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1 The Javapackage KLAVA

In this document we illustrate the framework KLAVA , a Java package for implementing dis-
tributed applications that can exploit mobile code and run over a heterogeneous network en-
vir onment. KLAVA is basedon the KLA IM coordination paradigm with multiple distributed tuple
spaces(KernelLanguagefor Agent InteractionandMobility ) [De Nicola etal., 1998].Thus, the under-
lying model enablesspaceuncoupling, timeuncouplingand destinationuncoupling, and asynchronous,
associativeand anonymouscommunication. This programming model is suitable for distributed
applications, mobile agents, and, more in general, mobile code (for an overview of communica-
tion models for mobile agent systems we refer to [Deugo, 2001]). KLAVA also provides support
for moving processesand all the code they will need for execution at remote sites.

KLAVA is also used asthe run-time system for the programming language X-KLA IM ([Bettini,
2003b;Bettini, 2003a])in that the X-KLA IM compiler generatesJavacode that relies on the KLAVA

framework. Thus, X-KLA IM can be used to write the highest layer of distributed applications
while KLAVA can be seenboth asa middlewar e for X-KLA IM programs and asa Javaframework
for programming according to the KLA IM paradigm.

The framework was originally developed in [Bettini, 1998],and presentedin details in [Bettini
etal., 2002b];however, the KLAVA framework we presenthere dif fers from the previous presenta-
tions in that it relieson the hierarchical model of KLA IM intr oduced in [Bettini etal., 2002a].Many
parts of the framework did not change and a particular attention was observed in order to keep
the Javapackagebackward compatible. The crucial part that has changed deals with node archi-
tecture and locality management, while all the functionalities related to messageexchangeand
code mobility are essentially unchanged. This document is basedon chapters of [Bettini, 2003a].

2 KLAVA : Basic Concepts and Architecture

In this section, we present the classesof the package Klava . Someof Klava classescan already
be used asthey are (e.g.,the classTuple ), while others have to be specialized through inheritance
and method overriding (e.g.,the classKlavaProcess ).

Before describing KLAVA we give a very brief intr oduction to KLA IM (we refer the interested
reader to [De Nicola et al., 1998]and to the KLA IM web page, http://music.dsi.unifi.it , for
more complete descriptions of the formal model).

KLA IM is based on the notion of locality and relies on a Linda-like communication model.
Linda [Carrier o & Gelernter, 1989b;Gelernter, 1985;Gelernter, 1989] is a coordination language
with asynchronous communication and shared memory. The shared spaceis named tuple space,
a multiset of tuples; Theseare containers of information items (called �elds). There can be actual
�elds (i.e., expressions,processes,localities, constants, identi�ers) and formal�elds (i.e., variables).
Syntactically, a formal �eld is denoted with !ide, where ideis an identi�er .

Tuples are anonymous and content-addressable.Pattern-matchingis used to select tuples in a
tuple space: two tuples match if they have the same number of �elds and corresponding �elds
match: a formal �eld matches any value of the same type, and two actual �elds match only if
they are identical (but two formals never match). For instance, tuple (“foo” , “bar ” , 100 + 200)
matcheswith (“foo” , “bar ” , !Val). After matching, the variable of a formal �eld gets the value of
the matched �eld: in the previous example, after matching, Val (an integer variable) will contain
the integer value 300.

In Linda there is only one global shared tuple space;KLA IM extends Linda by handling mul-
tiple distributed tuple spaces.Tuple spacesare placed on nodes(or sites), which are part of a net.
Eachnode contains a single tuple spaceand processesin execution, and can be accessedthrough
its locality. There are two kinds of localities: physicallocalitiesare the identi�ers through which
nodes can be uniquely identi�ed within a net; logical localitiesare symbolic names for nodes. A
reserved logical locality, self , can be used by processesto refer to their execution node. Physical
localities have an absolute meaning within the net, while logical localities have a relative mean-
ing depending on the node where they are interpr eted and can be thought asaliasesfor network
resources. Logical localities are associatedto physical localities through allocationenvironments,
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representedaspartial functions. Eachnode has its own environment that, in particular , associates
self to the physical locality of the node.

KLA IM processesmay run concurrently, both at the samenode or at dif ferent nodes, and can
executethe following operations over tuple spacesand nodes:

� i n(t)@l: evaluates tuple t and looks for a matching tuple t0 in the tuple spacelocated at l .
Whenever a matching tuple t0 is found, it is removed from the tuple space.The correspond-
ing values of t0are then assignedto the formal �elds of t and the operation terminates. If no
matching tuple is found, the operation is suspended until one is available.

� read(t)@l: dif fers from in(t)@l only becausethe tuple t0selectedby pattern-matching is not
removed from the tuple spacelocated at l .

� out(t)@l: adds the tuple resulting from the evaluation of t to the tuple spacelocated at l .

� eval (P)@l: spawns processP for execution at l .

In the original KLA IM model, and thus also in the original KLAVA framework, nodeswere
merely the execution engines for processesand they had to be part of a net. A node in a net was
accessibleby any other node in the samenet, once its (physical) locality was known. This led to
a �at model in that nodes could not contain other nodes, thus subnetsand hierarchical nets could
not be dir ectly modeled. Finally, while the separation between concrete and symbolic addresses
of nodes implemented a sort of dynamism, still this dynamism did not suit open networks well.
Indeed, the model had a static �avor that leads to a sort of “closed world”: apart from the creation
of new nodes, the topology of KLA IM nets could not be changed.

