalize(Sôl"f , EventNa¡e,
% Finalíze behaviour ....
object :do(Self , stop).

"Ínfom"
doltmcesing

Þ
tÍmeout

(") (b)

Figure 3: A Siurple Task i¡r eXAT

matched by the data associated to the event i¡r order to activate
the tralsitio¡r. The for¡ner frurction associates to ea¿h event
narne its type (chosen a,rrong acJ, tirneatt, eresye ail.J si,Ient
âs reported above) a,nd aputternn¿n¿e. Fìrnction patterr then
rnaps each pâ,ttern [a¡ne ¡'ith the releva[t r¡retchiüg teru¡rlate,
whose structure depends on the type of the eve¡rt itself: for
a,n ¿cI event, the template is specifed by indicating uretchiüg
values in the various ûeld of a, #aclneasage record (see Sec-
tion 6); atimetyut event requires a value in milliseco¡rds; event
eresgre requires the specification of the terrplate of the fact to
be rn¿tched (see Section 5).

As a first exaurple, tl¡e FSM depicted in Figure 3a shows
â, tasks that executes attion "dogntçess'¿ng1ì each time a ¡rew
"intorm" rnessage is received, unless a üir¡reout of ten seconds
occurs. This task can be impleurented, in eXAT, by mea¡rs of
the urodule first reported iu Figure 3b. Ttre rea¡ler can note
the rue of frurctions actio[, event and patten, and the way
in which the concrete actions ca¡r be iruplenrentul. As it can
be noted, furrction obj ect : do is r¡sed to set the ¡rext state a"fter
actio¡r execution.

4.2 Composing Tasks

Depending on the applicatiou to be realizal, agent tasks could
be very corrplex a.nd require FSMs corrposed of a la,rge nuru-
ber ofst¿tes and tra¡sitions; such cases could be ha¡d to hau-
dle during developrnelt stage. As it is wi<tely krown, the use
of modularizøtiory i,e. the possitrility of deconrposing a large
FSM into a set of smaller FSMs, helps the designer in tack-
Iing these situå,tions. In addition, ¡nodulariz¿tio¡r favors reuse,
as there could be câses ir which parts of a¡r overa.ll agent task
could be reused itr a¡rother difie¡ent ageut application6. To face
these situations, eXAT allows ¿ desigrer to engileer a.tr agert
by cornposing tasks in sequentn-to support serial activities-
or i,n pamllel-ho support urultiple concurrent activities. This

is <Ìone by exploiting function behave (exported by the agent
rrodule), which, when câtled in the body of al aetion irnple-
mentatiou, causes the execution of the specified iask(s). The
fuuctio¡r ta&es, as pa.raureter, either a single task na¡¡re or ¿ list
of tasks üå.urec; i¡r the latter case, all the specified tasks â¡e
executed irr parallelT.

As an example, Figure 4a illustrate a FSM that:

. sta,rts tlrc "english-uuction" task, ifit receives atr rrànfortn'

rne68åge; or

. stârts the "dutch-uction" task, if ¿ tiureout occurs; and

o in a,ly case, a.fter executi¡rg one of the (sub)tasks, it stops.

The implementation is reported in Figure 4b.

4.3 Specializing and Extending Tasks

Composiug tasks accordiug to the concepts tlealt with i¡r the
SubSection above irnproves agent engineering a lot, However,
in some cases reusing an existing task ,,as-is" is rrot enough,
because the implernentation could be not so geueral to allor¡,
its direct use in other contexts. In such a situatiorr, en iurple.
rne¡rted task should be modified iu soure elerrents or, in other
words, speciøliæd, for a new purpose. As it widely ù:nounr, the
otrject-oriented techrrologr makes specialization possible thanks
lo aùtuøl i,nherita,runi the sa¡ne concept is exploited fu eXAT
to support tusk exterwion a,nd, in particular, to perrnit:

a. Adding new states and transitions;

b. Rerroving ocisting states and/or tra.usitiors;

c. Modifying existing states and/or trausitions by ch¡¡ging

1. the state reached by a tra.usition,

6As in using etandârd FIPA interaction protocoìs 126,2g, 22,26.'
TThe function is synchronous, that is, it waits for the complete

execution of the given task(s) before returning to the caller.
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-tûodule (gecond) .

-erport ( [action/2 , erert /2, pattertr/2,
do-êDgL iÉh-auct i otr /4, do-dì¡tch-auct ion /41 ) .

-include ( "ac1,hrI'r ) .

actioû(SeIf, start) ->
[{f irst-event, do-ètrg1ish-auctioD},
{aecond-eveat, do-etrg1ish-auction}l

evetrt (SeIf , first-evêtrt ) -> {acl , iD.forn-patterû};
everxt (SsIf , second-eve¡t ) -> ttineout , t iûeout-patter!.1.

patterE(Self , iEfor[-pattêrr) ->
[#achnessage {apeechact = tINFoRH'}] ;

patterrt(SeIJ, tineor¡t-pattêrû) -> 10OOO
% Wøit ten secon¿Ìs.

do-english-auction(SeIf , Eventllaùê, Data, ActionNaue) ->
% beh,oviour'english-øuetion' is eøecutel
age¡t : bêhave (SeIf , snglish-auctior) ,
% stops cu¡zent behatñ,our when the 'english-øuctiont is ouer
object : do (Self , 6top) .

do-dutch-auctior(SeIf , EvsntNattê, Data, ActionNa¡a) ->
a8êDt : behave (SeIf , dutch-auctiôE) ,
object :do(Sel"f , stop).

dutch_auctim
lireoul

dutch_auclion

"infom"
englishluction englidr-auctim

why
l¡/ith

Figure 4: Corrposirrg Tasks irr eXAT

(") (b)

2. the aßtiorr function bound to a tra.rrsition,

3. the eve¡rt type bound to a tra.nsitiol,

4. the data patterr bould to a transition,

5. one or more elernents of e da,ta pâttern.

In concrete, task extension is nade possible in eXAT tharrks to
the provided obj€ct module, whose frst airrr is the introduc
tion of object-oriertation in Erlang progrùrsi it is intended for
writing cluss/modules uith altril¡utes and, methods, featuring
,.i¿¿¿| inherita¡rce as in Java or C+*. The provided object
rnodel is very close to that of Java. A class is declared and
iurplernented in a silgle Erla.ug module, which has to export
function efiends that retums the naure of the a¡cestor clåss/-
modules. Then, functiorrs of the ürodule can be treated as

methods by addiug another pâxa,rrreüer, called SeIf , il fuucùion
declaratiol: thís paxaûreter represents the object's irrsta¡rce
within which the ¡nethod is invoked and plays the sa¡le role
of keyword this in C** a¡rd Java. According to Erlang style,
a urethod can l¡ave rnultiple clâ,uses and guards and, uulike
other traditional object-orierrtetl la.nguages, rnethods feature ¿
ñne grainal overriding r¡rodel: we ca¡r override all cl¿uses of a
¡nethod (the whole method), a silgle clause of a ilrethod, or
even add å.nother clåuse to a, method deflned in the ancestor
class. This cha¡acteristic provides a very flexible ând expressive
prograürming environlrent,

Task engineering i¡r eXAT exploits thi,s Erla.rg-based object-
oriented programming cb,pability: eâch tâsk is indeed â, clast,
all deûned frurctions, i.e. action, €ve[t, pattern and t]re func-
tions iurplerrentiug ttre actions, âxe urethods0, and task exter¡
sion is perforrrred by deriving â, clâss/nodule and accordingly
overriding ore or rnore nrethods or rnethod clauses. In details,

sThis function may be not declared if the class/module has no
ancestors.

gThis 
is the reason

function declarations
the sample codes in Figures 3 and 4 report
Setf as the first pâ,rameter,

task specialization implies to cha,nge the return value of the
interested frurction or functio¡r clause, i.e. to modify

e. The cottple {euent, ac'tionl bound to s, certain state-if the
function is action;

b. The couple {eaent type, pal'tern} defining a certain everrt-
when function event is considered;

c. The specification of a giverr pattern-through redefinition
of function pattertr.

ps¡ ¿¡smplê, if we would design a task behaving like that in
Figure 4a, but using a, "@nf,rrn" üre6sâ,ge iüstead of a timeout
to trigger the Dutch å,uctioü (see Figure 5a), we ca¡r r¡se the
code reported in Figure 5b.

5 Adding Intelligence to Agents

eXAT tasks âxe desigred for the developrnent of the reactive
påxt of a,n agent, but, as stated in Section 1, agents also fea.
ture "intelligence" that has thus to be supported by a suitable
AI tool. To this aim, we chose to include, in eXAT, a reasoning
system, cålled ERESYE [11l, which is able to alloq' the creâ.tion,
ma,nagenrent a¡rd execution of rale-based, processi,ng engines.

Such engines câl be connected with tasks il order to provide
a.u agent progrârnmilrg a¡rd executio¡r envi¡o¡rrne¡rt where the
behavioral part is strictly coupled with the intelligence. In the
followilg, nl overview of ERESYE is frst provided; then the
way in which ERESYE engines can be inüegrated with agent's
tasks is discussed.

S.L Overview of ERESYE

ERESYE is an Erlang tool for progra,rnruing and executing rule-
procæsing ergines. Each engine is featured by a, nøme e;ird a
knowlalge buse (KB) naÀe of a fucú úase (FB), storing the set of

í
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dutch_auction
tìmeout

dutchLeuctìon

engliqh-n¡¡1¡6o

t'sccond'l

-uodule (thi¡d ) .
-:*P3"1 ( [ertends/0, êvett /2.-irclude (,, ac1. hrl,, ) .

ertertdsO -> seco!.d.

ovent(Solf , aêcol.d_êve¿t) -> {acl, 96¡¡irn_pattera}

patto!!/21 ).

,c0l¡FIRt{,}l
pattêrD(Self , coaf iru_patt

[#aclDessage {speechact
er¡) ->

(")
(b)

Figure 5: Extenclirg Tasks i¡r eXAT

the rule is execute<ì ùìd the other parameters are tuples repre-
T:tÏtc the teurplates of the facts it * ,rrrrrt lu uoerted in theFB for the rule to be activated. G"*Jr;;;; be speciûed,thus creatiug a¡lditional conditions ;;;;;;'order for ilremles to be fired. The body of a rule l*pf"_"rrä the action tobe executed when the .utã is nrea; tiÃ;;trl" any Erlangexpressiol, as well as calls to funciions for-Xniarripulation.To this ain, a suitable set of fr¡¡rctions of lfr" tngSVg epfallows Erla..g progrâms to interact wiilr au Èñesvg engine inorder to assert a fact. ret¡act a fact, wait fo. iir"-pro"rl* of 

"fact.with a_giverr pattern, utd a new ,"ì;, 
"lra.ir; ruIe priorit¡tlelete a rule, etc.

Figure 6 shou¡s a simpre reaso'er that uses EREsyE.Here, functions out_of _balance, pr"i"r"J._*r" andpurchase_rule are il¡e 
1utes, {hls _eLs tt,ai-fo, exarnple,¡ule out_of_balance niìì be fred *fr"o tfr. fJiepresental bythe tuple {noney, Agetrr, x}, wirh x a iôO-*¡ì be a,sserred;the a¿tion will colsists in prilting a *a"rring.rres"g" and thenasserting the fact {out_of_batÃ"", lg";r} î the engine.The sarnple risting srrows arso trre way in o,ii"l, * EREsyEengine is created ard activated; to this airo, nictioo 

"trrtfrst performs elgine instantiation a¡rd tn"o u¿¿" lo the engilethe rules defined by the ñurctions.

Figure 6: A Sitrple lì,easoning process ERESYE

facts represerting the current-k¡rowledge, and a rule base (RB),storing the set of inference. 
lles ¡en.;;thg ;;;"*oning ca-pability of rhe engine. Eanl¡ fact * i,Jtt""lriti*ärm of a¡r Er_la.ng tuple, e.g.- {tenperatï": 

. _50,, F, }, {aJ.arn, on}, {buy,' Conputer, ), {interesred,, Alice,, ;ö;;;i";, }; recordsca¡r tre used as q,ell. Ir¡ such 
" 

,"*rr"i",-í"pl* or ¡ecordsare usefrrl to represent øntxpts, 
".g. {iot""""t-"a, Â, t1 

"annea¡r that agent A is interesred i"ìtern r, i;;;;;, .â, rrt] canmean that eurrent amouut of money of rguJ I iJ r.r, 
"t".. Infere¡rce rules, wlúch represent the actions to be executedby the engiue whe¡r one or rnore particuìar facts a¡e assertetl inure FB, are instead q¡ritten usilg standå¡J il;g functions.Aü ERESYE rule is iürplemented ùth * E.l*Ëfu;tion cl¿usewhere the füst parameter represelts the engitã nar¡re in which

5.2 Tasks and fntelligence
ln order to allow the intoraction betn¡een agent behavior andagent intelligence, eX{J tasks can b* corro"cîJ *iù ERESYEengines. This is performed by nreans .f , ;;"i"Ll rtrech¡¡is¡¡.

On one hand, a transition of a task ca¡r fr" ,"tì".t"¿ followingtl¡e assertion of a fâcr wirh a given d;ir;;.î;s is perfonnedbv tp:tilg, in a task, aú event of ttie .rr"yu type, while theassociated fiurctiou Darterîn i¡rdic¿tes t¿l tf,ã1"tpUte of the
fTl ,: u" watetr for, (ii) ure ,,or;;;;tT; Ëäîsî, ensile au<t(iii) if ttre fact, once ilre event has been triggered, rnust beretracted frorn or left in the fact base of th.;;;i;.

On tl'e other hand, a task ca¡r p""fo.* ar,fåfe"atior, onto
3n enEine by using, iu the body ãf it. ,"tiå Ärlctions, thefunctiorr of the ERESyE ApL

Figure 7 reports a.n example of an agent task ilrat is con-rected qrith the engine in Figure 6; frstl the tuyer_eagfne isinstantiated il fuuction on_startlng (which is a callback exe.cuted automatically when ilre ra.ski,ìt"Jà¡ìie¡,, tte task
!:trrf with a single state a¡rd two tra¡rsitio¡¡í. Clru n rt t.*r_*ftio3 (iif 

"rr-event) is activated wh. 
"r;i"fr;,, tressage is

l:ceived by the agert; the action pe.formea, irilïis case, r tledirect assertion of the rressage content, in the buyer_€trgiro.

("

o¡¡t_of, _balance (E¡gine,
{uoney, Agent, X})¡¡b.enX<lOO_>

io:fornat('lfaraingl -p is out of bala¡.ce_¿r¡,lAgentl ) ,o¡eaye 3 a6se¡t (Engine , {out_of_balauce , Agênt})
pref ereuce_rule (Elgiae,

{iateregt, Ago¿t, Iten, high},{avairabiriti, rt", , 
-lioirf¡

¡rhe¡ AvaiL > O _;
ereÂJrê : åaaa¡t (Engiae ,

{i¡telested, tgent , Iten}).
purchase_ruIê (Eügiue .

{i¿te¡ested, Agent, Itero },{price_of , Ite¡, pii."il '
{uoney, lgeat , ú})uhe¡ (t{ _ price) > iOOO _,êresye: assert (Eugine ,

{intead, Agent , tuuy, Ite¡¡}}) .

art ]c(buye 1A6ê¡19
êr ês ye add^ru Ie buyer tDeeÌg

{ tl et IIbuyer igeuce ol¡ Ibat_of ca!, 6 lêer 8ye add_rule r(buye engiae
-iDteIl{buyer I ec8eû I fe èrP en ce_rule lerêg ye add_ Iru ê buyêr_ôD.gi11e

f tI!.buye 1 1 igence purchas ruI )Ì

-trodule (buyer_ iate J. I i g€¡tc ê-expÖrt ( [out_ot_bal anée/2,
pu¡chase_rule /4 ,

).
prefererrce_rule/B,

gtart/01 ).

gtart () ->
orêayô: at



-Eodule (buyer ) .

-e:(po¡t ( [action./2 , evètt /2, pÀttern/2
gêt-inf orD/4, perf orn-purchasiDg/4,
on-gtarting/11 ).

-include("ac1.hrl").

actioû(SeIf, start) ->
[{i¡f orn-event, get-inf o¡!û},
{eresye-event, pêrf orn-purchasing}J

evêtrt (Self , inforn-evênt ) ->
{act, inforr-patter!};

evêDt (SeIf, e¡esyê-êveut) ->
{eresye, intêûtion-pattern}

patter¿(Self , inforro-patterD) ->
[#aclnesaage { epeechact ='II¡F0Rü'}]¡

patterû(Self , iDforr-patterr) ->
{buyer-engine, gêt, {inteûd, '-', '-t}l

get-inforE(S6If, Evênt, Message, Âctiotr) ->
èrétye : a.ssêxt (buyer-engine ,

l{essage#aclaesaage. coûtêût ) ,
object : do (SêIf , 6tart ) .

perforn-purchaaing(SeIf, , Evêût,
{intend , -, {buy , Ite¡¡}},
ActioD) ->

agênt : behave (f ipa-request-protôcoI ) ,
object :do(SeIf , stôp).

on-startiDg (Se1f) ->
buyêr_iatêIligetrce : staft ()

Figure 7: Al agent's task that uses the refflorer ofFigure 6

The secorrd tra¡¡sition (eresye-event) is activated when a fact
with pattem {iatend, -, -} is A-qserted in buyer-eagine; the
action, in this case, is to start â sub-tâsk implenenting the
FIPA request protocol [28], and then stopping.

6 Making Agents Interacting

6.1 FIPA-ACL Background

A key aspect of softwa¡e agents is their ability to corrmunicate
in order to reach their goals; such & coilrmunication mr¡st be
dole using rrressages forr¡red i¡r such â way år¡ to allow interact-
ing agents to understa¡rtl each other. This is achievsl by rrea.ns
of th¡ee mecha¡risms:

l-. A conrr¡ron way to represent data in messâges (messøge syn-
t*).

2. A con¡mon network protocol to exchange such messages be
tween agents (message trunspoú).

3. Sharing the meaning of the syrnbols used in ¡tressage con-
tent; in order word, to r¡se a coüurron ontologg (message
semantàcs).

All these aspects have been standardized by FIPA [30], w]rich
released a specification for an ogent ummuni,cution language
(FIPA-ACL) [24], which co"prises uressage repræentation [22],
transport protocol [23] and rre6sâ,ge sernantics [29]. Like other
agent cornrnuuicatio¡r languages (such as KQML [19]), FIPA-
ACL is based on l,lrc speech act theory [37], a social theory that
analyzes hur¡ran cornmunication i¡r order to derive the type of

action carried by a rressage, e.g. whether it is a,rr assertion,
a query, a cornuritrnerrt, etc. For this reâson, a FIPA-ACL
rressâge, wlrich is called ummunicøtiue act, is a structured
data whose ûelds corrprise the followirrg rrrain elements:

o The coruuru¡ricative a¿t type (see below).

o The identiffers of the sender aucl receiver agents.

o The uressage content, i.e. the tnre i¡rforrnation (message

payload) carried by the rressage.

o The na.rne of the ontology used in uressage content, so as

to urake interacting ageuts untlerstand the meaning of the
info¡lration.

As for the cor¡rrnunicative âÆt type, it is chosen o¡r the basis of
the action tlrat the sender ixtends to perforu, e,g. ant "inform"
art is used when the seuder wishes to cor¡rurunicate the truth
of a giverr preposition; a "call-for'-pruposø1" rs used when the
sender desiræ that the receiver må,kes å, proposal or â specifid
itenr; a "request" specifies that the sender is asking the receiver
to do a¡r actiol (see I33,24, l9l for more details).

As it can be uoted, the courmunicative act type rued de
pends on sender's desires or iltention, and it is thus somewhat
connected to se¡rder agent's state. Such å courectio[ is måde

'lnore rational" in FIPA-ACL by mea.ns of the introductiol
of unwnunícati,ae act semantics: for each conununicative act
type, two rnodal logic predicates have been specifled, called
tJne feasibi,litg pret-ontlition (FP/ and tlrLe ruti,onaL effect (ItE).
FP i¡rdicates a preconditiou th¿t nrust be met by sender agent's
state for tlre comnunicative act to be sent, e.g. for âtt "inform"
couunurúcative act, the FP requires that the sender agent te-
lieues that the information sent is true and that receiver agent
doæ not have any knowledge orr such an infor¡nation. RE ív
stea¡l is a coudition to be rret, by both sender a¡d receiver
agent's state, a.fter sending a.nd delivering the comr¡rulicative
act, e,g. for an "inforrh" comrnrnicative act, the Il.E requires
that the receiver agent believes that the inforrnation sent is
true a¡rd sender agent l¡elieves that receiver believes that tbe
informatiorr is true.

The i¡rtroduction of ACL se¡¡raütics iü agents irnplies a strong
Iink t¡etween reasoning process ¿nd iuteraction, thus ura.king
agents "more iltelìigelt" and, above all, more â.wâxe of their
conunurúcative a¿tions.

6.2 Sending and Receiving Messages in eXAT

Message exchanging in eXAT is basically supported by the act
r¡rodule. As it has been already introduced ¡tr ¿¡¡s o(srnples
shown in the previous Sections, messa,ges a¡e ha¡rdled by using
the predefined þ¡l¡¡rg record #acfuneesage, whose fields cone
spond to the releva¡rt fields of a FIPA-ACL message defined
in [2a].

As for message reception, incoming me€sages a¡e treated as

task ever¡ts and tl¡us a¡e able to trigger agent actions. Iü ilìis
case, the event type is ¿cl and the associated pâ,ttern specifies
how the ¡nessåge has to be forured; such a specification uses a
#aclmeesage record where each field can be either a constant,
to indicate a value to be directly matched, or a fun, for rnore
complex rnatching expressions.

Message sendilg is instea¡l be perforrred within task ar-
tious by usirrg appropriate functions provided by the acl trod-
ule; these frurctiorrs a¡e ¡ra¡¡red using the sarne rrarres of the
corrr¡¡runicative acts of the FIPA-ACL library, e.g. inforn,

:
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-oûtology (book) .

cIaE6 (book) ->
{ title = [striDg, ¡ûa!.dètory , rodefault] ,

ar¡thor = [sttitrg, [aD.datory, trodefaultl ,
gênerê = [strirg, Dardatory, nodêfautt] ];

class (, adventure -book, ) ->
is-a (book) ,
{ geuere = [strilg, Dardatory ,

def ault (advènture)l l;

class (,thriller-book, ) ->
is-a(book).
{ genere = [sttiag, ¡ûandatory,

default (thritler)l );

clasa (buying-action) ->
{ ite¡ = [book, raudatory, nodefau]-tl ]

-nodule ( aeIIer_task ) .
-erport ( [action/2, êvent/2, pattern/2,

o¡r-starting/1, sell-Íten/41 ).
-include ('r acl . hrÌ " ) .

actior(SeIf, start) ->
[{uer-request-evert, sê11-iten}].

eve[t (Sêlf , ¡re¡r-!elg¡est-evê!.t ) ->
{acl, request-pattor¡1} ;

pattê¡û(Self , rêqueÉt_patterD) ->
[#aclnessage {speecbact = TREQUEST',

ontologY = ubook"ll 
'

on-startiDg(SeIf) ->
olrtoLogy_sérvicê : rêgistêr_codec ( "book,',

book_otrtol"ogy_e I_codec )

seLL-ite¡(S61f , Evêntl¡a[ê, l{essage, Actignllaue) ->
% Eúnct pørsed, content
IBequestData] = t{egsage#ac}ueesage. co!.têrt,
Process_f equêst ( RèquestData),
obj ect 3 do ( Self , start ) .

Procêss-f êquêst (llsg,
RequôstData = #buying_action {}) ->

% Prccees the rqueat ,,,
% PrcpatY the replg
Rèplycorte¡t = #doÈe { action = RgqueÉtData },
% Senil the rcplg
acl:reply(l{sg.'IllF0Rl{r, RêpIyCoatèrt);

process_request (usg, RêquestData) ->
% nepfu ui,th ø 'not utileretooil'
acl : reply(l{sg,,l¡0T-U¡¡DERST00D r, RequestData) ;

(r) (b)

Figure 8: Orrtology ald Communication in eXAT

callJor¡ropoaal, agree, requeat, etc., a.r¡d take, as the sole
pâ;rârneter, an *aclmegsag€ record.

As introduced in Section 6.1, in order to favor the interac-
tion Amorrg heterogeneous agents, rressâge exchâ,nged rnust be
eücoded usirrg ån appropriate syrrtåx; to this aim, FIPA speci-
fies an ASCII representation [22]. Therefore, in order to allow
eXAT agents to ha¡rdle Erla"ng types, while maintaining inter-
operaLrility, the provided acl rnodule includes the frurctior¡s to
autouratically perforrn the proper FIPA-ASCII/Erla.ng encod-
ilg/decoding proc€ss.

6.3 HandlingOntologies

Interoperability ernong difierent âgents is ensured not only by
wing the sa.rne syltax for messages but a.lso by rnaking inter-
actilg agents to share the sÂne concepts of their ,truiverse of
discou¡se": in other words, they should share the sa¡ne onúol-
ogg. For this reâson, the structure of a¡r ACL rressage includes
a ffeld for the speciûcation of the na¡ne of the ontology used in
the message content.

To this purpo.se, eXAT allows a programmer to write and
manipulate ontologies by using concepts organizal it classes
ltí,th hi,erarchies. An agent progrå,rruler can write arr ontology
in a suitable specification file (using an Erlarrg-like notation);
then an ontokryg compiler, provided with eXAT, is able to parse
such a speciûcation and generate the releva¡rt Erlang type def-
initions to be used in agerrt source code. For each class ofthe

ontology a.n Erlalg record is defined; since Erla.ng is not object-
oriented, Erlang records are generated by rflattening" the hi-
erarclr¡ i.e. by ernbedding all tlre attributes of a class/record
i¡rto the ancestor(s) class/record; iu arldition, to rnaintain the
object structure, a,n Erlsrg source file is also geuerated, which
includes appropriate functions to rna,nage the class hiera,rchy,

The other task of the ontology courpiler is the generation
of the Cod,ec, i.e, a.u Erlang code implementing the routines
for the autouratic FIPA/Erlang tra.nslation. This ureans that,
agent prograrnûrers c&rr use and refer Erlâng r€cords in rnessage
corrtent, becauso, according to speciûed ontology, the relevaut
Codec is charged with the task of perfonning autouratically
tra¡rslation frour/to FIPA representaüion, ma.king interoperabil-
ity with other agents and platforms possible.

Figure I roports an exanrple of a ''bookt' ontology specifi-
cation (Figure 8a) and its use in a "seller" agent (Figure 8b);
as the listing shows, the füst task of the seller agent (fuuc-
tio¡r on-startiag) is ihe registration of the codec (generated
by the ontology cornpiler) for the "book" ontology; then the
agent waits for a "rw1uest" ruessâ.ge, processilg it: if the mes-
sage cerries a "brrying-actioz" request, it is processed and the¡r
ãn "inforrnn conmunicative act is replied, signaling ttrat the
action has been doue; otherwise â. "not-und,ersúood" con¡nu-
nicative act is replied.

The derived Erlang records a¡rd furrctions cùr be also used in
ERESYE errginas [11] in order to allow a progra,rnrrer to manip.
ulate the saure concepts il rranaging troth reasorriug and inter-

I



âcting âspects. This feature is exploited to support FIPA-ACL
sernaltics, as detailed in [16], thus realizirrg a direcl counec-
tion between rressâge sending/receiving and agent intelligeuce;
this makes the iurplernentation of "true ratio¡ral" agelts pos-
sible. In this sense, d(AT is the fi¡st platforn that coucretely
supports FIPA-ACL sernautics.

7 Conclusions

This paper descrilred eXAT, a FlPA-cornplia,ut platfonn real-
ized by the authors for the irnpleurent¿tio¡r of softwa,re agents

in Erlang. The platform has been designed irr order to exploit
Erla.rg rative coustructs for the purpose of facilitating agent
implementation, a,nd by taking care of not onþ behavioral as
pects, but also reosonilg and co¡nrrunication capabiiities. To
this aiur, eXAT urodels agent behavior try ureans of ffnifs'sf¿¡s
rnachiues enriched with courposition a.ud specialization at¡,strar-
tions, while agent iltelligence is marle possible tluough the pro-
vided rule-based i¡rference engine. Finall¡ agent interaction is
supported by suitable rr¡odules that lra¡rdles ACL messages ac-
cording to the FIPA standard; to facilitate sucl¡ a process, an
ontology courpiler is provided, to allow å, progrâmilrer to write
her/his own ontology and use it in ageuts. Since the sâme on-
tologies can be used a.lso in furference engines, a tiglrt corurection
between behavior, i¡rteraction and reasoning is ¡¡rade possible;
such a dra¡a¿teristic, however, is not featurerl by other widely
kerown agent platforrn (mainly based on Java), thrx nraking
eXAT au interestiug a¡rd efiective alteruative for the realizatiorr
of urulti.age[t systerns.
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Abstract. In this pâper, we present the experience of teaching func_tional programming in the Computer Engineering p.ogr"__"ìñ G"li_
cian university, the university ofA co¡uña. Ertang is ttro¿o.J,." prrt
of an optional course otr firnctional programming as an example of appli_cation of functional paradigm to the real world and most of the students
really appreciate the beauty ofthe language when describiog.oo"*ruot
systens. In fact several students choose Erlang 

"rrury 
yJ* ã"ua.p

ment framework for their Master's Thesis or roi 
"oodoðtiog 

research inour doctorate programme.

1 Introduction

ll tqit paper' \rye present our experience of teaching ñ¡nctional programming inthe.computer Engineering prograrnme of a GariciJn u"i*r;il;ili universftyof A coruña. The functional paradigm plays an important rãie in the wholeprogramme and Erlang [Awwvg6] has become a reievant part of an optionalfourth-year course on finctional prågramming.
Besides academic topics (such a.s À-carcuius, type systems and so on) andacademic languages (oe"rncrivø caML, ttesxrir,), b.r*g irãt.ãdu"ed as part

of the cou¡se as an example of application of functíonar p.ãg.uro-inf ìn the rearworld and most of the students reÀ[y appreciate the ueauty ãr it 
" 
t*þ"g" *t 

"odescribing concurrent systems. In fact,làverar students 
"htor" 

ert*g'"rr"ry y"*
a"q implementation language for their Master Thesis 

". f*;""ã;;irg resea^rchin our doctorate prograrnme in front of more popular languages ro"n-å, JAVA orc/c++.
The paper is structured as folrows. In the next section, we present a general

lverliew 9f_the teaching environment, introducing universiiy ofï Co.onu and itsFaculty of Informatics as welr as the role playedly ae"hr"tive-p*ó"m-irrg inthe studies. section B presents the generar t,rititr" ortn" n-"ti"""r pi.gramming
cou.'e. section 4 presents some remarks based on of personal 

"*p"riårr"" 
teaching

Erlang. Finall¡ we conclude.
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2 The Environment

2.L University of A Coruña and its Faculty of lnformatics
The Universityof A Coruñ1,'!C ,http://ww.udc.es) was establishedin 19g9as scission of an older one, thà uniuu*iyorsantiago de compostera. uDC hordsmore than 25'000 students spread o";;";;; câmpuses in two different Gariciancities (A coruña and Ferror). F".rlrt;;;;;rmarics (nttp : //vww. ir". uac . 

"")
is located in A cor úa, 

:^^"trt iil ;;ï; Arhnric coasr in rhe norrh wesrof spain with about goó.ooo dti" t""rrruì*."politan area. Ir is one of themosr imporranr and largesr r"noåt 
"i riõc *¡tË 

"¡ãü ;:;öô ,ï"d"rrs (borhundergraduare and er1{uate) d;ãv; ilulry of Informarics is older rhanuDC, being esrabrished in rsé6 *ì".iî1'u'oìu.rity of sanriago de composrera.Nowadays, rhe Faculty or r"r".*^*.riãü, trr."ä ¿,n"i"rr-r",,räy irorru**in compurer science -Engineering (*" ;ö ;d"*" d;ir"i.Jird"r"eerings(three years)- as wen as severar à'oàto."J p.ogra*mes for graduate students.

2.2 The Role of Declarative programming in the Studies
Declarative paradiem nþrs a rerevant role in tl"-:!,.a, progrârnmes offered byFac'trv of Inrormaiicr. siua""t, oilil; öi *n¡ Ër; .;-;i,;; a specificoptionat course on nT*îr"l erog."*irù-1a*..iua ir, ätîiiil'r".tion 3).However, students get in touch *iti n 

"-"-ii"iar 
paradigm previousry. There is amandatory course on decrarative prosir*-i;g in the second year (three hoursin classroom and two in,the rabo-raiå.t^o*';"k during ;."'r'uîå"r¡. ttu.",the studenrs learn rwo differenr pr.e.ä;;;.e .o-dglt, logical (pnoloc) andtunctional (on;ecrrvn CAML, *rråãå"ãiîäecr of ML family).Besides this mandatory 

"oúrru, 
rtua""ìr *" o"*ãr*i'ðl* as the impre-mentation language for several otlu. 

"ou*u*u9-h * e*g*i*lnf,rohnorogy,Automata and Format 
1",,y"w",, Ã"lnï"iï*illin",*",' ä;;;;;"#,"T.. ln ro*"courses' it is a student's choicefhe mþbmentati"" r*so*g'r*'piiìi""r u*"r_cises and people usuany agree that it ir 

""ri"ì-to ,se a functionar language thanusing other more popula. i*grrug", ,*frälorro, C / C++ or any of the othernine different languages tnut Àiuai"tr;;;t"*" in rhe firsr three years. In facr,sometimes you have to smire when other tu"iu."., expricitly forbid the use offunctional languages for students' ¿uuo-¡*"* e ,thøt way the proposed exer-císes are just too eosytt.