This new version of KLAVA adopts the hierarchical model of KLA IM , presentedin [Bettini etal.,
2002a;Bettini, 2003a]:mechanismsfor dynamically updating nodes' allocation environments and
for explicitly dealing with node connectivity are now supplied. Mor eover, a new category of
processes,called NodeCoordinatorsis available, which, in addition to the KLA IM operations, can
execute coordination operations for establishing new connections, for accepting connection re-
questsand for removing connections.

2.1 Tuples

Tuples are sequencesof information items called �elds and are the basic tools for data elaboration
and information exchange. There are two kinds of tuple �elds: actual �elds (i.e., expressions,
processes,localities, constants, identi�ers) and formal�elds (i.e., variables).

The class Tuple includes methods for handling tuples, such as creating tuples, adding ele-
ments to a tuple, getting an element of a tuple, etc. A tuple can be created by passing a Vector
object, containing all tuple elements, to the Tuple constructor, such as:

Vector v = new Vector() ;
v.addElement( o1 ) ;
v.addElement( o2 ) ;
v.addElement( o3 ) ;
Tuple t = new Tuple( v ) ;

or by �rst creating an empty tuple and then adding elements using the method add(Object o) .
To make tuple construction easier, a limited number of overloaded constructors is available such
as:

public Tuple( Object o1 )
public Tuple( Object o1, Object o2 ) ...

so that one can createa new tuple simply by writing:
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Tuple t = new Tuple( o1, o2, o3 ) ;

Tuples are anonymous and content-addressableand pattern-matchingis used to select tuples
in a tuple space:

� two tuples match if they have the same number of �elds and corresponding �elds have
matching values or formals;

� formal �elds match any value of the sametype and two actual �elds match only if they are
identical (two formals never match).

After matching, the variable of a formal �eld will get the value of the �eld it has matched.
Pattern-matching is implemented through the method match of the classTuple . match takes

a tuple as parameter and checks the matching with the current tuple. The method match also
performs the binding of the formals, in casethe matching succeeds.

The interface TupleItem can be used for handling tuple �elds. Its declaration is asfollows:

public interface TupleItem extends java.io.Serializable f
public boolean isFormal() ; // is it a formal?
public void setValue(Object o) ; // for updating
public boolean equals(Objecto) ; // aretheyequal?

g

TupleItem 's methods are used by the matching algorithm. Mor e speci�cally , isFormal is used
to test whether a tuple �eld is a formal, setValue to update a formal �eld with an actual value,
and equals to test whether two actual �elds match. As usual, the semantics of these methods
must be speci�ed by the classesthat implement the interface. The packageKlava makesavailable
some wrapper classesfor standard data types that implement this interface: KString , KInteger ,
KBooleanand KVector .

It is assumed that a TupleItem created with the default constructor (i.e., with no parameters)
is a formal. We think that this is better than having a method setFormal , which may causeincon-
sistenciesamong aliases.Below we provide an example:

KString s = new KString() ; // formaldeclaration
KInteger i = new KInteger() ; // formaldeclaration
Tuple t1 = new Tuple( s, i ) ;
Tuple t2 = new Tuple( new KString( "Hello" ), new KInteger(10) ) ;
t2.match( t1 ) ; // true
System.out.println( "s now is : " + s ) ;
System.out.println( "i now is : " + i ) ;

Notice that the values of formal �elds are automatically updated (by means of the method
setValue ).

Alternatively , a Class object can be used for expressing a formal �eld. After a successful
matching, the method Object getItem(int index) (indexes start from 0) canbe used to retrieve
the value bound to a formal �eld. Thus, the above program fragment can be also rendered as
follows:

Tuple t1 = new Tuple( String.class, Integer.class ) ;
Tuple t2 = new Tuple( new String("Hello" ), new Integer(10) ) ;
t2.match( t1 ) ; // true
System.out.println( "matched string : " + t1.getItem(0) ) ;
System.out.println( "matched integer : " + t1.getItem(1) ) ;
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The method match relies on types, thus, e.g., a KString cannot match a String . Indeed, the
KLAVA matching mechanism is object based,but not object-oriented, in the sensethat subtyping
is not considered while checking whether two tuple �elds match; namely, the static types must be
the same.Thus, the internal structure of objectsis no further inspected and, in particular , only the
method equals is employed in order to test whether two actual �elds match. There is only one
exception that is needed to avoid that the matching mechanism limits the exchangeof code and
to make it possible to match a tuple containing processeswithout knowing their concrete classes
in advance: actual processes,that are instancesof subclassesof KlavaProcess (explained later),
are retrieved by meansof tuple �elds of classKlavaProcessVar (seeSection2.4.1).

The KLAVA system automatically assignsa unique identi�er to eachtuple; such an identi�er
can be considered as a GUID (GlobalUnique Identi�er ); after the matching, the identi�er of the
matching tuple is stored in the template used for retrieving a tuple. This is useful when using the
same template for retrieving another tuple: once a tuple has been retrieved through a template
tuple, the method resetOriginalTemplate canbecalled to resetthe template, i.e., its formal �elds
are initialized to empty values again, and such template can be used for retrieving another tuple.
Sincethe identi�er of a tuple that hasalready beenretrieved is stored in the template, the pattern-
matching will consider only for tuples not already inspected. This provides an easymechanism
for iterating through a tuple space.Alr eady retrieved tuples are discarded, during the matching,
by the method preMatch, that can also be rede�ned in casea �ner �ltering mechanism is needed
(for instance it is rede�ned by the classTuplex for dealing with encrypted �elds, Section6.1).