2.3 Why Objective Caml?

At the end of the eighties,,a resea¡ch group (LFCIA,_hæ':/,/!¡erw.tfcia.org),with strong marhemaricat back$ounàirJïàã"¿ ty r--ä. aL;; Ä;ì. Fleire,was exploring applications of caltegory tfrÀ.y. i, tnut tior", ,î*" ä* imple_mentation of an ML diarect b".Juion tnis ro¡malism, the categoricol abstrøctmachine [ccM85] used bv tr," r*go,s; üffi'úffitiïd;::1i'Åi,ansuâse
was gradually introduced in lecturäs *pr""it s "tt 

er options ât that time such
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as Edinburgh's Standard ML or Miranda. Tho,,gl the language evolved (Leroy,sceur Lr** and finally Çqrncuye cnur,), ãropping il;;s;;;l founda_tion, it was the language of choice for teachiig n n"iioiA pü;;;;;.
. p3;ngr.uu CAML [-er00] (o'cervn for sËort) has several nice fearures forteaching: it is efficient (witn a native code compier), portabie 1rãrr, wirrao.",and_particularþ Linux are usual target platforrns), with most of the state_of_the_art functional features (static typing, *trry-ou, functions, parametric polyrnor_phism, powerful module system' partial application, and so'on), uoJ" r"*oouut"set of libraries for the deveropment of interesting applications (from the teachingpoint of view).

3 The F\¡nctional programming Course at UDC
l\¡nctional pro$amming is an optional course that is usually taken by studentsin the fourth year (fall semester). The student load is three hours in the classroomand two in the laborarory per week during 14 weeks (equivalent ioi.O eCfS¡.It is a popular oprional 

"o,rr.", 
with aboãt a0 peoplà ;", t;;; i"Uã", 25% of

f:ïil"I::-',:i:iPj even rhough ft has a srrange (crazy?) schedute accordingro 
'';uropean 

cr¡storns (for exampre, a laboratory session-frám gpm to 10pm atfriday night). The course is diviãedinto ûve difierent parts:

1. Quick review of functional programming concepts. Using O,CAML,the first two weeks ar^e. used to refresi previous knowledge on ftmctionar pro-gramming. Topics of interest: (a) \/alues, types and eipressions; (b) Iåen_tifiers, deûnitions and -scope; (c) predicateJ, conditionar expressions andpattern-matching; (d).RÆcursion; (e) Lisrs; (f) High-orde. Áinãtio*, p*-tial lpnlication; (g) polymorphism;irr¡ us"r-aànn"a an¿ abstraciàatarypes;(i) Modules and Fl¡nctoro
2' Introduction to À-carculus. In order to better understand the funda-mentals of functionar programming, we present the À-calcurus in three-fou¡weels' using o'cnur, the student implements a small interpreter. Afterstudying different evaluation models, a short presentation of Hesxnr,r, letus.introduce a language with razy evaluatio_n.-Topics: (a) pur" ic"tcutu";(b) Subsrirurion an$. reducrion rutes; (c) No*rAir"iioìri (ãfil;y ve. ea_ger evaluation; (e) Fix-point combinators and recu¡sion;'rrl 'o*t"îaing 

the
À-calculus.

3' Type systems. we extend the pure r-carcurus introducing values and anstatic type system which herps to understand how typ" iirur"rr"" *orto.
During three-fou¡ weeks, the students use o,c¡.Mr, t" 

"¿¿ 
,i"ii" typing totheir own interpreters.

4' rmplementation Detairs of Functional compilers. Depending on stu-dents'interest and availabre recturers, we spend ãne-two *årc øin lro*uof) these topics:
(a) Garbage collection algorithms
(b) Internal representation and communication with lowlevel languages

3
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(c) Pattern-matching implementation
5, Functional programming in the real-world.'I'hat means Drlang. At

the begiruring, it was a short seminar of two hou¡s but students interest
suggested to offer a two-three weeks course on concurrent firnctional pro-
gramming in Erlang. This module of the course covers most of the topics
proposed by basic and continuation Erlang courses, though with a quite
difrerent approach due to the student background.

Since 1999, Victor M. Gulia.s has been in charge of the course even though
right now he only conducts the coordination ofthe whole course and the teaching
of the Erlang part.

4 Experience Teaching Erlang

Some general impressions of the students when teaching Erlang

- After learning a modern functional languages such as o'caMl, Erlang looks
solehow primitive: no static typing, no modules, no partial application, etc.

- After a fi¡st contact with the compiler in the laboratory, they ôiperiment the
"type freedom" effect and start loving the language. Nevertheress, the use of
a typed language before seems to be present in their minds: most of them
use comments to tînformallytt state function signatures. In fact, as they get
into more complex problems, they miss the type facilities and point out this
as the more important problem of Erlang.

- Panic! They are frighten when first hear the term .hressage passing',. They
have experimented, in previous courses, the development of paralelapplica-
tions using infamous lowlevel libraries such as MpI or pvM. They are amaøed
that Erlang's runtime system gets in charge of all the marshalling of data.
world starts becoming a better place to program distributed applications.

- The main goal of the functional prograrnming course is øbstrøition They
appreciate examples such a.s the generalization of a server, separating the
imperative part (recursion loop and communication) from the deûnition of
the particular services, or the deûnition of skeletoms such a.s an abstract
divide-and-conquer algorithm.

- The notion or behauiour is very well accepted a^s they are rearning (from the
same lecturer and at the same timel) classical GoF design pâtterng [GHJV95]
$¡ith JAVA implementation in a mandatory fourth-year system Desigz course.
At this moment, students ask why Ellang is not being used in the system
{gsign course with (or instead of!) Jevn.

- Though in the course we try to use familiar design artifacts (such a^g uML,s
state or sequence diagrams), students feel that design tools and techniques
do not have Erlang in mind.

- Erlang students, when have to implement simple concurrent programs in
Jev¡. in the system design course, just miss the good days programming in
Erlang... but at the end they get better and cleaner solutions than regular
students. Even some of them ræe Erlang to quick implement a solution to
better understand the problem.



5 Conclusions

Erlang is an excellent example of a real-world success of functional paradigm

and, in the case of University of Coruia, is also a success case among students.

The Erlang part of the functional programming course is really appreciated by
students and they demand even more time dedicated to Erlang-related top-
ics. "Ericssontt, "complex real-time applications", "distributed programmingtt,

in summary f'Real-world stuff", are by far the best advertisement for Erlang.
Students that really get into the language feel that they are going backwards

when returning to tradicional but more popular approaches such as Jeve. Some

of the students continue working v/ith Erlang by means of their Master's Thesis,

where they can conduct a larger Erlang-based project, or joining the doctorate
programme where they cân access to additional lectures involving Erlmg.

In order to measure the impact of the language in the students, we should
count several Ma.ster's Thesis in the last few yea^rs (about 2-3 per year), at
least one large research project related with Erlang (VoDKA project [GBF05])
and several on-the-way Ph.D. Thesis. In addition, at least th¡ee SMEs has been

recently created using Erlang/OTP as platform for the development of their
products, which is a notable success indicator if we take into account the poor

industry development of Galicia region.
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ABSTRACT
Flow graphs a,re arr irnporta.nt, and useful tool for testing
progrâûÉ or progrârrr courponents during software develop
rrent. For irrperative languages it is state of the art to
use flow graph based coverage tools durilg the urriü test-
ing stage. Based orr flow graphs for fu¡rctiorral prograrrtrnirrg
la,nguages, that have to cope with higher order frurctions,
a flow graph concept for Erlang neecls a special treat¡¡rent
for the concurrent language constructs that are typical of
Erlang. This paper presents a definition of flow graphs for
Erla.ng prograrrs that especially ha.ndles process gerreration
arrd uressage po.osirrg, a¡rd describes how these flow graphs
ca,n be computed.

1. INTRODUCTION
Testing of software is a witlely used rrethod of detectilg
errors during the software developrrerrt proces.s. Every soft-
ware is tested before beùrg used in practice. Though test'ing
ca,rr just prove the presence, but not the alxerrce of errors,
the passing of all tests given by an appropriate test set is
ofben understood as a¡r evidence for reaching a certairr level
of sofbware quality. For iurperative programming there a¡e
several approaches defining the appropriateness of a test set
by coverage criteria based on the flow graph. Cornpared
to the test case selection l¡ased on the specification of a
prograür, these structure orie¡rted criteria have the closest
correspondence to the actual impl,ementutic¡n under testing.
Structure oriented testing is usually applied to srnall pro
grarn fractions like single rnodules, a¡rd is a¡r irnporta.nt part
of the early stages of software developrnent.

In the cottext of Erlang, the only available irnplernentatiort
of source code directed testing is an ad hoc approach that
checks the indivitlual lines of â prograrn for coverage [6].
This tool works by a¡r instrumentation of the the source
code of a rnoclule that is focused ol the executable liues; it
is tllerefore rrot extentlit¡le to take into account relatiolships
betweerr distant parts of the progrûn, e.g. the data flow, a,rrd

especially the corrcurrent data flow irr an Erlaug progrâ¡n.

As systernatic testirrg is arr irrportartt task of profassiorral

software devploprneut, it is desi¡al¡le to have no¡e advanced
sou¡ce code oriented testilg urethods for Erlerg available.
It is irrportant to note, that systerratic testing canrlot be re-
placal courpletely by ernploying the suitabilit'y of functional
larrguages for verification. As the first rnain reason, verifi-
cation is a quite expensive, aud tirne consurrúng task, arrd
can¡rot be applied to all the less critical courponents (which
should nevertheless be as correct as possible). Second, veri-
fication is a.lways done agailst a.u already forrnalized speci-

flcation of the interrded progrilr behavior which itself is not
guara,rrteed to be correct,

The aiur of this paper is to give a definition of flow graphs of
Erlang progra.urs sir¡rilar to the k¡rown flow graph definition
for imperative prograris, and to describe a system generat-
irrg such a flow graph frorn a progra.nt's soürce code. Based
on a.n prelirninary approarh for sequerrtial Erla,ng progra.urs

[23], the approach described ]rere covers the w]role Erla.ng
standard, especially handling procesri gerteration a¡rd mes-
sage passing.

The resü of the paper is orga,rrized as follows. In Sec. 2

related u¡ork is described and the current paper is classi-
fied i¡r this context. Sectiou 3 preserrts the larrguage under
consideration wbich is essentially given by the full Erla.ng
sta¡rdard without sorne of the syntantic sugar. A definition
of colcurrerrt flow graphs is giverr in Sec, 4. Section 5 recalls
a¡rd refines some definitions of data flow a.nalysis which a¡e
rrecessâxy for the computation of co¡rcurrent flow graphs pre-
sented i¡r Sec. 6. Corrclusions, a^ud possible areas of future
work are presented in Sec. 7.

2. RELATED WORK

2.1 Flow Graphs and Sequential Testing
The work presente<Ì here is related to publications frorr
several areas. Irr irnperative prograuuning languages, flow
graphs a.re accepted as a standard tool for checking test case

coverage during the unit testirg stage [24]. In the co¡rtext
of furrctional prograrntúng there a¡e already approacltes orr

flow graphs that are, however, ¡rot focused on test case cov-
erage. Varr derr Berg [19] uses flow graphs, a.nd call graphs
for software ureâsure¡nent on firnctional progranìs. The flow
graphs used there consider fu¡rction calls as atornic oper-
atiorrs arrd are generated for each function intlependerrtly.
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Infor¡¡ratiorr on calls betweerr firnctions is giverr by a call
graph as sepâxete structure.

A corrcept of generating flow graphs for higher order fuirc-
tiorral prograrns is described try Shivers [l?l aucl further arr-
alyzed by Ashley/Dybvig [fl. Especially, ttre level OCFA
described there is very sirnila,r to our approach. Due to its
use of conti¡ruation passing style (CPS) and the y corrbi-
nator, it is, however, rrot very adequate for preserrting the
a,rralysis results to hurnarr prograûrrrrers. The sarre hoids
for works based orr Shivers approach [lZ]. Tirey tlo rrot fo-
cus on tl¡e presentation of the generated flow graphs to the
progrù[ner.

Different approaches on testing and tlebuggirrg furrctional
progrårns have been proposed. QuickCheck [4] aims at au-
tomatically checking Haskell progrÐns by gelerating input
d¿ta on a râldortr basis and checking the results with con-
straints on the expected output. In the WYSIWyT fram+
work [14, 15, L6] flow graphs are used for judgùrg the cov-
erage of a fu¡rctiorral program by a set of test inputs. This
approarh is, however, restricted to spreadsheets colsideretl
as fi¡st order functional progra¡ns without recursion.

Several approaches on decìarative debugging ald tracing
tunctiorral la.nguages (e.e. [8], [12], [9, 20]) <Ìescribe ]row to
trace down the prograrnrring errors causiug al observe<I uris-
behavior of a progra.rn. These approaches, however, do uot
provide mecha¡risrns for gerrerating or judging the test sets
that a¡e usecl to provoke such a rnisbehavior.

for gerreratirrg schetlules and for enforciug their executiorr.
Carver, arrd Tai [2] describe adeterrninistic testing approar]r
by errriching the prograrn code with special calls to a sched-
uler that is able to gerrerate arrd repeat different schedules of
irrterest. A sirnilar approach of a scheduler function that is
explicitly calied is followed by Stoller [18] for Javaprograrns.
Factor, Farchi, arrd Ta,l¡nor fl atso a¡ldress Java prograrns.
Besides the schedule replay they focus on a coverâge test for
scheclules. A further approach on systernatically gerrerating
schedules is given Lry Hwa,ng, Tai, and Huarg [111. For a
given valid schedule new preûxes of schedules are gerrerated
by irrtroducing nrirrirual changes to the known schedules.

23 Classification of the Current Paper
The approach presented Ìrere sta¡rds in the tradition of test-
irrg sequential prograrns [24]: a flow graph orierrted testirrg
tool is applied to progra.rn parts that a,re usually too srnall
for detectiug the special forrns of errors described irr Subsec.
2.2. Concurrency alcl üressâge pâssing are, however, very
prorninent parts of the Erla,ng design, such that a strategy
in harrdlirg the concurreut la.rrguage features to soure extent
by the structure oriented testing process is necessary. The
airr of this work is to take i¡rto account the effects of uressage
passirrg on the possible destir¡ations of higher order functiol
calls and on tlata flow oriented coverage criteria.

During the software developurenü cycle the co¡rcurrent flow
graphs described here, and the coverâge criteria based on
thern can replace previously available structure orietted cov-
erage approaches. Other stages of the testing process re¡nain
ulche,nged. This is especially the cese for detecting syrrchro
¡rizatio¡r errors, where tools as those described in Subsec. 2.2
can be eurployed.

3. PRELIMINARIES
The flow graph generation is defined (and is rnostly inple
rnented) for the whole Erla.ng sta.rrdard [b]. Ttre presentatiorr
in this paper is, however, restricted to the subset deflned i¡r
Fig. 1 (ignoring the boxes around soure expressions for the
urornerrt). Definitions consistirrg of a * âre not of interest
here, and are therefore omitted. Infix operators are consid-
ered as ordinary functio¡rs. Timeouts for receive expressiols
are orrritted for simpliflcation reasons. The BIFs throut/1
and the binary operator / (which is denoted as ordirrary
function send,/2) need a special treatrrent amd are therefore
co¡rsidered as syntactic keywords in this work.

In the following wherr speaking of a fi¡st order fur¡ctio¡r call
we rrea,rr a call of the for¡n ln(ut,"r,...,eÊ) with a fu¡rc-
tion naure.¡h, a.rrd a higher onler function call has the forrn
eo(et,e2,... ,e,") with arr ex¡rression eo.

In the rest of this paper progrems are assur¡red to fulfill the
following namal ilefini,tion prcperty which is easy to obtain
by a preprocessirrg stage.

Dnr¡nrr¡oN 1 (N,Luno DEFrNrrroN pn.opEn:ry). Apro-
gra.m P fulfills the nar¡red deûnition property i/

o Eaery erpression in P whose position is that oJ a bored
erpression in Fig. 7 consists of un instantiuted uuri,-
uble.

The rnodule cover that corres with the tools libra.ry of Er-
lang [6] in4rleureuts â, coverâge test for Erlang nrodules, that
analyzes the i¡rdividual li¡res of the source code for coverage.
It is, however, not able to distiuguish between several con-
putations coded within a single line, or to check non-Iocal
relationships, e.g. between calls, and called fu¡rctio¡rg or be.
tween tlrrows, arrd correspondirrg catches. Si¡rce the distatt
relationships between serrd operations, antl receives in a pro
grå,n âxe also not colsidered by cover, the concurrent struc-
ture of Erla.ng programs is not a¡r a¡l<titionat challenge for
the systeur. In contrast, the preliurinary approâches to flow
graph based testirrg in sequerrtial Erlang [21] rreed a uo¡r-
trivial extension to handle concurrent Erlalg constructs.

2.2 Tbsting Concurrent Prngrams
In testiug concurrent progråûrs, one is usually especiâ,lly iü-
terested in certail interactions between the difierent pro
cesses or tlrreads that, Iead to a nurnber of specific eriors
like deadlocks arrd race conditions. the approaches to en-
sure the correctness of corrcurrent progrâ.nìs are divided into
static and dynalnic epproâdtes.

Static arralysis of co¡rcurrent prograrns is ofberr clone in the
forrn of rnodel checking, The urrderþilg concept as well
as the VeriSoft tool for perforrning rrodel checking ere dê
scribed by Godefroid [9, 10].

The dynarnic testing of corrcurreut systerns is based on ex-
ecutirrg different schedules of synchronization events (i.e.
events that are observable fro¡n outside the triggering pre
cess). Besides no¡r-deterministic testilg of schedule.r gerrer-
ated by chance, there are different systenetic approaches
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constânts û: *
variables X: *
patterns pz alXl{p1, . . ., p¡}llptlpzllþr' . . ., n*l

guâ,rds g: *
ifclauses ic: g+l

câse clàuses a,: p lwllß'lr gl --+ I

fun clauses f", (pt,... ,pk) þherr gl + I

furrction na.rne /rr: *
expressrons ¿: e2 ek e2 ek lp = ul{81,...'E}lElEXl

ek fbegtu I endlif ic1; ic21 . . . i.c¡ endlcase @of cø; cc2i...; cz¡ endl

. ; /c, enct lcatch (e) lthrowfãD lsend0ãl p) lreceive cc1 ; ctz; . . . ; cc¡ endfun fc¡fc2;.
ex¡rression lists l: e1, e2, . . . , e¡

furrctious f z fn lct;Ín Íq;
progrârÌr¡ P: hlz... lx

,iln Ícn.

Figure 1: The Erlang Subset Under Consideration

et

o Euch lunction utnsists of u single cknse wi,th just uuri-
ubles us ut'gumants,T

c The return aalue of the functi,on is bt¡untl to a retutn
aariuble on etch bronch ol the functi,on boilg. The re-
turn uøtiuble is unique for u,ch function,

The preprocessing stage enforcing the naured definition prop-
erty yields a narle for ea¿h use of a value, a property that is
usefuI for perfonning data flow a.nalysis and for presenting
the data flow results.

4, CONCURRENTFLOWGRAPHS
The definition of concurrent flow graphs is given in two
stages. Subsection 4.1 defines the basic properties ofa co¡r-
currerrt flow graph. The corresporrdence between â progrâ.m
P aild its flow graph I/p is deûned il Subsec. 4.2.

4.1 Basic Flow Graph Definition
As ordirrary flow graphs knowrr fro¡n literature [24], con-
current flow graphs a,re given by sets of nodes and edges.
These sets are partitioned into a nurnt¡er of subsets. Their
definition is given in the following Definitions 2 a¡rd 3.

Essentially, each expressiorr in a prograrn is represented by
an i¡rdividual node.2 These nodes are labeled to express all
infor¡nation giveu by the expression itself. In or<Ier to assigrr
specific labels fo¡ the different kinds of expressions, difierent
kinds ofuodes aJe rrecess&ry.

1To enforce this, the case distiuction of the difierent func-
tion clauses, a¡rd the value deconposition by their patterns
need to be perforrned by a caseexpression inside the singìe
clause. For fuucüiorn with arity > 1 the a.rguurents a"rrd the
corresponding patterns a¡e structured into ùuples of equal
elernerrt rrunrber.
2This also holds in the csse of nested sub-expressions, which
have been elimirrated by the preprocessitg stage enforcirrg
tl¡e la¡¡red definition property.

DnrrNrtIox 2 (Noons). The set V ol nodes of u un-
cutrent fl,ow gruph is d,i,vidal into the follouing subsets,

. Vnoæh C V I'enotes the set of aJI mutch ruiles. A
møtch node is lubeled, lty o pattern LHS und a further
node RHS e V.

o Vcan C V denotes the set of all call nodes. A ctill
rutde is lubelaL utith a function co),l e¡¡(ey,..'e¡n) or
ln("t,. . . e¡r). Each call node u:Í:rü's us lubel of u match
node in the flow gruph.

o V"po.n C V denotes the set of ull syt'wn nod,es' A
spaun node is labeled, uith u functi,on (giaen bg module
nume und function nume) and a suluence e1,. . . ,e¡" ol
urgument erpressions,

. Vbm¡ah C V denotes the set of oll bmnching nodes. A
branching node is laúelal u¡i,th a se4uen(n e1,.,.e¡ of
lc ) 0 tests, urul for euch l¡runch uñ,th a sequentn of k
gxúterns, aruI a set ol gutmls.

c Vbtoat: C V ilenotes the set oJ oll l¡ktek nttdes' A block
node is labelal, with a set of nodes.

. Vca,ch CV d,enotes the set of u,tch nod,es. A antch node
is lubeleil ui,th a fuú,her tnna ntent flow gruph ru¡tle n.

. Vth*- C V denotes the set o! thrøw rutdes' A throu
node is IubeIaJ with un etpression e.

. Vcnd C V denotes the set of send. notl,es. A send node
is Lu,belal wi,th hao espressions, fl¿e destiuation expre6-
sion e¿ orul the Inassâge expressiorr em.

o V¡æ¡ve C V denotes the set oJ reeei'ae nodes' A reæiue
node contuins u set of ltm,nches, øntl is labele¿ with a
pattern, ond u sequenæ ol guurds for each branch'.
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. V¡un C V denotes the set of fun ru¡des, A fun node is
lul¡elul with u function nume untl, an ør'itg.3

. Vnpo¡t C V d,enotes the set of import nodes. An import,
no¿Ie i,s lulrcled with u list of uaúal¡Ies.

) Vø¡høt C V denotes the set of umtert nodes. A eontett
ru¡de is laùeleil with u set o! pøirs (Vur', Defs) where Var
is a auri,øltle a uruI Defs is u list of refercnæs te¡ nodes
potentiullg ussigning a uulue to a.

. Vrchtn C V d.enotes the set of retun¿ ntxl,es. A return
rutde is labeled with u uañable.

t Vømpute : V \ (%noøø U Vuul) V"pownlJ Vron"nlJ Vt¿o.x\)
V,*alJ Vauw lJ V m ¿ttJ Vwc¡, e lJ V¡*lJ Vrnpo*lJ V*nø*l)
Vrci*n) d,enotes the set of aII cnmputation ru¡d,es. Eøch
rutde n ë. Vqmp¿te is lultelal uith qn erpression, thut is
not, a match, a call, a branch (i,.e. if, cøse), u bqin, u
catch, a throw, u send, a retniue, or u fun.

All d.escri,bed subsets of V ure puirise ilisjoint.

For concurrent flow graphs several different kinds of edges
â,re necess&ry, Usually afl edge i¡r a flow graph clescribas the
(directetl) corrtrol flow, a,rrd data flow between two nodes.
In co¡rcurrelrt flow graphs we distiuguish two kinds of edges
with tlris property. Neighborhwd ulges corrrect no<Ìes whose
representd expressions are arljacerrt irr the source code. The
no¡r-Iocal returrÌs given by the catclr-thow mecha,nisur in Er-
larrg are expresf¡ed by throu alges furconcurre¡rt flow graphs.

Call edges express functiorr câ,Us, and a¡e speciel in the sense
that they â,re bidirectional â¡rd represent l¡oth the control
a¡rd data flow during a functiorr ca,ll, and during the returrr
frorn the call. (For the generatiou, Ìse distinguish first order
call edges a.nd higher order ca.ll edges, depending on the caJI
represented by their source notle.)

Two further fonls of edges just represerrt a tlata flow, but
¡ro control flow. Spuwn alges essentially represent the data
flow durilg the process geleratiorr. They <to not represerrt
an ordinary control flow, because the new process generatetl
by them forns a new independent insta¡rce of coutrol. Mes-
sage edges ûnally stantl for the clata flow performed Ì.ry the
rressege passing r¡recha¡risur betweer¡ a sen<l expressio¡r ¿rrd
a receive expressioü, No control flow occurs l¡etween the
processes corurected by a me*sage edge.

The for¡nal definitions of these kiûde of edges are given by
the following Def. 3.

Dnr¡Nrrrol¡ 3 (nocns). The set D of edges of o æn-
curyent fl,ow graph i,s diui¿ed i,ntc¡ the folbuing subsets,

o E"ot¿ C E d,enotes the set ol ailI alges. Sourtn of u
utll edge is u ull node n, e V"u ui,th anll arguments
a7,...ak; desfinati,on is un imytrt node n¿ e Vr¡,pø.¿
uith pøramelets pt,...,ytn such thut k : n. A ult
edge is lubeled with the folktwing inÍormation:

to a fun ex-
na¡ne for the

- A set of assignrnents p¿ : uí for i Ç {1,..., k}
cal I etl p ar aarcter assigrrrnents.

- An ussignment u : r where r is the tetunt uuti-
able of the function sturúing withn¿, und u is the
pottern, occurring besides n" as ø label af u match
node, This is culled tl¿e result assignrnerrt.

Call ed,ges are ilividal into f,rst t¡td,er coll edges and
hi,gher order cull ed.ges, ilepeniling on the call r.epre-
sented bg their source ull ru¡ile.

. Espo-nC E denotes the set of oll spuwn ulges. Source
of a sptmn edge is u srywn node n., e Vsporn labeletl
uith the functi,on eqnession f unil the ørgurnent ea-
pressions e1 , . , . ¡ êk i tlestinøti,on is the import node n¿ €.

V^po,1, ol ø functi,øn uith pn'o,rneter'5 ptr...,po frilfiIL
i,ng h: n such that there is øt leust, one etecution of
the untuinàng program P with f denoting the d,esti,-
nation function. A spawn alge is løbelal wi.th u set ot
purumeta, ussàgnments pí: ei lor i e {I,..., /r}.

o Eunu. C E dent¡tes the set of all throw alges. A th,r'ow
edge høs a throw notle us source, aml a cutch nt¡de u.s

desfi,nation,

Ò E¡nø¿ose C E denotes the set oJ oJl message edges, A
nT,essage edge runs trom u send, nod,e to u, recei,ue notle.

' E neíshbor : E\(E*¡¿U E qro*L) E thr*l)Ern*'rog.) tlenotes
the set, of neighborhooil ed,ges. Neighltorhootl dges ernerg-
ing ftom u brandhàng noile or u teæ:iue nod,e ure labeluJ
uàth a cluuse nurnlter'.

The ilescriùeil subsets o! D ure pairaùse ùi,sjoint.

Cornbining the definitions of nodes and edges, we get the
following definition ofa concurrent flow graph.

DEFrNrrroN 4 (coNcr,'nnrNT Fr,o\ry cnlpu)
rent fnw gruph is a pui,r'G : (V,E) wherc

A cons.n-

o The set V is diui,ded, into sultsets Vnæcht Vtdb V"po.n,
Vb*n"h, Vbb"h, V*t.h, Vthrc-, Vte¡ú Vcæùe2 V¡on, Vrryu,t,
Vco¡teøt¡ Vrehrm¡ un¡l Vqmp*ø acutnl;ing to Det. 2.

c The set E of edges is dirr¿dal, into the subsets Eç¿¿,
Eth*., E-u"ose2 anrl En"¡n¡6o, acasrding to Del. 3.

sNote that a fun rrode does not corresoorrd
pressiorr clirectly: the rrode is ìabeled wíth a
fu¡rctiorr instead of the futrctio¡r's clauses.

Ex¡upr,n 1 (cxtNcun.n^nNT FLow GnApH). A graphi,atl
example o! a utncurtent fiou graph it gi,uen in Fi,g. p, For
simplicity reußons, the presentuti,on is si,rnpli,fieil us follows.

t The c¡¡ntent nodes ane emptg fitr all the functi,ons antl
are omittetl i,n the gruphianl representution,

¡ Mutch nodes are ma.rkal ui,th tlottetl, lines inside the
nodes theg øre lal¡eleil utith.

Cull and syxan edges ue marlcal, by rountlal utrners. Re-
ceiue nodes üre n¿arked by a triungle which is ¡nnnected to u
mtmber of rcws, euch untuining the pottern and the guurrls
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> neighborhoodedge
> fust order call edge

> higherorderedge

> spâwn edge

> messageedge

Figure 2: Flow graph of example.erl

for one clause. In order to simplifu the identi'f'eution of func-
tions, the nodes o! atch functi,on ue untained in a gray bor,

The numbers marking som,e o! the ulges are not oJ interest

for the rnornent. They will I¡e usal, Iuter tor desribing the
iteruted edge umpututi,on bg our àmplementution'

The graphica,l representation of the ¡rode fonns not occurring
in Ex. 1 is identical to sequential Erla.lg flow graphs [23].

4.2 The Concurrent Flow Graph of a Program
Given an Erlang progrâ,rrr P fuìfilling the na¡led definition
property, the followirrg Definitior¡s 5, 6, and 7 describe the
concurrent flow graph Ge corresponding to P, i.e. the flow
graph that can be used to represent P.

Note that ttre definition of Gr given here is rrot interrded to
provide arr algorithur for cornputing Gp. Indeed, an algo-
rith¡n wilI just be able to cornpute arr approxirnatio¡r of Gp
instead of Ge itself. The presentation of the implernerttation
in Sec. 6 will discuss sources of inaccurary in the courputa.
tion, and the effect of the necessary approxirnations ort the
higher order call edges, spawn edges, tlrow edges, and rnes-

sage edges.

We start the preserrtatiorrs with the corresponderrce betwee¡r
the nodes in Gp, a.nd the prograrn expressions in P. Esser¡
tially, for earh expression irr the progra.ur a node is gerter-

ated. The kild of node chosen depends on the structure of
tire expression. Additionalty each functio¡r deûnition is ex-
tended by an irrrport rrode representing a local definition of
the pararneters of the function, a corrtext node representirrg
local deflnitions of the variables taken ftour the context of
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::., 1....- :..... íil,:.. !¡:ri. ;r¡plir;Íj to funs), â,rìd â return üode
represerrting the returü to the calling progren part.

Derrxrrro¡r 5 (uln.nnsroNDrNc NoDEfì). Letp Irc apro-
gram fulfr,lling the nameil def,ni.tion propertg. The set, Vp
ol correspond:i,ng nodes lor P is generutal bg the fottowing
ntles.

c For anch etprcssion e tlenoting a function calt ol the
form es(ø1,... e¡) or fn(e1,.. .e¡) I/p contai,ns ø call
nt¡de u €.Ve labeled with e.
In the special use oÍ ø urll fr(et,,. ,et) with Ín de-
rutting the BIF spawn/9 or, sponnn/|, u spown rutde
is generuted instu,tl, which is lultelecl with the func-
tion und the call urguments giuen bg the urguments of
spown ut the urresponùing positions.

o For anch erp"ess¿on of the fonn if ic1;. . .;icy there
eñsts u ùranching node n €, Ve uhích is lalteletl uith
the guørrls of the iruliuiduul clauses.

o For each etpressi,on of the lonn case e of ccl;.., ; cck
therc exi,sts a úranching ru¡de n ê Vp whi,ch is taúelal
uith the test e, and with patterns, anil guards o! the
inilàaiduu,I clutses,

. For erpressions of the form begin 1 er¡d, a ltkrck nocle
is i,ntroducal which is labelal, with the ru¡des generutetl
for the e*pressiorus i,n I.

t For each ezpression of the formcatch(€) o øtch notle
is generated uul labeleil u¡ith the ruxle fot' the sul¡e*
pression e.

c F<¡r each erpression ofthe forrn throv(e) athrow nt¡de
is generated and lalrcIed with the subenpression e.

o For euch eqnession of the lcnm send(e1,e2) o senrJ
node is genemted and laùeled with et as desti,nuti,on
exprcssion und e2 as rnessage etptession,

o For each etpression oÍ the îorrL receive cc¡;.. .; cck
there exi,sts u teæiue nod,e n €Ve uhich is tulrcled, uith
the patterns and guurrls of the i,nili,uitlual cluuses.

o Ft¡r eue¡y lunction ilefinition ¿n P and euery etpression
o! the lonn fun fc1; . . . ; f cr th,e follotning nodes ane in
Ve.

- An impor"t node lubelal with the forrnal pur.ønxe-
ters ol the functi,on.

- A øntext nod,e lubelal, with oll uuriaúles u, a:rul
rcferences to the defni,ng nodes n such that, u is
defi,ned outsid,e the function,a ønd the defini,tíon
of u i,n n raaches a use within the function.

- A brwtching node lultelal with the patterns untl
guørrls of the iruli,aiduul funchion clauses.

- A return rutile lubeletl with the return uariuble o!
the function.

For etpressions of the formlu¡ f cl; . . . i fcr a fun node
is generuled which is lubeled uith a generutal funcfi,on
name an¿I the functi,on arity,

o For euetv erpress'ion e of the Íorm p: et thery is u
match node u € Vp labeled wi,th the puttern p und, the
nod.e u' generated lor et.

c Fot' anch etpression e of the form a, x, {er,..,, er},
[erfez], nr'[ut,..., eyl u umpututit¡n node is generate<I
uwl labeled ui,th the expression e.

Edges represent a control or data flow between the indi-
vidual ¡rodes. Their definition is based on the runtinre bç
haviour of the prograrn (wtrich will be appro><iurated for the
courputation of flow graphs).

Dnrryrrrolv 6 (cxlnnæseoNDlNc EDGEs). I*tP be øpro-
gram fumlling the numal, defni,tion property, undVp the set
of urtvsporuIing rwdes lor P,
Now let nt, nz e Ve be nodes, antl let et urul ez be the etprcs-
sions in P the notles u øndn2 corrvspond, to, respectiaely.6
The set Ep of corresponding alges for P unsists ol ull etlges
generutal bg one of the folloui.ng rttles,

c Therc exi.sts a neighûorhuxl alge lrom nt tts nz in De
i,f ey antl e2 lnlong to the same function f , und, one o!
the folloüi,ng conditions holds.

- nt iß the import node, antln2 the contert rutde o!
r.

- nt is the untett node, arul e2 the fi,rst erprcssion
ol r.