In the following example, after the �rst matching between t2 and t1 the template t1 is reset;
trying the matching with t2 once again will fail, while it will succeedwith another matching
tuple, t3 :

KString s = new KString() ; // formaldeclaration
KInteger i = new KInteger() ; // formaldeclaration
Tuple t1 = new Tuple( s, i ) ;
Tuple t2 = new Tuple( new KString( "Hello" ), new KInteger(10) ) ;
Tuple t3 = new Tuple( new KString( "World" ), new KInteger(20) ) ;
t2.match( t1 ) ; // true
t1.resetOriginalTemplate();
t2.match( t1 ) ; // false: alreadymatched
t3.match( t1 ) ; // true

2.2 Localities

Localities are the tools that processescan use for referring to nodes of the net. We distinguish
between two kinds of localities:

� physicallocalitiesare identi�ers through which nodescanbeuniquely identi�ed within a net;

� logicallocalitiesare symbolic names for nodes. A distinct logical locality, self , can be used
by processesto refer to their execution node.

Intuitively , physical localities have an absolute meaning within the whole net, while logical lo-
calities have a relative meaning depending on the node where they are interpr eted and can be
thought of as aliasesfor network resources. The association between logical and physical local-
ities is modeled via a function that we call allocationenvironment; each node has an allocation
environment that solves the logical localities there used.

There are three classes that handle localities. The abstract class Locality is the base
class and implements the interface TupleItem . The other two classesLogicalLocality and
PhysicalLocality are derived from this baseclass. A variable that representsa locality should
always be declared asa Locality so that polymorphism can be used extensively.
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In this version of KLAVA , physical localities are strings of the form < IP> :< port > , and they
actually represent the Internet addressand the port number where the node is listening for in-
coming connections (Section2.4.2).In the original version of the framework [Bettini et al., 2002b]
physical localities, just like logical localities, were simply names with which nodes used to reg-
ister themselves at the net server. We have preferred to use this lower level representation in
the new version of KLAVA , becauseit permits an easier handling of connections and communi-
cations; moreover the uniqueness of physical localities is also imposed by the uniqueness of the
pair < IP> :< port > in the Internet.

2.3 Tuple Spaces

Tuple spacesare multisets of tuples. The classTupleSpace includes methods to place tuples in
and retrieve tuples from a tuple space.In particular , the methods

public boolean in( Tuple t )
public boolean read( Tuple t )
public void out( Tuple t )

implement threeoperations over tuple spaces,namely in(t), read(t) and out(t):

� i n(t): looks for a tuple t0 that matches t. Whenever the matching tuple t0 is found, it is
removed from the tuple space. The corresponding values of t0 are then assigned to the
formal �elds of t and the operation terminates. If no matching tuple is found, the operation
is suspended until one is available.

� read(t): dif fers from in(t) only becausethe matching tuple t0 is not removed from the tuple
space.

� out(t): adds the tuple t to the tuple space.

Two other methods of this classthat implement operations over tuple spacesare:

public boolean read nb( Tuple t )
public boolean in nb( Tuple t )

read_nb and in_nb act like read and in , but, if no matching tuple is found, they do not block
the executing processand simply return false . Someversions of Linda also intr oduce such op-
erations, called readp and inp [Carrier o & Gelernter, 1989a].Thesevariants are useful when one
wants to search for a matching tuple in a tuple space with no risk of blocking. For instance,
read_nb can be used to test whether a tuple is presentin a tuple space.

Below we report an example that usesa TupleSpace object:

TupleSpaceTS= new TupleSpace() ;
KString s = new KString() ; // formal
KInteger i = new KInteger() ; // formal
Tuple t = new Tuple( s, new KInteger(10) ) ;
TS.out( new Tuple(new KString( "Hello " ), new KInteger(10)));
TS.out( new Tuple( new KInteger(10) ) ) ;
TS.in( t ) ; // withdrawsthe�rst tuple
TS.read( new Tuple( i ) ) ; // readsthesecondone

Iteration on a tuple spacecan be easily implemented by using the same template tuple and the
method resetOriginalTemplate , asshown in Section2.1.

Due to network latency and bandwidth, network communications can be quite slow, hence,
retrieving information may require more time than one is willing to wait. Mor eover, the absence
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of matching tuples could block a processexecuting an in/ read operation. To put upper bounds
to the waiting time, a time-outcan be used. Therefore, “timed” versions of the blocking methods
are supplied:

public void read( Tuple t, long TimeOut ) throws KlavaTimeOutException
public void in( Tuple t, long TimeOut ) throws KlavaTimeOutException

If the speci�ed timeout (expressedin milliseconds) expires before the corresponding operation
returns, then a KlavaTimeOutException exception will be thrown. Time-outs can thus behandled
in a try...catch block.

Boolean versions of operations with timeouts are also supplied that do not throw a
KlavaTimeOutException exception in caseof timeout but simply return false:

public boolean read t( Tuple t, long TimeOut )
public boolean in t( Tuple t, long TimeOut )

2.4 Nets & Nodes: NetNode

As hinted in Section2,any node will now play adouble role: it is acomputational environment for
processesand the container of a tuple space,and a gateway, or server1, that canmanagea subnet of
other nodes (clients). Mor eover, nodes can act both asclients (belonging to a speci�c subnet) and
asservers(taking charge of, possibly private, subnets). Logical localities representthe namesthat
client nodes can specify when entering the subnet of a server node, and allocation environments,
that can be dynamically updated with such information, actually representdynamic tables map-
ping logical names(possibly not known in advance) into physical addresses;thesemappings are
allowed to change during the evolution. The client-server relation among nodes smoothly leads
to a hierarchical model, also becauseof the way logical namesare “r esolved”: in order to �nd the
mapping for a locality, allocation environments of nodes in this hierarchy are now inspected from
the bottom upwar ds. This resemblesname resolution within DNS servers.

We use a single class, NetNode, to play the double role of the client and of the server. This
classhas both the node and the net functionalities. In the previous version of KLAVA , in order
to implement a client-server system, such as, e.g., a chat system, both the server and the clients
were at the samelevel (�at model): the only real server was the net server, while the chat server
and the chat clients were just clients of the net server. With the hierarchical model, instead, the
roles of server and client re�ects exactly also in the implementation. The two implementations
are depicted in Figure 1. An example of a chat system implemented in KLAVA is presented in
Section4.3.

In the restof this sectionwe describethe classNetNodehighlighting its nodefunctionalities and
its netsfunctionalities. As hinted above, these two functionalities can also be provided together
in a single node, acting both asa server and asa client of a higher level net.

2.4.1 Node functionalities

Nodes are the loci where tuples and processesreside; they are also the execution engines for
KLAVA processes.The classNetNodecontains a single tuple spaceand exports methods for access-
ing this tuple space.Thesemethods take asparameters a tuple and the locality of the destination
node; if the operation refers to the current execution site, it is simply redirected to the local tuple
space,otherwise a messagewill be sent to the (possibly remote) destination node.

1In the following the terms gatewayand serverwill be used interchangeably.
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Figure 1: The original �at model (above) and the new hierarchical model (below) implementing
a client-server system: a chat system.

public void out( Tuple t, Locality l )
public boolean read( Tuple t, Locality l )
public boolean in( Tuple t, Locality l )

By using thesemethods, processescan explicitly addressthe tuple spacewhere a given operation
must be executed. For instance, out(t, l ) means that the tuple t must be placed at the tuple space
located at l .

For better programmability , a limited number of overloaded versions of thesemethods is sup-
plied, so that a tuple does not have to be explicitly built.:

public void out( TupleItem i1, Locality l )
public void out( TupleItem i1, TupleItem i2, Locality l )
...
public boolean read( TupleItem i1, Locality l )
public boolean read( TupleItem i1, TupleItem i2, Locality l )
...

The classNetNodealso includes the method

public void eval( KlavaProcessP, Locality loc ) throws KlavaException

that corresponds to the basicoperation eval (P, l ) that spawns processP for execution at node l.
NetNode declares two �elds: self (of class LogicalLocality ) and here (of class

PhysicalLocality ); the latter representsthe physical locality of the node within the net. Mor e-
over, eachnode has an allocationenvironment, namely a sort of partial function that maps logical
localities into physical localities. The environment of a Nodecan be initialized with the method
void addToEnv(String logLoc, String phyLoc) and modi�ed dynamically with the methods
bindloc and unbindloc , explained later. In particular , the allocation environment of a node au-
tomatically associatesself to here.

The major dif ferencebetween eval (P, l ) and out(P, l ) is that eval (P, l ) automatically starts the
execution of the processP at the remote site l , while out(P, l ) does not. Indeed, out(P, l ) simply
posts a tuple containing the processP at the tuple spaceof l . The processhas to be explicitly
retrieved from the tuple spaceby meansof a KlavaProcessVar (e.g, by a processexecuting at l ),
and explicitly started, as in the following example:
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KlavaProcessVar PV = new KlavaProcessVar(); // formal
in( PV, self );
eval( PV, self );

Notice that eval also acceptsa KlavaProcessVar asa parameter. Mor eover, since out has a tuple
asa parameter, many processescan be deliver ed to a remote site at once.

In the previous version of KLAVA , accordingly to the original KLA IM model, when evaluating
tuples, allocation environments were also used to “close” processesexchanged in communica-
tions. Indeed, evaluating a processthat occurs in a �eld of a tuple meant substituting it with
its closure, namely the processalong with the environment of the node where the evaluation is
taking place. Hence, a remarkable dif ferencebetween out(P, l ) and eval (P, l ) was also that out
was adding the closure of P to the tuple spacelocated at l , while eval would send only P, not its
closure, for execution at l . This affected the evaluation of logical localities: when a processneeds
to translate a logical locality into a physical one, �rst its own allocation environment is used (if
it has one) and then, if the translation fails, the environment of the node where the processruns
is used. This means that a processdeliver ed with an out used a staticscopingstrategy for logical
localities while a processremotely spawned with an eval used a dynamicscopingstrategy. Thus,
for instance, in the former case,self refers to the originating site, while, in the latter case,self
refers to the current execution site.

This automatic treatment of locality translation and processclosure made programming a
little bit harder when dynamic scoping was needed (for instance in the scenario of the exam-
ple presented in Section 4.2). For this reason this automatic mechanism is not the default in
the hierarchical KLA IM model (see [Bettini et al., 2002a]), and we supply a �ner -grain control
on this: the translation of a logical locality and the closure of a processhas to be explicitly ob-
tained via, respectively, the methods getPhysicalLocality and closeProcess . Since this is a
big changein the framework, the automatic treatment of thesefeaturescan be enabled by calling
setAutomaticLocalityEvalua ti on, for backward compatibility .

Nodes communicate by means of messagesdeliver ed through streams (connected to sock-
ets). The classNodeMessageimplements messagesexchanged in the KLAVA system and has the
following structure (the content of a messagecan be any serializable Object ):

public classNodeMessageimplements java.io.Serializable
f
public PhysicalLocality Source; // locof thesender
public PhysicalLocality Dest ; // locof thetarget
public String ProcessName; // senderprocess' name
public int OpCode ; // operationopcode
public Object Content ; // thecontent
...

g

2.4.2 Net functionalities

When a NetNodeacts as a gatewayit allows client nodes, belonging to its subnet and possibly
executing on dif ferent computers, to communicate with each other. In this sense,it can be seen
as a multithr eaded server that coordinates other KLAVA nodes. To this aim, a dif ferent thread (a
NodeHandler) for eachclient is executing in the gateway node.