- ez is Lhe dàr'et:t suu)essor of e1 in a, sequencn tf
erpressütns,

- nt is a brønching nod,e or a rec¿iue node, ønd e2 is
the first erpression in one of the clmses belongi,ng
to et. In this &se the eilge is labeled wi,th the
clause, e2 bekngs to.

- et is the last etpression in ø clause, und ez is the
etpression following the i!, use or reeniue erpres-
sion øntoini,ng e1,

- et i,s the last, etpression o! one of the cluuses of f
(if the lust erpression et is ør¿ i,f, use or receiae
eqn'essíon, e1 is the last etpression in the bodg
of one of the clutses of et), and n2 i,s the return
node of f.

c There erists a cøll edge fro* nt tct nz in Ep if n1 is ø
ælI node, n2 is the imytrt notle of a functi,on f , und
therc exists o:r¿ execution of P such that e1 perfot'm* u
call to f.

c Therc exi,sts u spawn ulge ftvm nt to nz in Ep it e1 is
u spüon node, e2 ás the ómport, node o! ø lunction f ,
aruJ thete eri,sfu un execution of P such that e1 spauns
a pr'o(nss starting its esecutic¡n with J.

o There ed,sts a throta ed,ge þom n7 to n2 in Ee iÍ nt
is a thrt¡w node, n2 is a antch notle, øruL there exists
an esecuti,on of P such that et throws a ualue that i,s

caught lty e2.
aThis only applies to funs. For narre<ì functiorn the corrtext
node is errpty.

6If rr¿ is an iurport node, a corrtext node, or a return node
then e; is undeûned.
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-nodule (exanple) .

-export ( noop /2, \se/AJ)

loop(\Ialue, F) ->
receive

{PID, Dext} ->
PID ! {generator, Value},
loop(F(Value), F) ;

stop -> ok
end.

i-Dit-gen(Start, F) ->
regiater(

g€D€rator,
spawa(exanple, )-oop, [Starb, F])).

etop-genO -> generator ! stop,

get-nexEO ->
generator ! {selfO, nert},

recei.ve
{generator, Resu1t} -> Besult

end.

useo ->
init-gen(O, fun(N) -> N + 1 end),
{ = get_.nexro,
stop-genO,
A.

Figure S: Erlang çource code of example mqdule

o Tltere eú,sts a messuge alge ft'om nt to nz in Ee il nr
is a serrd, node, n2 i,s o, ruæiue node, und there erists
on execution of P such that et serul.s a messuge thut is
ra:ei,uetl by e2.

Combinirg corresporrding nodes arrd correspontling edges of
â prograûr P, we get the co¡rcurrent flow graph Ge of P.

DnrrNrtrol¡ 7 (con.nnsroNDrNc FLOw cn.{pn). Let P
be u program lrilflling the numecl, d,efini,tion propertg. The
corresponding flout gruph for P i,s def,ned by G p : (Ve , E e)
where Ve is the set of conesynding nodes for P ond Ep is
the set of convsporuIing edges lor P.

Ex¡,vrpl¡ 2 (con.n"usroNDrNc FLow Gn-A.pr{), Cctnsider
the moil,ule eûury)l,e. erl that is presented in Fig. 3, øruL thut
c¡¡ntøins the foUnwing luncfi,c¡ns.

c Loop/2 forrns & sequer¿ce generutor thut is meant tt¡ re-
sid.e in øn own process, It is initiulizal with the initiøI
ualue, und l,he suc¡xssor function of the serluaux. For
eaery n'Lessuge {PID,next} it sends the nert saluence
element to the proæss PID.

o ö,¡dt-ge¡/2, stop-gen/0, und get-neat/0 urv the ac-
cessor functions lor initi,ulizing, stopping und aunssing

the g enerator pr'(xtess.

e use/O is an anample aser of the suluen.n generator', It
dnitial,iaea tke generutar untih, the saqueftee af altr ruøtw
ral numlters sturting þvm 0, queri,es the f,rst sequenæ
elernent, stops the genervtor pn)aess ond retuns the
elernent,

The et¡ncunent, flow gruph urresponding to eøuryLe.erl is
the one presented i.n Fi,g. 2.

5. DATAFLOWANALYSF
As stated by Shivers [17], the control ûow given by a higher
order progra"ur can depend ou the data flow of the funs frorr
their generatiorr to their application irr the progra.rr. In this
section we therefore give a definition (adapted towards the
use for concurrent flow graphs) of soüre base notious of data
flow a"nalysis, that a¡e known for irrperative la"nguages [13],
For a definition of a va¡iabìe o we write del(a), for a use of
u we write use(u). TLe precise definitions of these notions
âre â6 follov/s.

Dnrrrsl'rIou 8 (onnImI'rtous). ,Lef G be o. øncurent fiow
graph, aruIu u uuriable. A node n in G u¡ntui,ns u d,ef'niti'on
o! u i,f one of the follouñng coruliti,ttns ltolds.

o n is an import, notle, unti u is one o! the uuriables de-

fined in n.

c n is a contert node, anc) u is one of the uariubles cle-

finetl in n. Thàs is ulled øn f-d,efinition (denot'ed lry

l-¿"flu)).

t n 'is a ma.Ích node denoting a matehing IJ{S = RIIS. a
occurs in LIIS, und there is at latst one path' tu lt'om
the læginning of the funeti,on untuining n to n itself
such thut u is not d,efned on w.

c n is a lnunchi,ng notle, u tnctn's in ut lust one pattern p
inn, undthere is ut leøst one puthw frcm the begi,nning
of the funcl,ion contuining n to n itse$ such thut u is
not d,etìned orr w.

o n is u receiue node, 7) oscurs in at lanst one pattern p i,n
n, ønd there i,s at least one path u lron the beginning of
the functi,on untuining n ta n itself such that a is ru¡t
defi,ned on w. This is called an nx-def'ni,ti,on (denoted
by rn-deflu)).

A defini,tíon binding u to a ualue selecte¡1, fr'om a structute
(eí,thet' lty pøttern mutchi,ng or the convsporuli.ng selection
BIFI) às ailled an s-defini,ti,on und denotetl by s-de!(u).

The opposite of the definition of a variable is given by its use.

Intuitively, â use of a va.riable z is giverr by every expression
that needs the value of o to be evaluated.

Dprrxrtrot¡ I (usns). LetG lte u concurzent flow gruph,
and,a utarial¡le. AnotleninG contui,ns uuse of a iJ one
o! the following und;i.lions holds.



¿ rì, ';,:; íL ,"La¿e re,presenting tlr,e erpression E where

- E--u
- ð: {ur,.,,,?&}, E:Ialuzl, or E: þr,..,,ur]

with u = ui Íor some i. Thi,s is atlled. un s-use and.
denoted by s-use(a).

- E : uo(ur, .. .,u¡), or. E = fn(ut,,.. ru¡) wi,th
u : ai for some i, e {0,. . ., k}.

. n is u brunchi,ng nod,e ui,th u test giuen bg u.

. n is o, fun node, o,nd there is o,t leust, one path u lrom
the bqi,nning oÍ the function untuining n to n itself
such thut u is ilefi,neil on w. This is coLled un !-use und
denoted by !-use(u).

. n is a mutch ru¡de denoting u matchi,ng LHS = NI& a
otrut's in LIIS, aruI there is ut least one path u ly'om
the begi,nni,ng of the functinn conlaining n to n itself
such thut u is defined on w.

. n denote!ì a Ür'm,clting nodet or a raxiue node, u ou:ut's
in ut leo,st one puttern p in n, and there is at le<rst one
puth u lrcm the ùeginning oJ the function øntuining n
to n itself such thut u is ilefi,ned on u,

o n is a send node a,nd u oæuts either as destination
eu?ress¿on oÍ' us naesaage etpress'ion. It a is the mes-
søge espression, th:i,s is anlled un m,-use und denoted bg
rn-use(a).

Sorne special infor¡natiorr is âdded to the speciflcation of
a definition or use of a variable u i¡rside a pattern p of a
branclúng or receive ¡rode. Besides the brânclÌing/receive
node r¿ the nunber of the clause, the pattenr p belongs 16
is storecl. Occurrences of r.r in the patterns ofseveral clauses
of n a¡e treated independerrtly.

For the pairs, f-definition/f-use, s-definition/s-use, and n-
definition/m-use we ¡reed to deûne the lotion of. cot'resytrul-
ing nses and definitions: eaßh ofthese kinds of :use cant hùle
a value ft.on the data flow analysis. The correspondirrg def-
inition makes the value available again (possibly under a
different rarne).

o Correspo¡rdilg f-uses a¡rd f-definitions express the sit-
uâtion of using a definition for a freezing it in a fun-
geüerâtion. It is defrosted by the correspondirrg defi-
nition i¡r the co¡rtext node of the functio¡r.

¡ Corresponding s-uses a¡rd s-definitionÁi express the sit-
uation of usirrg a value to store it irr a gtructure, arrd
selecting it frorn there in the definition of a va¡ial¡le.

¡ Correspo¡rding ur-uses arrd m-definitions express the
use of a value for serrding it as a rnessage, a¡rd the
definition of a variable by receiving this rrmsage.

The precise definitions are as follows.

DEFINITIoN 1.0 (<xrn.nsseonorNG /-use, f-def). Inta lrc
a uuriable, u on t-u,se of u, and, d, un f-d,efni,tí,on of u. u und
d urresporul tc¡ atch other if tlte lun untuining d is the one
d,efined in u.

DEFINITIoN 1"1 (<xrn.næseonorNc $-use, s-def). Letulte
u outiuble, ond u an s-use of u, generati,ng u structure c,
A selecùion d d,efini,ng u autiul¡le a' is un s-ilefini,ti,on o! al
corresponding to u if there exi,sts ot leost on nn of the un-
tui,ning progrun P such that the sh'ucture deumposed in tl
is c, antl the selæted element position is the t¡ne contuining
the uulue of a,

DEFrNlrroN 12 (connnseoNorNc m-us¿, m-d,ef). Letu
be a uøriuble, urul u an rn-use of a in u node nu. An m-
def,ni,ti,on d of some a' in a node n¿ tnrresponds to u if
thery is a rnessage alge lrom ny to n¿ in the uncunent
fl,ow gruph.

Note that for arr s-use, a¡rd the corresponding s-definition or
for am rr-use, and the corresponding m-definition the vari-
able narnes usually differ.

The following rrain definition of this section states the situ-
ations under which a definition d rear,hes a. use ú.

DnrINIrro¡¡ 73, Let d be o def,ni,tdon o! a uuiable a, untl
u & use of a uariuble ut. Then d ranches u i! one of the

tollowing properbì,es hold,s,

t '.) : u' arul there is ø path àn the flow gruph þom d to
u thut dt¡es not ct¡ntuin a definiti,on o! a ilffirent, trcm
d. In this cuse d reaches z directly.

e Therc is u upy etpressi,on e ol the lonn Í : Í' such
thut d reaches the uae of õ' in e aruI the definition of
ú in e rcaches u.

o d, reøches unf-use of someõ and,there is a correspond-
íng f-d,ef,niti,on of õ thut teuches u.

t tl ranches orl s-use o! a ond thete is u corresponùing
s-defrnition oJ sorne õ that reaches u.

o d reuches an n1,-u,ae of u urul there is a conespowling
m-ilefinibi,on oJ sorne õ tha.t rvaches u.

Besides the data flow coded in so¡ne of the nodes, the la-
bels of eilges ca¡r contain data flow infornation. This is the
case for the pararneter åssigilnerts given by call edges and
spawn edges, and the result assignrnents of the call edges.
These labels have to be takeu ilto account for the data fl.ow
analysis. They a.re processed arralogously to a sequence of
nodæ co¡rtaining copy expressions whe¡r the edge is followed
irr ùhe corresponding directiorr.

6. COMPUTdTIONOFCONCURRENTFLO\ry
GRAPHS

For a progra.rn P fulûlling the narred definition property the
gerreratiorr of the co¡rcurrerrt flow graph Gr consists of the
following stages.

L. Geleration of the set I/p of nodes according to Def. 5.
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2. Courputation of the set Eneighl¡o¡ of rreigirborhootì edges.

3. Cornputation of the call edgee for fi¡st orcler furrciiorr
calls.

4. Corrputation of the call edges for higher order calls,
the tluow erlges, and the flressage erlges by åIl itéråted
p.ocess.6

Step (4) contains the cotrputatior¡ of all etlges that tleperrd
orr the dat¿ flow il the program. It is necessâry to iter-
ate over all these edges because each new edge arlds new
opportunities for d¿ta flow in the graph.

The steps (1), (2), a,ud (3) co¡rsist of a direct tra¡rsfer of the
correspolding deñnitions. They cau be irnplerrrented. irr a
straightforward ma¡rr¡er. A detailed description of Step (4)
is given in tlre followilg Subsec. 6.1.

6.1 lterated Edge Computation
The generatiorr of edges is inrpleurented irr forr¡r of three
fuirctions,

1. The cornputation of higher order call edges is done by
a furrction

ho-ca11 -edgea(Graphl) --+ {Graph2, Bool }

2. For computing the throw edges in the concurrent flow
graph, we use a function

throw-edges(Graphl) -+ {Graph2, BooJ-}

3. The cornputation of the ruessage edges is dorre by a
function

nessage-edge s(Graphl, Process) --+ {Graph2, Bool}

Ea¿h function expects aflow graph as input a¡rd returns ¿tu-
ple containing a new flow graph and a boolearr flag whether
any new edges Ìrave been i¡rtroduces. For the corrputation
of tlre tressage edges in nessage-edges/2 a description of
ttre initial procesf¡, eeserrtially given by its initial call (or a
list of potential initial calls), must be provided as additional
srgurnent.

Tlre nrai¡r loop introduce-edges/2, which is presented in
Fig. 4, loops over the tlrree fuuctions until ¡ro change was
rrade by a.ny of them in orre step.

In the reruaûriug presentation of ho-ca11-edges/1, thros-
edgee/t, and nessage-edgøa/2 we ornit the boolea¡ flag for
changes in the retur¡r value il order to silnplifr the pre-
se¡rtation. In the following, the high level structure of the
functior$ is presented, but we orrit several of the called func-
tio¡rs. The rrarnes of the orlitted fi¡rctions are chosen to
represent their general serrrantics.

6Spawu edges behave very simila,r to higher order call edges
during the cornputation. To simplifo the following presen-
tation, spawn edges are rrot discussed explicitely. Their crç
ation is done together with the higher order call edges in an
arralogous urâ,rrrrer.

. ho-ca1l-edges/1 is presented in Fig. 5. For each higher
order functiorr call it arralyzes the vaúable i¡r the func-
tiorr positiorr. For each reaching definition which de-
notes s, fu¡rctiorr within the graph,T a call etlge is in-
troduced.

. thron-€dgeg/l is presented in Fig. 6. For each catch
node c, it determires the set of tlrow nodes ú such that
there exists a path from c to ú without another catch
rrode il-betweerr. For each such ú a throw edge frorn ú

to c is introduced.

o nessage-ed ges / L is presented in Fig. 7. First, it calcu-
lates the set of processes frorrr the initial process. This
is dorre by an iterated s,nalysis of the spawu rrotles
readrable fror¡r the already knowl processes. For ea¿Ìr
se¡rd ¡rode s in the graph, the followirrg steps axe per-
forrued a,fberwa¡ds.

1. The fust argurnent of the send rode is a.nalyzal
to deterrnine the potential destilratiorr processes
frorn the set of all processes, This is done try
data flow arralysis and pa.rtial evaluatio¡r on the
reaching deflnitions.

2. The variaL¡le u in the second argrunent of the send
node is tested against the receive staternents of
the desti¡ration processes: ifone ofthe deflnitions
reâ,ching the use of o in the send node nrâ,tches
one of the patterns of the receive r then ¿ rnessage

edge from s to r is i¡rserted into the graph.