A NodeHandleractsasa proxy for the corresponding client node within the gateway node and
for this reason the gateway node keeps a table mapping each client node to the corresponding
NodeHandler. The NodeHandler will handle the delivery of the node's messagesto other nodes:
eachclient usesa socket actually open dir ectly with its own NodeHandler on the gateway. Inter-
node communication takes place asfollows (seealso Figure 2):
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Figure 2: Inter node communication through NodeHandlers. The enlarged NetNodeacts as a
gatewayfor the other two nodes (clients).

1. Eachnode sendsthe messageto its own NodeHandler.

2. The NodeHandler, after inspecting the messagedestination �eld, asks the net server for a
referenceto the NodeHandler of the receiver node (the dashed line in Figure 2 representsa
reference).

3. The messageis inserted into the messagequeue of the NodeHandlerof the destination node.

4. The NodeHandlerof the destination node takescare of delivering the messageto the node it
manages.

NetNodealso provides all the methods for implementing node connectivity. Thesehave to be
used when a (client) node wants to enter the subnet managed by another node. Each method
for establishing such a relation has also the complementary action that has to be performed by
the server to accepta node in its net. All the following methods, implementing privilegedactions,
canbeexecutedonly by nodecoordinators, i.e., specialprocesses,with “super user” functionalities,
described in Section2.5.

boolean login(Locality loc) throws KlavaException;
void accept(PhysicalLocality loc);

The �rst method hasto be performed at the client node, and succeedsif the server (whose locality
is speci�ed as the parameter of login ) executesan accept action. The physical locality of the
connectedclient node is stored in the physical locality that is argument of accept. Both operations
block the executing processeson each node, until the connection is established. login returns
false in casethe connection is not accepted.

No logical locality is involved in this kind of connection. Theseare instead used when the
following (complementary) methods are invoked:

boolean subscribe(Locality ploc, LogicalLocality lloc) throws KlavaException;
boolean register(PhysicalLocality ploc, LogicalLocality lloc);

Once again, the former has to be executed by the client node and the latter by the server. With
subscribe the client speci�es also the logical locality with which it wants to become part of the
server's net. Of course the connection is refused in casethis logical locality is already used by
another already connectedclient.

A client node can disconnect from a server by using the following methods (depending on the
method used for the connection):
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Screenshot 2.1A KLAVA applet in a browser: the applet allows to launch a node that logs in a net
server (typically executing at the web server computer).

void logout (Locality loc);
void unsubscribe(Locality loc, LogicalLocality myloc);

In turn, the server can use the methods:

void disconnected(PhysicalLocality loc);
void disconnected(PhysicalLocality loc, LogicalLocality lloc);

for catching the disconnection events above. Thesemethods can also be used for detecting con-
nection failur es;both methods return the physical locality of the node that has disconnected, the
secondmethod also returns the logical locality the node had subscribed with.

In this scenario communications among nodes belonging to the same subnet take place,
through the gateway node. In caseof �r ewalls or network restrictions the accessto a remote
node may be permitted only through a server. For instance, an applet can only open a network
connection towards the computer it has been downloaded from. If on this computer there is a
NetNoderunning that is willing to act asa gateway, the applet is still able to indir ectly communi-
catewith all the nodes and, possibly, with applets that are part of that net managed by that gate-
way; An example of a KLAVA applet is available at http://music.dsi.unifi.it/k la va_apple t
(seeScreenshot2.1). In this sense,a NetNodegateway allows nodes to communicate even if they
belong to dif ferent restricted domains.

However, when there are no network restrictions, dir ect connections can still be established
in order to use a dir ect (probably faster) communication between nodes of the same,or dif ferent,
subnet. In the previous version of KLAVA , this was enabled by a �ag in the classNode: in this
case,the �rst time a node, say n1, has to communicate with a node, say n2, the IP addressof n2
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was obtained through the net server and a dir ect connection between n1 and n2 is established (all
these operations are performed automatically by KLAVA ). Further messagesbetween these two
nodes will be exchangeddir ectly through this connection.

In the new version of KLAVA also directconnectionscan be dealt with explicitly , through the
following complementary methods:

boolean dir connect(Locality loc) throws KlavaException;
void acceptconn(PhysicalLocality loc);

that allow to create a unidir ectional dir ect communication channel. Thus if a node n1 estab-
lishes a dir ect connection with the node n2 whenever n1 sends a messageto n2 it will do this
dir ectly, i.e., without passing through a common server. This situation is not symmetric be-
causethe dir ect connection is unidir ectional. Should one want a bidir ectional peerto peercom-
munication, he has to program it explicitly so that, upon accepting a dir ect connection from a
node, also the other way dir ect connection is established (an example in X-KLA IM is shown in
[Bettini, 2003b]). If this control is not needed for dir ect connections, one can use the method
setDirectConnections(boole an) to automatically enable dir ect connections: these will be es-
tablished automatically the �rst time a messagehas to be deliver ed to a speci�c physical locality.

The environment of a node can be dynamically modi�ed using the following two methods:

void bindloc(LogicalLocality ll, PhysicalLocality pl ) throws KlavaException;
void unbindloc(LogicalLocality ll) throws KlavaException;

Notice that NetNode also provides the method void addToEnv(String logLoc, String
phyLoc) for adding a mapping to the environment (described in Section 2.4.1),but this method
should be used only when initializing the node and can be called only by the subclassesof
NetNode. On the contrary, bind and unbind can be called dynamically when the NetNodeis up
and running.

In this version of KLAVA newloc is a privileged action and has threevariants:

PhysicalLocality newloc() throws KlavaException;
PhysicalLocality newloc(NodeCoordinator P) throws KlavaException;
PhysicalLocality newloc(NodeCoordinator P, int port , String classname) throws KlavaException;

The �rst variant simply returns the physical locality of the newly created node. The secondvari-
ant also takes as argument a node coordinator to be installed in the newly created node: since
newloc does not automatically logs the new created node in the net of the creating node, this
second variant allows to install a node coordinator in the new node that can perform this action
(or other privileged actions). As explained in Section2.5,this is the only way of installing a node
coordinator on another node, since node coordinators, due to security reasonscannot be sent for
evaluation to another node. The thir d variant of newloc takestwo additional arguments: the port
number where the new node is going to be listening, and the name of the Javaclassto be used for
instantiating the new node. Notice that the port number also determines the physical locality of
the newly created node, since the IP addresswill be the sameof the creator node.

As hinted before, the physical locality of a node is made of the IP addressand a port num-
ber. This port number identi�es the port where the node installs a Java ServerSocket listen-
ing for incoming connection requests. This is managed by a concurrent thread in the node, a
ConnReqHandler. The connection requestshave to follow a protocol that is quite simple: once
ConnReqHandlerreceivesa connection request, it reads a string from the connecting client that
identi�es the kind of connection that is being established (e.g., login, subscribe, etc.); if there is
a node coordinator registered in the node for that speci�c connection type, ConnReqHandlerdel-
egatesthe management of that request dir ectly to that node coordinator , and keeps on listening
for other incoming connection requests.Otherwise the connection is simply refused. A snippet of
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public void run() f
while (true) f

Socketsocket= serversocket.accept();

ObjectInputStream objIStream = new ObjectInputStream(socket.getInputStr eam()) ;
ObjectOutputStream objOStream = new ObjectOutputStream(socket.getOutputStream()) ;

// readprotocolidenti�cation string
Object next token = objIStream.readObject();
boolean handled protocol = false;
if (next token instanceof String) f
TupleSpacets = proto table.handle protocol((String) next token);
if (ts != null ) f
Tuple tuple = new Tuple(socket,objIStream,objOStream);
ts.out(tuple );
handled protocol = true;

g
g

if (! handled protocol)
socket.close();

g
g

Listing 2.1: The method run of ConnReqHandler.

such code is shown in Listing 2.1.Notice that internal tuple spacesare used for synchronizing the
ConnReqHandlerand the node coordinators listening for speci�c requests.Weused this technique
often, becausea tuple spaceimplements the basicfunctionalities for interpr ocesscommunication.

The rest of the connection protocol is left to the node coordinator in charge of that request.
Each protocol will require a dif ferent exchange of messages,e.g., a client that uses subscribe
will have to provide the logical locality with which it wants to becomepart of the net, while for
a login no logical locality is needed, but only the port number. The IP addresshas not to be
communicated by the client: the server can automatically retrieve it from the socket,but the port
has to be explicitly provided, becauseit is the one where the main ServerSocket of the client is
opened, and it is not the samewith which it opened the socket to the server.

2.4.3 Locality Resolution

The hierarchical KLA IM model is also characterized by the way logical localities are resolved: in
order to evaluate locality names, whenever s1 is logged in s2, if a locality cannot be resolved by
just using the allocation environment of s1, then the allocation environment of s2 (and possibly
that of nodes to which s2 is logged in) is also inspected. Thus, in order to �nd the mapping
for a locality, allocation environments of nodes in this hierarchy are inspected from the bottom
upwar ds. In particular , when a node is not able to solve a logical locality, it basically sends a
messageto the gateway it is connected to and waits for the answer; the gateway in turns may
have to rely on its own gateway if it cannot solve it itself. The whole operation fails when a node
in the hierarchy is not able to solve a logical locality and it is not connected to any gateway.

In particular , in this implementation of KLAVA , we only considered nets structured as trees;
the model described in [Bettini et al., 2002a]allows also graphs(actually, dir ected acyclic graphs).
The choice of considering only tree structures makes the overall system simpler and does not
raise issues such as “which way to chose for resolving a name, when a node is connected to
more than one server?”. A futur e enhancementof KLAVA could be that of dealing also with these
more complex hierarchical structures,possibly by providing the programmer with customizable
policies for choosing the resolution path.

Gateways areessentialfor communication: apart from dir ectconnections,two nodesareguar-
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anteed to interact only if there exists a node that actsasgateway for both. In order to implement
this in an ef�cient way, a gateway has to keep track of all the nodes that are connected to it, and
recursively of all the nodes for which its connected nodes act, in turn, as gateway. Thus when
a server node acceptsanother node in its own subnet, it propagates the physical locality of the
new client to the gateway it is connected to (if there is one). This propagation mechanism allows
the hierarchy to be up-to-date; of course disconnections have to be propagated as well. Notice
however that propagations always take place from the client to the server, and never the other
way round.

2.5 Processes& Node Coordinators

Processesare the basic computational units. The class KlavaProcess is an abstract class that
must bespecialized to createprocesses.The derived classesmust implement the method execute
declared asfollows:

abstract public void execute() throws KlavaException

This method will be invoked when a processis executed(just like run for threads).A processmust
be executed within a node, which will be its executionenvironment. KlavaProcess also offers all
the methods to accesstuple spaces;thesemethods transparently call the corresponding methods
of the classNetNode.