ExAvrpr,p 3. We rannsider the muJule ea,urple. erl pre-
sented in Fig. 3, und its corresponùi,ng uruxtnent flow gruph

introduce-edges(Graph, InitProceee) ->
7o generate new edges
{crâphttithcâ]-I, callche¡geFlag} =

ho-call-edges (Graph),

{GraphWitbThrow, TlrrorCt".geFlag} =
tbrov-edge s (Graphlf ithCall),

{Crapht{ithMessage, I'fessageChangeFlag} =
ne s s age -edge s (GraphllithTtros, InitPro ce s s ),

7o check whether a further step is necessary
il

6.11¿anngeFlag!
TlrrowGbangeFlag;
MessageGtangeFlag ->

Vo next iteration with new graph
introduce -edge s (

Graphl{ithMessage, InitProcess) ;
true ->

7o return graph with computed edgea
GraphllithMessage

end. 7o if

Figure 4: computation of data flow dependent
edges

9
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ho-call_edges(Graph) ->
7o extract higher order calts
Sources = ho_calls(Graph),
7o compute and insert edges for each call independentlyfold1(fr¡r(ca1r, G¡aphÁcc)--> 

"eg"";;on--cau(carr, cr"pll".l end, Graph, sou¡cee)
edgesJron_calL(CaII, Graph) _>

7o compute all reaching deffnitions of function position in cau that denote a functionDost = filter(fun is fü¡ction/f, i"r-"1ìig_a"finitions(erü""i_".ff"ajuncrion(Call))),
7o insert edges from Call to .*,ir;i;;; of Dest inro Graphfo1d1(fun(SingleÐest, Graph,[cc) -> io"".t_".11_edge(cati,-íiogr"o""", 

Graph-Acc) end, Graph, Dest)

order call edgeshigherFigure 5: Computation of

throv_edges(Graph) ->
% extract catch nodes from graph
!9"" = catch_nodes(Graph),
96 compute and ínserlthe throw edges for each catch node independenttyfold1(fun(carch, Graph.accl _, 

"ag;":;:;rch(carch, Graph.Àcc) end, Graph, Desr)
edges-to-catch(catch' GraPh) ->7o compute all throw nodes that are reachabre from the current

so'¡ce = firrer(run(p"""iblîff""1) without a further catcrr on the path

vo aot,o.ce is throw node, no other catch between catch and trow nodeis _ühloÌ¡_rode (po g s ibleSource )
and not ( catch_o¡-each_path (Catcb, po se iblesource ) )v ,-_---- "1d, nodesreached.Jron(Catch)j,

zo tnsert an edge from each element of Source'to Catch into Graphfold1(fr¡¡(singleSrc, Graph cc) -t io""-r-trrow-eage(singü;.; catch, Grapb-acc) end, Graph, source)

throw edgesFlgure 6: Cornputation of

neaeage_edges (Graph, Initprocess) _>
70 compute processes starting from fnitprocessProcesses = conDute _aLI _processes (C"apl,- fnitproce ss ),Zo extracr 

"""¿'""aàl ri"ãìiii;*'""'
Source = send_.D.od.es(Graph),
7o compute and inse¡t ih.-thro* edges for each send node independen yfoldt(fun(send, Graph.rlçc) -t 

"d;";;;;-sen¿(sen¿, c;.;hl;, ;oceeses) end, crapb, so.r¡rce)
edgesJron_send(Snd, Graph, processes) _>

zo compute aII processes that can be the destination of the current sendDestproc = filter(fu¡(possibLeoest¡ -_iì"ru""<po"ei¡1"D""î, 
iroceggeg) end,

Zo compur e 
"", "f .":;;o#å-ffj:nÍt 

ions ( extr act - s end -de Bt i¡at i o¿ ( sntt) ) ),
Messagea = reachÍng_definitioie (extract_setrd_¡¡essage (Snd) ),% compute all recãives t" 

"iiã-Ji;;;åi, p"o""o"" that march an eremenr of MessagesDest = filter(fr¡¡(Receive) -> r.."ir"-.11hes-value(Be".i.*,-tr""""ses) 
end,Vo ¡est all receives of all ¿est¡natl;;;;;*."

append(nap(fun get_process-leceive-¡.oães/1 , Destproc) ) ) ) ,7o ínsert edges from Sna to'e"ct¡ åf.ä"", of Dest into Graphfoldl(fr¡n(SingLeDest, GraphJlcc) -> ,iou"ìt-"ssage_edge(Sna,ìingfuo"st, 
GraphÂcc) end, Graph, Dest).

message edgesFigure 7: Computation of
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ti;-1ir.:i jí :.:. j:T¿ .1 ?1..* ;:r'nl Ìr:n.prtltiort 'in tÌ¿is tnse tnn-
sists ol the tollauing steps.

1. The nodes, the neighbm'husd edges, urul the first owler
cull edges (incluiling the spo.ann erlge) are generateì.

2. During the first iterution of edge generaùton the- folktw-
ing edges we introd,uced.

o The fuigher order anll edge mu'ked with 4.

c The messuge ed,ges mu'leed withT und2.

3, During the second iterati'on the message edge mu'ked
wilh3 is intrr¡duæd. It is deluged to thi,s step, beunse
ìt malces use o! the data fl'ow of aaríable -2- to PTD c¡n

the messøge ed,ge murkei. with?.

t. The third, iteration does not i,ntrr:d'uce u'ng further edges.

Thereþre the i,teruä,on pro(nss terrnànates.

62 Sources of Inaccuracy
The algorithm presented previousþ in this section cannot
cornpute the corrcurrent flow graph according to Def. 7 ex-
actly because of a nurnber of sources of irraccuracy during
the cornputation. AII these iilå¿curâ4ies just âffect the sêts
of higher order c¿ll edges, throw edges, a.nd rnessage edges.
The courputation ofthe rrodes, the rreighborhood edges, antl
the first order call edges does not deperrd on the data flow
alalysis, and can l¡e <ìorte irr a precise rllaltr¡er.

In detail the tlata flow a,nalysis is affected by the followirrg
efiects.

o Dista¡rt co¡rditionals in a progra.ur can corresportd in
a wa¡ that only certairr ço¡¡rbirrations of subpaths can
occur in a path. tr'or insta,rrce, consider two fu¡¡ctio¡¡s

f ,g lløt a¡e called with the sâne â,rgürrent z, a.nd

both corrtain different l¡rarrches for eve¡r and for odd
values öf r?. A path tlrrough the proglàttr tliä,t taJtes the
even bra¡rch il f but the odd branch in g for the sarne
r¿ is not possible. Such situations a¡e not recognized
by the systeur.

¡ The coltroì flow is based orr OCFA [17], i.e. difier-
ent function closures sharing the sarle source co<Ie are
identified. Wherr distinguishing these functiorß, sev-
eral nodes Ðre necessaxy for what is represented by
one node in our approarh, Especiall¡ for higher or-
der function calls, each of these nodes c¡uld be more
speciflc in tlle sense of lraving less outgoing caJl edges

than the one node beirrg the source for the union ofall
these call edges in our concuûent flow graphs.

r In Erlang the function pasition of a higher order func-
tion call can be gven by a fun, or a representation
of tlrc name of the calletl functio¡r. The second case

is probleuratic because pa.rtial evaluation is uecessary
to identify the called functiorrs. This partial evalua-
tiorr nrust, however, be approxilnate, especiâ,lly if the
needed i¡rfor¡nation is rrot conrpletely available before
runtime. (Exa,trple: the na¡ne of a c¿lletl function is
read frorrr the keyboard at runtine.)

r Parts of the data flow cart escape the scope of the flov¡
graph. In that case appro>citratilg assutrptions turst
l¡e used. For exa.rnple this is the case wherr a functiol
J is passe<I to a function g as argurnent, but g is rrot
part of the cotìe under testing. In this câse we canrrot
be sure whetl¡er / is called frorn g, or not.

o The test whether a deflnition rrtatcltæ a pattern of a
receive stâteürent firusL approxinâte the vâlue Õf the
definition. Therefore the cornputation of the message
edge destina,tións is åpproxirnå,te.

Approxirratiorr is done according to the following policy.
Wrenever there is any doubt whether an edge is rrecessary'

the edge is introduced. This guara,ntees the corlcurre¡tt flow
gra.ph to contaiu as rruch control and data flow altematives
as possible.

If tÌ¡ere is, however, no i¡¡for¡¡¡atio¡¡ about the alternatives
at a certair point (e.g. when reading â ¡râü¡e of ùbe fuuction
to be called frotr the keyboa,rd) we do not iusert edges to all
po.ssible destinatiols (e.g. to all functions of the right arity
occurring iu the flow graph).

6.3 Implementation
The cornputation of concurrent f.ow graphs for Erlang pro
grarns is implernented based on OTP RgGz, i.e. both the
irnpleurentexl code, and the progra.rnrning corrstructs expected
in the a^nalyzal prograrn a¡e based o¡r this la,nguage stau-
tlard.s

The flow graph structuro is esseltialìy l¡ased orr the parse
result of the OTP library rnoclule epP.êrl-. This rrrodule is
used to read the source code modulcs under testing, and the
result for¡nat is presorved during the preprocessirrg stage
enforcing the r¡a¡ned definition property. The flow graph
corrsists of a list of modules, eanh given by the result of
epp:parseJile,/3 which is rnodified i¡r the following steps

to forrn the flow graph.

The rrode generation co¡lsists of a traversal of the cotle per-
forrning the followirrg tasks.

¡ In each expressiort represerrting a node, the lir¡e nurn-
ber entry of the epp output is charrged to a tuple addi-
tiorrally hol<Iing a node nurnber, a¡rd goure local data
flow inforrration.

¡ For each fun generation consisting of function clâ,uses,

a new function rra¡ne is generated, which replaces the
clauses il the deûnition. The clauses are taken to rep-
resent the generÐted function irr the flow graph.

r Sor¡re of the structures denoting special expressions are
replaced or extended.

- Calls to the BIF thror¡/1 a"re replaced by a new
kirrd of tuple structure.

l.
L

8At tlre nomerrt, the irrplernentaüion lacks the handling of
Iist cornprehelsious, that a¡e a bit tedious to cope with,
but do riot provide aily new problems or insight. Code for
hantlling them will be added, orrce tlte restricted prototype
is finished.
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:.:.,1..:'.. !:..- i,.,..1:.::. ...,tÌ: !i.îij i.Í|.._Ìid.ed by a fi.eld
for the caII edge i¡lfornlation.

- Receive er¡tries are exter¡ded by a field for infor-
¡nation on the message edges.

. For eaßh function, the a¡l<Iitional irnport, context antl
retìrrn nodes a,re ùrtrodnced, which a,re represelted by
tuples sirnilar to those returned by epp.

Sorne further i¡rfor¡nation is pre-calculated and stored for
future use. Arnorrg others, a list of all call rrodes (and other
irnportant node types) is stored for each function, a¡rd an
index given by a baJanced tree is generated for ea,ch rnodule
for accessing the individual nodes by their munl¡er.

In a next step, the call rrodes are divided into fust order
calls a¡rd Ìrigher order calls. For the f¡st order calls, the
destinations cån be cortputed easily, a¡ld the resulting edge
infor¡nation is stored in the prepa.red field of the call.

For the lúgher order call etlgee, the spawl edges, the throw
edges, and the message edges, the computation is do¡re as
descriL¡ed in Sul¡sec. 6.1, and the cornputatiorr results are
coded inüo the prepared fields of the structr¡¡es.

7. CONCLUSION AND FUTURE \ryORK
By adapting the notior¡ of flow graphs to functional pro-
grarns written irr Erlarrg, especially containing the corrcur-
rent constructs integrated in the Erlalg staudard, we have
rnade a large step towards having the wide a¡ea of source
code directed testing (which is heavily used iu industry) ac-
cessible for functio¡ral progranrning.

As already stated for flow graphs for sequential Ertalg [23],
function calls have a strorrg influence on the control flow il
furrctional prograûrs cornparable to the looping constructs
in inperative languages. A reûned definition of catl etlges
is giveu here, providirrg a rrotion of expressing the whole
control flonr of a functiorr call, na.rnely the jump to a distant
piece of code aud the return to the calliug code piece after
proceasing the functiou call.

When considering higher order functional programs, we get
the additional probleur that s'e r¡eed <Iata flow analysis in
order to deterurir¡e the set of functions that is possibly calle<t
at a certain progran poûrt [23]. Tlrow edges and uressage
edges depend (like higher order call edges and spawn erlges)
on the possible corrtrol flow in the progra,m and therefore on
the computed higher order calt ertges, The¡ however, cause
additional data flow opportunities and ce¡r therefore exterrd
the set of higher order call ettges in a prograrr. An iteratior¡
loopirrg over the generetion of trigher order call edges (wittr
spawn edges), tlrrow edges altl uressage edges has been de-
scribed that cornputes all these edges, and termirrates when
a fixpoint is reached.

F\rture work towa¡ds & coverâge systeur based o¡r corrcurre¡rt
flow graphs consists of two steps, First, a tracing tool stor-
iug the control flow through the tested urodules durirrg a test
case execution [22] nust be extended to handle several pro-
cesses, and to store inforr¡ration on the data fl.ow generated
by passing Íressâges between tested rnodules, As a secorrd

step, a tool analyzing giverr traces fo¡ their coverage level
must be irnplenrerrted, While a siurple rrode coverage tast
is already finished, we expect data flov¡ oriented coverâge

[21] to be ofspecial use in the corrtext ofcorrcurrent Erlang
prograflß, because data flow coveråge is the orrly level of
coverage a.nalysis that is able to consider messages passecl
a¡ound the progra.ur.
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Trend: monoliths =+ networks of loosely
coupled comPonents,

. :+ stateful multi-way communication,
delay issues and partial system faihnes

. No coumton insi.ght yet into how this affects

SW complexity (suspect that most people

think it simplif,es things...)
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Claims

1. Abihty to filter messages with implicit
buffering ('selective receive') is vital for
proper state encapsulation.
. Otherwise, complexity explosion is inevitable

(in certain situations.)

2. Inline selective receive keeps the logical
flow intact - no need to maintain your
o\iln "call stacK'.

(1) is more important than (2)

The abilig to implement
complex state machiles well
rl'ill most likely becorne a

lrey conrpetitive edge.

Example Scenario

. Each "session" is
represented by one or
more stateful
processes (as in CSP)

. Each control process

interacts with multiple
uncoordinated
message sources

. Message sequences

may (and invariably
will) interleave

Traditional'llalf-Call " model

1 tl 1 tl
----------|{-

,fñ.

(
->
<-

,fÈ\
['lBî
\j

------------'
<-

A: originating side
B =terminating side
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FIFO, Run-To-Cornpletion (RTC) semantics:

. Thread of control owned by central event loop

. For each message, an associated method is called

. The method executes, then returns control to the

main loop

. Typically, the event loop dispatches messages for
multiple "process" instances

=) ân instance may never block.
. Examples: UML, common Ç# pattem, OHaskell

t

Selectlve Receive semantics

. Each process instance specifies a subset of
messages that may trigger method dispatch

at arLy given time
. If the process o\Mrs the thread of confro|

this is done in a blocking "system call" (e.g.

the 'receive ... end' language construct in
Erlang, or the select0 fr¡nction in UND(
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Selective receive is not a new concept

. The select0 system call first appeared in 4.2BSD
1982

- Allowed for blocking wait on a set of file descriptors.

- (Needsto be ooupled with e.g. getmsg0 in orderto
fetoh the message.)

- Now supported by allunices.

. MPI* has API support for blocking selective
receive.

. Erlang was first presented in 1987.

'http: //wv-uni x.mcs. anl. gor,/mpi/

Asynchronous Programming still dominates
- why?

. Slmchronous programming is considered
slow.

. Reasoning about event-based programming
seems easier.

. Easy to build a fast, simple event-based
prototj¡pe.

It's not what vou sive uo bv noto

pro grammin g synchronouslyl
. (and blocking RPC is not the whole seøet -

selective receive is the powerrtil enabler.)
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Programming Experiment

. Demo systemused in
Eriosson' s Introduotory
Erlang Course
(assignment: write a

control program for a

POTS subsoriber loop)
. We will re-write the

control loop using
different semantics.

"POTS": Flain ürdinary
Telephony System -
Trivial schcalhock
example af telephony
{as simple ã!i ¡t getsi

. Notewelt we don't
handle effors in our
example (usually the most
corylexpart.) I)emo...

POTS Control Loop - Original Impl' (U3)
startO -> idleO. inline selective receive

idleO ->
receive

t?'lim, offhool<Ì ->
I i m: start-tone(di

{?'lim' {d
¡ü lfl

{?hc, {
Pid !

lim:s
i-ìrrgì

other ->
io:fo
idle

end.

Synchronous I{W control

start-tone(rone) ->
cal I ({start-tone, rone})

call(nequest) ->
Ref = make-refO,
lim ! {request, Request, Ref, selfO},
recei ve

{?lim, nef, t-nepl/rag, Reply}} ->
RePIY

end.

5 2



FOTS Csntrol Loop - Original Impl. (Zlgl
getting- fi rst_diSitO ->

recet ve
{?'lim, onhook} ->

1im:stop_toneO,
iclleO;

{?1im, {digìt, oigit}} ->
1 i m: stop-tone O ,

üÊrti ilg_nux.lbe r (Di gi t,
number:analyse(oi git, number:va1id_sequencesO)) ;

{?hc, {requÊst_connection, pid}} ->pid !{?hc, {rejecr, selfO}},
getti ng*fi rsr*di Si rO ;

Other ->
io:format("unknown message . .. I -p-¡", [other]),getting firsr diçiro

end.

POTS Control Loop - Original fmpl. (E/3|
caifing_e(PidB) ->

recei ve
{?lim, onhook} ->

idleO;
t?1im' {digit, -Digit}} ->cat ling_c(pidB);
{?hc, {accept, eide}} ->

I i m : start_tone(ri ng),
ri nç"i nç__L$ i d{r(pi dB) ;

{?hc, {rejecr, pidB}} ->
I i m: start_tone(busy) ,
y;ai t**n_krs:k (true) ;

{?hc, {request_connecr-ion, pid}} ->pid !{?hc, {rejecr, selfO}},
caìf i ng_n(pids);

rf,ther ->
io:format("Got unknown message... i -p-n", [...]),
ca1ììilg_n(eida)

end.
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Experimentl
Rewrite the program uslng

an event-based model

Event-based vsn, blocking HW control (1/3)

T"% simp-le main event 'loop with FrFo semantics
event-'loop(1,t, s) ->

recei ve
{From, Event} ->

dispatch(Prom, Event, M, s)i
{From, Ref, Event} ->

dispatch(Prom, Event, M, S)i
other ->

io:format("Unknown ilsg! -p-nrr, [other]),
exi t({unknowuÍsg, other})

end.

dispatch(From, Event, M, s) when atom(Event) ->
{ok, Newstate} = M:Event(From, S),
event-loop(M, Newstate) ;

dispatch(prom, {Event, Rrg}, M, s) ->
{ok, Newstate} = M:Event(From, Arg, s),
event-loop(M, Newstate).