In the new hierarchical model of KLA IM , a new category of processesis intr oduced that, apart
from the standard operations, can also perform the privileged actions dealing with node con-
nectivity implemented by the methods presentedin Section2.4.2.For theseprivileged processes
KLAVA provides a subclassof the classKlavaProcess , namely NodeCoordinator . As required by
the model, due to security reasons,node coordinators cannot migrate, and cannot be part of a tu-
ple. Of course, in order to guarantee better programmability , this rule is slightly relaxed: a node
coordinator can perform the eval of a node coordinator , provided that the destination is self .

Sinceprocessesand node coordinators have to forwar d the KLA IM actions to the node they are
currently executing on, they need to store a referencesuch node. In order to force the distinction
between standard processes(that canonly perform a limited number of actions) and node coordi-
nators (that can also executeprivileged actions), the referenceis indeed a referenceto a proxy that
hasa reduced interface when it is stored inside a standard process:a NodeProxyis stored inside a
standard process,while a “mor e powerful” NetNodeProxyis stored in a node coordinator . Notice
that since a proxy, and not a dir ect referenceto the actual node, is stored, the processcannot call
a method that is not allowed to call, since the proxy itself does not provide it: misuses,thanks to
the dif ferent interfaces of proxies, are caught at compile time.

A number of standard node coordinators is supplied by KLAVA , that simply perform the
connection actions, such as, LoginNodeCoordinator , SubscribeNodeCoordinator , etc., and
that performs the corresponding complementary actions, such as, AcceptNodeCoordinator ,
RegisterNodeCoordinator , etc. In particular the old KLAVA classesNode and Net are still
supplied in the framework, implemented as subclasses of NetNode that simply execute a
LoginNodeCoordinator and an AcceptNodeCoordinator , respectively. In the classNet such coor-
dinator executesan in�nite loop, always accepting new login requests. This also enablesthe old
KLAVA applications to seamlesslyscaleto the new hierarchical model.

3 Code mobility in KLAVA

In KLAVA , processescan be sent as part of a messageand executed at the destination site, where
however their Javaclasses,i.e., their code, may be unknown. It might then be necessaryto make
such codeavailable for execution at remote hosts; this canbedone basically in two dif ferent ways:

� automaticapproach: the classesneeded by a processare collected and deliver ed together
with the process;
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� on-demandapproach: when a Javaclass is needed by the remote computer that received a
processfor execution, it is requestedto the server that did send the process.

We follow the automatic approach becauseit complies better with the mobile agent paradigm:
during a migration, an agent takeswith it all the information that it may need for later executions.
The drawback of this approach is that code that may never be used by the mobile agent or that
is already provided by the remote site is also shipped. However, our choice has the advantage
of simplifying the handling of disconnectedoperations[Park & Reichl, 1998]: the agent owner does
not have to stay connectedafter sending the agent and can connect later just to checkwhether his
agent has terminated. This may not be possible with the on-demand approach: the server that
sent the processmust always be on-line in order to provide the classesneeded by remote hosts.

Therefore,a processmust besentalong with its classbinary code,and with the classcodeof all
the objectsthe processuses.Obviously , only the code of user de�ned classeshas to be sent,asthe
other code (e.g.,Javaand Klava classes)is common to every KLAVA application. This guarantees
that classesbelonging to java sub-packagesare not loaded from other sources (especially, the
network); this would be very dangerous, since, in general, such classeshave many more access
privileges.

All the nodes that are willing to accept remote processes(due to security issues, a node
may refuse accepting remote processesfor execution) must have a custom class loader: a
NodeClassLoader supplied by the KLAVA package. When a processis received from the net-
work, before using it, the node must add the classbinary data (received along with the process)
to its classloader 's table. During processexecution, whenever a classcode is needed, if the class
loader doesnot �nd the code in the local packages,then it can �nd it in its own local table of class
binary data.

The names of user de�ned classescan be retrieved by means of class intr ospection (JavaRe-
�ection API). Justbefore dispatching a processto a remote site, a recursive procedure is called for
collecting all classesthat are used by the processwhen declaring: data members,objectsreturned
by or passedto a method/constr uctor, exceptionsthrown by methods, inner classes,the interfaces
implemented by its class,the baseclassof its class.

This procedure is implemented by somemethods of the classKlavaProcess presentedin List-
ing 3.1 and 3.2 in a simpli�ed form. Notice that this procedure recursively calls itself. Mutual
dependenciesare handled by checking whether a classhas already beencollected; thus a classis
never inspected more than once.

When extending KlavaProcess , there is an important detail to know in order to avoid run-
time errors that would take place at remote sitesand would be very hard to discover: JavaRe�ec-
tion API is unable to inspect local variables of methods. This implies that if a processusesa class
only to declare a variable in a method, this classwill not be collected and thus, when the process
executesthat method on a remote site, a ClassNotFoundException may be thrown. This limita-
tion is due to the speci�c implementation of JavaRe�ection API, but it can be easily dealt with,
once the programmer is aware of the problem. The programmer can explicitly add a classto the
collection by calling the method addUsedClass in Listing 3.2; all the details of code marshaling
are still handled by KLAVA and are transparent to the programmer. The X-KLA IM compiler will
generatecode for processesin such a way that all the classesused by the processwill successfully
be collected by KLAVA .