¿
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I



Event-based vsn, blocking HW eontrol {Z/B}

offhoCIk(?lim, #s{state = idle} = s) ->
I i m: start-tone (di a'l ) ,
{ok, s#s{state = çerting*firsr_djgìr}};

offhook(?1irn, #s{sta¡s = {ringìng_B_side, pidA}} = S) ->
lim:stop-ringingO,
PidA I{?hc, {connect, selfO}},
{ok, S#s{state = {speech, ricla}}};

affhook(From, S) ->
io:format("unknown message in *p: -p-fì"r

[s#s.state, {From, offhook}]),
tok, s].

SynchronousHW control

Event-bäsed vsn, blocking HW control (B/E)

onhook(?1im, #s{stats = gettinE_first_digit} = s) ->
lim:stop-toneO,
{ok, S#s{stêtê = idl*}};

onhsok(?l im, #s{state={getrì ng_number o {_-r,¡um, _val i d} i} = S) ->
{ok, s#s{state = idle}};

onhook(?lim, #s{stats = {calling_e, _pids}} = s) ->
{ok, s#s{state = Ídl*}};

onhcok(?lin, #s{statg = {ringing_l*side, e'ids}} = s) ->
PidB ! {?hc, tcancel, selfO}},
lim:stop-toneO,
tok, s#s{state = idle}};

onhook(?lim, #s{state = {speech, Othereìd}} = s) ->
I i m : di sconnect-f rom(otherei d),
otherpid ! {?hc, {cancel, selfO}},
{ok, S#s{state = irjle}};

Abitau¡kuard
(FSlvI programming "inside-out'),
but manageable.
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Add the nsn-blocking restriction

(first, naive, implementation)

Now, assume wê are not äl¡owed to hlock
{common restriction, L/3)

offhock(?lim, #s{state = idie} = 5¡
1 i m-asynch: start-tone(di a1 ) ,
{ok, s#s{state = {{¿iw¿i t-L{-ìr}Ð-r1-¿TrL,r{i uI },

getti ng*fì rst*di çi tF ll ;
sffhock(?lim, #s{sta¡g = {r"ingìng-e-sìde, PidA}} = s) ->

I i m-asynch: stop-ri ngi ng O ,

PidA ! {?hc, {connect, seìfO}},
{ok, s#ststate = {atçait*¡'inging-stcp, {speech, Fi{iA}}}};

offhook(?1im, s) ->
io:format("c'ot unknown message in -P: -P-Jl",

ls#s.state, {lim, offhook}l),
{ok, s}.

Asynchronous IfW control

2
)

i.

¡ 'r '' j
i , ir::
Ê -" ,-ri
ì -i

f, r :,-,:;

i..

i ::;
: "--- 1i:¡:. .,, :

í

|'
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... not allowed to block (7.lB)

digit(?Iim, Digit, #s{state = gerring_first*d'igit} = s) ->
U"f" ÇHALLENGE: $ince stop_tonefi is no langer a synchronous
lo% operation, continuing with numbcr analysis is no longer
/"9. skaightforward. We can either continue and somehow log that
YoYo we are waiting for a mes=age, Õr we enter the state await tone*stop
Y,% end nate that we have more processing ts do. The former apprÕäch
Xo% would get us into trouble if an invalid digit is pressed, since
7"% we then need to start a fault tone. Tlre latter approaeh seems msre
YoYo elear anrl consistent. NCITE: we must remember to also write
Zo16 conesponding code in stop_tone_reply$.
I i nuasynch : stop_tone O ,
{ok, s#s{stât€ = {aura'i t_ts*ç_st*F,

{eonti nue, f *n{sI-i -r.
{'_9'ir:;t_¡J i{, ir,{i,jü it" F:-}

end}31Ì;

...not allowed to block (3/7,

start_tone_reply(?lin, tType, yesÌ,
#s{state = {{await_tone_start, Type}, Nextstate}} = s) ->
{ok, S#s{state = ¡¡exrËräre}}.

:itofi_tone_rep1 y(?ì i m,_, #s{statg={awa-i t_tone_stop, Next}} =s) ->
r"96 THALLENGE: Musi rememþer to check Nextstate. An alternative wsuld
o/o% be io always perform this check on retum, br¡t this would increase
To?6 the overhead ånd ¡ncreâsÊ the risk of entering infinite loops.
case Nextstate of

{continue, cont} when function(cont) ->
Cont(S#s{state = Next}) ;

{ok, s#s{stâtê = F{exr}}
end.

Quite tricþ, but the program
still isn't timing-de. (Demo...)
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FIFO semantics,
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hørdware API
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ÃppærenË Preblems

. The whole matrix needs to be revisited if
messages/features are added or removed.

. What to do in each cell is by no means
obvious - depends on history.

. 'What 
to do when an rmexpected message

arrives in a fransition state is practically
never specified (we must invent some
reasonable response.)

. Code reuse becomes practically impossible.

Non-blocking version, using messäge filter
$/2|

digìt(?lim, Dìgit, #s{state = gerting_first_digit} = s) ->
Yo% CHALLENGE: ...<same as beforep
Ref = 1im-asynch:stop_toneO,
{ok, s#s{state = {await_tone_stop,

{continue, fun(sl) ->
f-fi rst_di git(oi git, sl)

endÌÌÌ,
#recv{lim = Rêf, - = false}};

The continuations are still
nec€ssary, but our substates are
now insensitive to timing
va¡iations.

Accept only msgs tagged withRd,
comingfrom'lim';
brffer everything else.
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Non-blocking vêrsion, using message filter
tãf 2, the mæin evee?Ë loop)

event-loop(M, s, Recv) ->
recei ve

{From, Event} when
di spatch(From,

{From, Ref, Event}
di spatch(rrom,

{From, nef, Event}
di spatch (Prom ,

e'lement(From, Recv) - [] ->
Event, M, s);
when element(From, Recv) : ftsf ->
Event, M, S);
when element(From, necv) : [] ->
Event, M, s)

end.

dispatch(from, Event, M, S) when atom(Event) ->
handle(u:event(From, s), M) ;

dispatch(From, {Event, lrg}, M, S) ->
handle(l'l:Event(From, Arg, s) r M).

handle({ok, Newstate}, M) ->
event-1oop(M, Newstate) ;

handle(tok, Newstate, Recv], M) ->
event-'loo (M Newstate,

Properties of filtered event looP

. Can be implemented in basically any
language (e.g. extending existing C++
framework.)

. Solves the complexity explosion problem.

. Doesn't eliminate the need for continuations
(this affects readabillty - not complexity)
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Real-Life Example
C ode *:trø ct fr om the AXD 3 t.l -beæed " Medíslí on Logìc" (M L)

ï"1" We arewaiting ts send a $topTone while prccessing a StartTone and nsw
/o% we get a ReleasePath. Reset ione type to off and ovenide StapTone
'/,'/" wtth ReleasePath since thiç will beth clear the tone and rÈmove connection.
cm¡nsg ( I?cI¡-RELEASE-PATH, Transld , [sessi onld I oata] I = Neu,Msg ,

Hcrd, #ml gcmconntable{
sessionld = Sessionldr
sendMsg = ?Ci{-START-T9NEJES'
neu,[4sg = {cm-nsg¡

[?q{-stroP-T0,lE I lvtsg] }} = HcRêc,
TraceLog) ->

NewHcRec = HcRec#ml gcmconnfable{
newl,lsg = tcmJsgr HewMsg],

toneType = offÌ,
Newlog = ?NewLog({cm-rp, 10}, {pend, pend}, undefined),
ml gcmttccui b: end-session(

pending, NewHcRec, [ttewtog I Tracelog], override);

R,eal-Life Example
Code ætrøctfromthe AXÐ30I-based "Medìûíon Logíc* (ML)

'/,% lf we are pending a Notify Released event for a Switch Deviee, sverride
Í"% with ReleaseFath.
cm-.ns g ( [?C!,LRE LEASE-PATH, Transld, [sess i ontd I oata] I = Nevrt{s g,

HcId,
#m'l gcnrconnrabl e{

sessìonfd = sessionldr
newMsg = {gcp-rnsg, [notify, ccpoata]],
devìcetype = switchDevice,
pathzlnfo = undefined] = HcRec,

Tracelog) ->
NewHcRec = HcRec#ml gCnconnTabl e {newl',lsg= {cm_nsg, ¡lent'¡s g} },
NewLog = ?NewLog({cm-rp, 20}, {pend, pend}, undefined),
ml gcmHcct-'ib: end-sessi on (

pending, NewHcRec, [NewLog I TraceLog], override);

L+ 1



ReaE:Life Example
Code ex#acf .frøm the AXÐ30f -bssed "fr€ediatíon Løgíc" (ß[L)

9'% Getting e Rel*asePath when pend¡ñg ã Not¡ry Ëeleased event is e bit
96?.i compliceted. We nee{¡ to check for e¡irich path the ReleesePath is frr¡ and

Z'% for u¡hie h patlr ttre notlfy is for. if they are for different paths we are
Y,|/o in a elilemma sinee we only ean be in pending for cne of lhem. As a simpit
96% way cut we just üeat this as an aþncrmal release for n*v.
cmJnsg([?CM-RELEASE-PATH,Transld, [sessiontd I oata]l = NewMsg'

HCId,
#mÏgctncon nrabl e {

sessionld = sessionldr
newMsg = {gcpJrsg, [notify, GcpÐata]],
deviceType = shritchDeviceÌ = HcRêcr

Tra€eLog) ->
ml gcmH cc : se nd-cmJns g (?ct{-ne I EAsE-PATH-RE s,

?MSG-SUCCESSFuL, Transld, Sessionld),
NewHcRec = Ftc Rec#ml gcrnconnTable{newus g = abno rmal -rel }'
Newlog = ?Newlog(tcm-rp, 30Ì, tpend, pendÌ, undefined),
m1 gCmxcct-i b: end-session(pendi ng, NewllcRec'

[t¡ewtog I TraceLog], override);

Observations

. Practically impossible to understand the
code without the comments

. Lots of cheeking for each message to
detennine exact context
(basically, a user-level call stack.)

. A nighûnare to test and reason about

. (The production code has now been re-

'n¡ritten and greatly simplified-)

1{s



)h!

.41

äuilte,ry
¡È¡ \ó f\ ü\
f.{ I'l e,l t r >a

üú

f.! t¡
f:l

?t
,--"¡

*q-t

ilsdsr¿ iÈr í?" Þ- f1 Þ tËi a 'e

eclE¡ et
f.{ Þ.¡ þ" Þr Þ* þ: 7,

ta: I
Fs{as

fq
f.{ Þr !Þ' ì;¡" Fa

{z 3l
ç't ú

&ril}rs¿
ö * q-'t

z
¡iddçf¿ Ûñ rt F¡

rpçrmrrç 7z

q' tfi r8

Þ!

tr'
tè Þ! É

m
lfi

ürttÏ\¡,rql
$É3
lì F¡

!Þ, 7\ h 7L
d
u

qg

tirå*Vðl¡ç.[. ê{ ri¡
Þ"

e.l c'l
?Ê äÉ ¿

f*p¡tl ì:r Þ,
rÉt

Þr

dt.lfi

Þe Þ1
{
z, rìÊ

rãreí},{xFÕI{t ã" }1 *4
d
H tq

*Hrqüf .rt* iß¡
ri rÈ!ê ça

rLñ Êgú 7"
4z â,1

0ã

FqÐ*nueJ dJ¡Íæitrfrftfütr ri .o
tf qf riedcf,d*ierürfËnrriç¡ !a¡

ef
|f¡ 11 \ü

lf¡
4
7,

rtr ¿e
lfì ll¡¡

PFy * Þ! ?þ h h ?, ã !f,¡

{¡Il,âS FA PA
tn

h *: Vs

¡ü
a i.!

Ëqii
t(i * t¡1 lâr

rf
È't rü F-

iÉ¡

Ç3

,lA

g
Ê¡&
üû

F

¡e

s
€

ilt

ê

Ð*
ã)
7)

€i

d
ltl

.4i

=g
't4

,F
ü
&
at

å
Ê¡

õl

{¡
IJ

1u

Ét
't¡N
d¡

då

ü'Ð.

Þü

5.
!¡¡

J

b
¡-{t¡o^

ËHË:¡{ (¡' u)

Ë Ag H s
H dE 3:Ìã ô Pr.t J?
FE E F ËËo6EEzzúg<

aa
(t)
o
l-r
Fè
-a€o
O
o
þ{g
Éo

. r¡{È)o
Xh

$
\
l{v
,x
L
tf
rg

E
*,
lrI
o
u¡

I
o
{.,
IE
+¡
ut
J
E

l6



ML State'Event Matrix (214)
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ML State-Event Matrix (3 14)
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Observations re, ML

. Still, only the external protocol is handled this
way (the state machine uses synchronous calls
towards internal APIs) - otherwise, it would really
be bad.

. This is the semantics offered by UML(*I as well
(uN{L gives lots of absfiaction support, but only
for the sequential parts - not for state machines.)

. This seems analogous to

- Ðlikstra's "Goto considered harmful", and

- local vs. global variables.

(.) C*rly pady fue - see'dderrable er¡enf , UML 1.5, part 2, pp 147

Questions?

2o
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v\xErlang
Mats-Ola Persson

lr,l::.r,.1
r' f1i,:
i ri !

: ',1'.,'-,i t',
ì :,
Ì ...

' : :i.l
i r;:

o 6Ul l¡braryfor Erlang

o wite GUI applications

o crrcss platrorm

o cross plaftn"n look and feel

vvxErlang
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Example

o ¡ustüte good looks

o A'shlpid'tic'tac-fu
application

o No intell¡gentbehavior
is implfflentecl

Creating a windovv

o/o treûß a ffaîe [¡,,it1do,l/) wih rc parcffi
FfâTì€ = \ltD(!ffãÍte(?NULL, AM(D-ANY, "Hello Wbfld!"),

u¿<:shov(ffane). % make the ffane visible

create windcil'vO ->- r¡¿(:statt0, % in¡Ualize \MlErlang

2



Creating a window

o Notveryexciting: an
emffywinffi/v

o things "react'to rlrcuse clicks, mouse
rrþv€rrìents, etc.

o Event{randlers, callback fundiott

Eventdriven
a

ng

3



create wimo,v0 ->- vu{:start0,
Ffäîê = \,ì/XffâTì€(?NULL, A/T/'{D_ANY, "HEIIO WüId!"),

% eveftfi amþr thd reacts to close cliclG
M:Corìned(Frme, lflxEW_C LOS E_WINDOW,

fun(_,_) -> \M(qu¡t0 end),

Events

\M(:sho^íFlarìe).

Lavouts

o Plaffcnn independent lavouts

o sizers
o No fixed sized widgds, etc.

o Rrcffary mlìplex layouts

o Let's add the þutbns!

4



crefte-grid(Frare) -> Cr¡cl =\Ml:gricl-s¡1e!'(3]., 
o/o â ffis¡zerwih 3 cols

create_ór"ffi1s(Gricl, ffaîe, 9), % creæe.9 bLmns cr¡d.

óeate-oumrs(-, -, 0)'> ol(;create-bLrcns(Grid, Fraïe, N)'> Buftrì=
wx:þubrtpranè, Ñ), %a búfsl vliülout laþel

\JrD(:acld(Gr¡d, Buffon), % add b[ffintothe slzer create-btlttcns(Cr¡d, ffame,

N-l).

Sizers

;

ì'. .' 1¡ '-,

: \..'
:

i:

i i''

The result

o A "shell' of a tic-tac-toe
application
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o Poft of ffie old 'etop'

o Nq/vfieafures

o ænteúmenues

o visrì/running æde

o

vvxEtop

Fromthe
programmers pointof

ViqM
o uxErlang is verbose - like most GUI

liþraries

o Tr¡al-and-enor - like most GUI libnaries

o htefface designers

o xRCed, DialogBlocks, etc.
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Design decisions
o g¡ndingbthe C + GUI l¡braryvr¿<tffidgds

o cet a lotturffee
o "ffee" fed;res ffqnv\DM/¡dgds

o reduced maintenance wort
o uxErlang interface resenìbles un(ruidgds

C++ interfiace

o ffee documentation0)

t,.'
ir:
t
i

!
¡

!:
t" ..

Translation scheme

o Easy

o Fundions
o uu[iple rd;rn values :>ü'lples

o

o constants

7



Translation scheme

o ruot as easy

o classes

o Overloading and overiding fl.lndions

o Type systsî

o checks argumenß
o Twes

o pr¡mltive values

o objects
o sanity

safety

I



lmplementational

o Most of the code is generated rcm
v\DôA/idgds headers

o lmplementecl as a "port ptogll?tTì"

o Has a lot of bugs

ddails

o current status - a pffid\P
o uxEtoþ
o Perhaps 10% implementecl

o Fuü.tre

wrap up

I









Yet Another GIJI for Erlang

Like a Fish needs a Bicycle.

Why did I do it?

. GUI tools for testing and troubleshooting

. Wanted to write some C

¡l

..,i

i r'.*!9
i ,116T$,. ::.\ì¡t
r ,.Í,i;!ì

.?r-: ,l

' .;.,:.1

' ; ilÌ':.ì
;':r!,lii

tr?',
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Why Yet Another?

. GS/Tcl is

- slow

- ugly

- bizarce

- no GUI builder

. ETIGTK

- no longer supported

'Why GTK2?

o Elegant design

o Open Source de facto standard (with aÐ
. Runs on Unices and Windows, but not MacOS

. Loolçs good

. Excellent GUI builder (Glade)

. Strangely familiar...

- Garbage collection

- Runtime type checking

- Introspection

2,



gtkNode

o C-node

o Each widget appears as a registered Erlang process

. Behaviour is specified by the config file from Glade

o Communicates with the Erlang node through messages

Glade

. Defines and names widgets

o Specifies properties of widgets

. Layout

. Events

- Ignore

- Handle by GTK callback

- Send Erlang message

3

.a

t.
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oo
. GTK is object oriented, but implemented in C
o Each method is a C function call
gtk_class_method (widget, ârgs ., . ) ;

. From Erlang, it looks like this (conceptually);

hlidget ! {class_method, [Args]],

. It is implemented thusly;
GtkNode ! {ctass_method, [trtÍdget lArgs] ],

Type safety

When gtkì.Iode receives a message it checks;

- \Midget exists

- Method exists

- Widget is of correct class for method

- Right nurnber of args

- Right type of args

If one of these fails, gtlcNode sends an effor tuple.

otherwise it calls the method and sends the result
to the Erlang node 

Ì
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Typical

GTKs basic types arc;

o floats

o integers

. strings

. widgets (boxed pointer)

. structs (boxed pointer)

o booleans

Mapped to Erlang;

o float

. integer

. list

. atom

o atom

o true/false

. atoms. macros

Code generator

. The code generator decides which GTK functions
can be safely called from Erlang (about half¡

o For each safe function it generates C wrapper
code that does the type checking

o The code generator works by anaLyzing the C
header files.

. Written in Erlarrg and Python (stolen from
PyGtk)

5



Odds and Ends

o messages can be stacked for efficiency

o recofirmended usage is through gtlclt{ode.erl

available from jungerl:

http : I / jungerl. s ourc e f,or ge . net

6







ßit-Ë*veã BEr:ari*s and
Generæl åued **n¡præhensi*ns
Ëm ffiråanç

Per Gustafsson and Kostis Sagonas
Dept of lnformation Technology

Uppsala University

ffiinæni*s æs we kn*w th*¿m

Introduced in L992 as a container for object code

Used in applications that d.o VO, networking or
protocol programming

A proposal for a binary datatype and a syntax was
made in 1999 and a revised version \¡vas

adopted in 2000

Since then, binaries have been used extensively,
often providing innovative solutions to common
telecom programming tasks

!

i
¡

i
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ffiãnæniffis ffir* n*t s* fË*xibÍæ

Some limitations:

- Binaries are byte streams, not bit streams

- Segment sizes cannot be arbitrary
arithmetic expressions

Both undermine the use of the binary syntax for
writing high level specifi.cations

This work:

We show how to lift these limitations while
maintaining backward compatibility

M*k* bånmr¡æs ** fËæxihå* ffis ¡Ësts

In lists:
' deconstructing a list always yields valid terms
' c¿m be constructed using list comprehensions

In binaries:
' deconstructing a binary sometimes yields terms

which cannot be represented as Erlang binaries
' rro bioary comprehensions are available

This work¡
' allows binaries to represent bit streams. introduces binarycomprehensions
' introduces extended comprehensions to make conversions

between lists and binaries simpler

L



FåexibË* bit-Ëæv** binærlæs

'The multiple-of-eight size restriction is
lifted

'The size fïeld of a segment can contain an
arbitrary arithmetic expression

'No type specifrer is needed in binary
construction

Fr*s ærld mrÏ* #f bËt-levæå binærå**

+ Allows natural representation of bit fields
. <<Bitsize:8, BitField:BitSize/binary,

+ Helps avoid padding calculations
. Pad: (8 - ((X + Y) rem 8)) rem 8,

+ Makes binary matching as easy for bit streams
as it \Mas for byte streams

- Introduces a speed trade-off

3
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Fætt*nr: flvÏmtehår'¡m
- å-ri+te stre*rms vs bit str#ms

keep_0XX (<<0:8, X:1_6, Rest/binary>>) ->
<<0 : 8, X: 16, keep_Oxx (Rest ) /binary>>;

keep_OXX ( <<_: 2 4, Rest/binary>> ) ->keep_0XX(Rest);
keep_0XX(<<>>) ->

Fæåt*rr: ftÆ*tr:hinc
- btr* strean:s vs bit str#ms

keep_0XX (<<0: !,X22, Rest/binary>>) ->
_ <<0:1, X:2, keep_Oxx (Rest) lbinary>>;
keep_OXX (<<_: 3, Rest,/binary>> ) ->

keep_0XX (Rest) ;
keep_OXX(<<>>) ->



Pættern Ftulætehina
- byte streams vs bit stre%n'rs

Åã{*wir:# ærËthm*tå* *xpr#ssË*ns !r"*

Ëh* sizê fiæld

Consider this classic example of
the bit syntax:

5

keep_OXX(Bin) ->

keep_OXX(Bin, N1, N2, Acc) ->
Padl : (8 ( (Nl_+3) rem 8) ) rem 8,
pad2 : (8 ( (N2+3) rem B) ) rem B,
case Bin of

<<_:Ni-, 0:1, X:2, _:Pad1 , _/bínary>>
NewAcc :
<<Acc : N2 /binary-unit : 1-, 0 : 1-, Xz 2 ,
keep_0XX(Bin, N1+3, N2+3, NewÀcc) ;

<<_:N1-, _:3, _:Pad1 , _/bínary>> ->
keep_OXX(Bin, N1+3, N2, Acc);

<<_:N1>> -> Acc
end.

0: Pad2>>,

1,

i\)

case IP_Packet of
<<4:4, HIen:4, SrvcType:8, Totlen:16,

TD:16, F1grs:3, FragOff:1-3, TTL:8, Proto:8,
SrcIP:32, DestTP:32,
RestDgrm/binary>> ->

Optslen = Hl-en 5,
<<Opt s : OptsLen/binary-unit : 32,

Data/binary>> : RestDgrm,

end



Using flexible binaries it could be written in
the following manner:

case lP_Packet of
<<4:4, HIen:4, SrvcType:8, Totlen:16,

fD:16, Flgs:3, FragOff:13, TTL:8,
Proto:8, SrcIP:32, DestTp:32,
Opts: ( (HIen - 5) *32) /binary,
Data/binary>> ->

end,

AËã*wiil# qï¡thrn*tãc *xpr#ffisirffis Effi

thæ s¡äffi fieåd

N* n*ed f*r æ typ*:spæ*åfier !n
binæry r*nstruetÈ*n

Consider the following code:

x-
B*

<<1, 2,
<<x, 4,

3>>,
5>>

It causes a runtime exception. To avoid
this you must explicitly specifr the type

X:
B-

<<1, 2, 3>>,
<<X/binaryr 4l 5>>

We want to lift this restriction, the type should
default to the type of the variable.

6



ffi i n*ry **ry: pn*h*nsã*n*

Analogous to List Comprehensions

List Comprehensions represent a combination
of map and filter

Comprehensions require a notion of an element

For binary comprehensions the user must
specify what they consider as an element

ffi Ë nmry **r:':præh*ffi sim*s "

lntr*du*t*ry Ëxample, inv*rt

Using list comprehension:

invert (ListOfBíts) ->
[bnot(X) ll x <-

Using binary comprehension:

invert (Binary) ->
<<bnot(X):1- ll X:1 <- Binary>>

If your binary is byte-sized:

invert (Binary)
<<bnot (X) :8 I I X:8 <- Binary>>

¡l
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ffi i r:æry t*mpr*h*nsimns.
ULJ-*l*c*elæ

Using a binary comprehension UU-decode
basicaþ becomes a one-liner in Erlang

uudecode (UUBin)
<< (X-32 ) :6 I I X:8 <- UUBin, 32:1X, X:(95 >>

Note the filter expressions which make sure that
inserted characters such as line-breaks are dropped

ffixt*nd*# c*nÌ prehens¡*ffi s

Can we use list generators in binary
comprehensions?

convert_to binary (Listoft¡,Iords ) -><<X:32 ll X <- ListofWords>>.

I



ffixåænd*d c*ffii pr*h*nsi*ns

Can we use binary generators in
list comprehensions?

lffi'îþM

G*n*ræt#rs

Note that we need to be able to separate list generators
from binary generators.

List generators:

P<-E
L

Binary generators:

S
1

sn
<= EB

9

convert_to_listofwords (Binary) ->
lX I I xz32 <- Binaryl .



lmpãærxæmtætå*n *f æxtænd*d hånæry
*ftmprsh*r:si*ns

' 'We present a simple translation of extended
comprehensions into Erlang in the form of rewrite
rules in the paper

' Using these simple rules the cost of building the
resulting binary is quadratic in the number of
segments

' We present another set of rewrite rules which
gives linear complexity, but the rules are slightly
less straight-forward

ã rnpE*ræ*ntætå*n *f *xteard*d h¡ åxæry
rümpr*h*nsi*ns

When the size of the resulting binary can be
calculated as a function of a generator binary, the
translation can be very efficient

Res : << X:16 I I X:8 <: Bin>>.
:)

bitsize (Res ) (bitsize (Bin) / 8) * L6

This allows us to preallocate the memory that
is needed for the resulting binary

N



ffix*mpãe: l$^6*3 Pffit

Data Structure

5 bits tl bits 11 bits ll bits 0-7 bits

N Channel I Channel I

Flrst "Fæddinff" $*l*,¡ti*n:

lt

Channel N Pad

s * l-1 + 5 rem I

decode ( <<NumChans : 5, _Pad : 3, _Rest,/binary>>
decode (Bin, NumChans, NumChans, tl ) .

decode(_, _, 0, Acc) ->
Acc;

decode (Bin, NumChans, N,
SkipBefore=(N-1) *

*

Bin f

Bin) ->

Lt lChan I Acc] ) .

<<-: ore,.Q pBe

Acc) ->
TT,

_: SkipAfter,_:Pad>) =
decode (Bin, NumChans, N



t*rr**t "Pæddi ft ffi" S*ã r-¡ttmn :

Hxpænd*d s*lutå*n"

truuß|,
<<ttI¡:¡lSll¡Il tgllltll&lUÞ,
<<rrulit&[tIt.gil*r(¡úIñ{t. ó>>

f Filsat,*(.ßG|¡il¡t, b>

lsùllSldlgl¡jlt>

lSll&l:lllà:ll.þtll*Sr t

!_L

decode (<<NumChans: 5, _pad:3, _Rest/binary>>
decode (Bin, NumChans, NumChans, [ ) .

Bin) ->

decode(_, _t 0, Acc) ->
Acc;

decode (Bin, NumChans, N,
SkipBefore:(N-1)
SkipAfter : (NumChans
Pad: (8 ((NumChans
<<-:5, -: SkipBef ore,

_: SkipAf ter, _: Pad>>
decode (Bin, NumChans,

tL'
5) rem 8) ) rem 8,

Acc) ->* 11,
_N)
* 1l_

Chan:

*
+

11'
- Bin,
N - I, lChan I Acc] ).

<<3 :5,X 1 :LI,X2:1 1,X3 : ll,_:2>> ->
[Xl,X2,X3];



Svæ*nt, hs;å ån*ffi*ã*nt s*åritÊ*r¡

Us*nç FËæxåhË* bãmænãæs

Since flexible binaries can represent bit streams
properly and leads to a natural solution

I I bits

Channel I

T

decode(<<N_channels :5, Alignment_bits:3, TaiI/binary>>) ->
decode2 (N_channels, <<Alignment bits:3, Tail/binary, 0:5>>) .

decode2(0. _) ->
t1;

decode2(N, <<C:1-1, A:5, f/binary>>) ->
[C I decode2 (N-1, <<A: 5, T/binary, 0 : 3>> ) ]

decode (<<N:5, Channels : (11*N) /binary,_/binary>>) ->
decode2 (Channels) .

decode2 ( <<C : 11-, T/binary>> ) ->
[C ldecode2 (T) ] ;

decode2 (<<>>) ->il.

N Channel I ChannelN Pad

5 bits 1l

3

ll 0-7 bits



ffi xt*nded *#rfi pr*h*nstmr:s

Using extended comprehensions and flexible
binaries we can solve the problem in two lines:

decode (<<N: 5, Channel-s: (11*n) /binaryr_/binary>>) ->
tX I I X:11 (: Channelsl .

il ll bits

Channel I

0-7 bits

Succintm*ss *f f¡æxãbËe binær!æs
- ã$ rï*aslir*d in lin* rÕunts

N Channel I ChannelN Pad

Program in c Java Erlans (R108) Erlang (this)
keep OXX
p-law encode
UU-decode

51

30

19

33

25

14

't4

25

10

2

13

2
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**n*$usi*n

' Introducing bit-level binaries makes it easy to
represent bit streams as binaries

' This makes it possible to write high level
specifications of operations on bit streams

' Extended comprehensions allow for powerful
manipulation of binaries

' Together these extensions make binaries as
easy to use as other datatypes in Erlang such
as tuples and lists

' The extensions we propose are backwards
compatible

' They will probably be included in the Rll
release of Erlang/OTP

Futun* W*nk

' A standard library for dealing with binaries

' A better representation of binaries to avoid
quadratic complexity when appending binaries

' New compilation techniques which allow for in-
place updates of binaries

ß



Ådæptin# ffiËF.s t* biå-Ëævmå binanå*s

size (Bin)

' should return the minimal number of bytes
needed to represent the binary.

bit size ( Bin )

' new bif which returns the size in bits

binary_to_Iist (ein)
> the following should hold:
Bin :: list_to_bínary (binary_to_list (Bin) )

binaryj**!ist{ßån}

Desired property:

glves:

16

binary_to_Iist (<<X : 8, Rest/binary>>) ->
lX I binary_to_list (Rest ) I ;

binary-to_list (<<>>) ->il;
binary-to-Iist (Bin) when is_binary(Bin) ->

IBin] .
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2005-11-02
EUC 05 presentation

OTP Development update

rn¡cssox Z
TAKI¡IG YOU FOT$,ARD

rrl\'I
ENLANG

Highlights during 2005

' Released Rl OB-2 .. R10B-8, will be a R10B-9 before

end of year.

7rI\ur
ERLANG

EUC 05 F.!e¡h2
Mut142 ¡nrcso¡ á
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EUC 05 presentation 2005-11-02

. lmprovements of global
, new application SSH (both server and client) beta

status, nice way to implement CLI for an application'

. Debugger now with support for try catch

' New version of Edoc (thanks to Richard Carlsson)

News in R1 0B-B
ËNLANG

7-l
t ltl

ÊUC 05 Fðdbtd3 rulli{z ¡nrc¡rc¡r É

t 3l Multiproce$sor support
ENLANG

The Erlang runtime system of today (R108)

. 1 OS process, 1 thread runs all Erlang processes.

' Can not make use of more than 1 processor for the

execution of Erlang Processes.

EUC 05 Fo6dtâü6 8&11{2 3¡16of, tt

2



2005-11-02EUC 05 presentation

tVI ulti pr00e$$0r suPPort

Pick next

selecUpoll

io threads

ERTANG

Erla runtime m R10B 1 scheduler)

7rl\U'

EUC 06 rGdhün5 &t11{2 :nrcsot I

t

t 3l hllultiproce$sor $upport
ERLANG

The Erlang runtime system of tomorrow:

' 1 OS process, configurable 1..n schedulers in separate

threads runs all Erlang processes.

' Can make use of multiple processors for the execution

of Erlang processes.
. Transparent for the Erlang programs' I'e. benefit from

multi cpu system without need to change your Erlang

code.
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t il Multiprocessor support
ERTANG some additional characteristics

. Linux, Solaris (MacOS x) first, (posix threads)

. No changes in compiler

' Support "traditional" separate heap per E-process first

' Hybrid heap later.
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t lt Mlultiproce$$or supPort

Current status and benchmarks

' Can run quite a lot of the regular test suites

, A small benchmark ran:dom([1500,15000]) (2

processes sorting lists) on a 2-cpu machine

. maskin) give the following result:

Time Relation

Pre 118 without smp suPPort 750 ms base for
comparision

Pre 118 with smp and I scheduler 845 ms 13% slower

Pre 118 with smp and 2 schedulers 520 ms 31% faster

ERLANG
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First step (ongoing)

" Add locking wherever needed
n Make system stable (Linux, Solaris) with multiple

schedulers on multiple and single cpu systems-

' lnclude in R11B (as beta status)

Next steP

' Benchmarking, profiling and optimizations

' Other platforms (MacOSx, Windows)

' lnclude in update release for R1 1B (end of 2006)
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t il MultiProces$or support
EnrrNé joint development

The SMP support for Erlang is a ioint development
effort between the Ericsson OTP team, Uppsala

University and SYnaPse

Many thanks to

' Mikael Pettersson, Uppsala University

' Tony Rogvall, Synapse
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