Once theseclassnamesare collected, their byte code is gathered in the �rst node from which
the processwas sent, and packed along with the processin a KlavaProcessPacket object. No-
tice that the process (its variables) is written in an array of bytes and not in a �eld of type
KlavaProcess . This is necessarybecauseotherwise, when the packet is received at the remote
site and read from the stream, the processwould be deserialized and an error would be raised
when any of its speci�c classesis needed (indeed, the classis in the packet but has not yet been
read). Instead, by using our representation, we have that, �rst, the byte code of processclassesis
read from the packet and stored in the classloader table of the receiving node; then, the processis
read from the byte array; when processclassesare needed, the classloader �nds them in its own
table. Thus, when a node receivesa process,after �lling in the classloader 's table, it can simply
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protected void getUsedClasses(Classc ) f
if (c == null jj ! addUsedClass( c ))
return ;

Field[] �elds = c.getDeclaredFields() ;
Constructor[] constructors = c.getDeclaredConstructors() ;
Method[] methods = c.getDeclaredMethods() ;
int i ;

for ( i = 0 ; i < �elds.length ; i++ )
getUsedClasses(�elds[i]. getType() ) ;

for ( i = 0 ; i < constructors.length ; i++ ) f
getUsedClasses(constructors[i].getParameterTypes() ) ;
getUsedClasses(constructors[i].getExceptionTypes() ) ;

g

for ( i = 0 ; i < methods.length; i++ ) f
getUsedClasses(methods[i].getReturnType() ) ;
getUsedClasses(methods[i].getParameterTypes() ) ;
getUsedClasses(methods[i].getExceptionTypes() ) ;

g

getUsedClasses(c.getDeclaredClasses()) ;
getUsedClasses(c.getSuperclass()) ;
getUsedClasses(c.getInterfaces() ) ;

g

protected void getUsedClasses(Class[] classes) f
for (int i = 0 ; i < classes.length; ++i)
getUsedClasses(classes[i]);

g

Listing 3.1: The methods to collect the classesused by a process

protected boolean addUsedClass( ClassclassVar ) f
String className= classVar.getName() ;
if ( isUsefulClass( className) && ! usedClasses.containsKey( className) ) f
usedClasses.put(className,getClassBytes(className) ) ;
return true ;

g
return false ;

g

�nal protected boolean isUsefulClass( String className) f
boolean result ;
result =
(className.equals("void" ) jj className.equals( "int" ) jj className.equals( "char " ) jj
// ... thesamefor everybasetype...
className.startsWith ("java ." ) jj className.startsWith( "Klava." )
) ;

return (! result) ;
g

Listing 3.2: The methods to collect the classesused by a process(continued)
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deserialize the process,without any need of explicit instantiation. The point here is that classes
are always stored in the classloader 's table, but they are linked (i.e., actually loaded) on-demand.

The byte code of the classes used by a migrating process is retrieved by the method
getClassBytes of the class loader (as shown in Listing 3.2): at the node from where the pro-
cessis �rst sent, the byte code is retrieved from the local �le system, but when a processat a
remote site has to be sent to another remote site, the byte code for its classesis obtained from the
classloader 's table of the node. This strategy, for sending and receiving code, is similar to a page
on-demandmechanism in an operating system: �rst the classloader table is �lled in with the code
for all the classesthat a remote processmay need, then, when a classis needed, the classloader
can load the classby taking the code from its table.

According to the requirementsmade on the run-time support, code mobility may also be clas-
si�ed asfollows [Cugola etal., 1997;Hohlfeld & Yee,1998]:

� weakmobility: code coming from a dif ferent site can be dynamically linked;

� strongmobility: a thread can move its code and execution state to a dif ferent site and resume
its execution on arrival;

� full mobility: in addition to strong mobility , the whole stateof the running program is moved,
and this includes all threads' stacks,namespaces(e.g., I/O descriptors, �le-system names)
and other resources,so that migration is completely transparent.

Full mobility can be considered orthogonal to mobile agents and requires a strong support
from the operating system layer. Strong mobility is the notion of mobility that best �ts in with
the classicalconcept of mobile agent: the execution state of a migrating agent is suspended, and
its stack and program counter are sent to the destination site, together with the relevant data;
at the destination site, the stack of the agent is reconstructed and the program counter is set
appropriately, i.e., to the �rst instruction after the migration action. Instead, weak mobility does
not meet the intuitive idea of mobile agent, becauseautomatic resumption of execution thread is
one of the main featuresof mobile agents(it exalts their autonomy).

As for the kind of mobility supplied by our framework, KLAVA only provides weakmobility.
In general, all those systemsbasedon Java,implement only weak mobility; this is due to the fact
that Javadoesnot permit dynamic inspection of the byte code stack and this makes impossible to
save the execution state for later use. For this reason,also KLAVA can only supply weakmobility
of agents. X-KLA IM supports strong mobility via a preprocessing performed by the compiler
[Bettini & De Nicola, 2001].

In addition to agent mobility , KLAVA also permits moving single parts of code: a single class
canbesent to a remote site by building a generic wrapper for it, which implements the TupleItem
interface, as in the following example:

classKCode implements TupleItem f
protected byte[] code;
public KCode(String classname) f ...g
public Classget class() f ...g
// implementationofmethodsofTupleIteminterface
...

g

The constructor takesthe name of the classand storesits byte code in the �eld code (e.g.,by using
the method getClassBytes as in Listing 3.2). In this way a classcan be sent to a remote site as
follows:

out( new KCode("mypackage.myclass" ), l );

At the remote site this classcan be retrieved with the following instructions (get_class will in-
teract with the local classloader and createa Class object):
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KCode kcode = new KCode(); // formal
in( kcode, self );
Classc = kcode.get class();

The on-demand approach to agent mobility can be implemented by exploiting single class
mobility: agentsare sent without their classes;then, at the remote site, when a classfor an agent
is needed it can be obtained by using a communication protocol exploiting the previous class
KCode.

Downloading code from the net exposesthe executing machine to security risks: the down-
loaded codecould executedangerous operations (maliciously or due to programming errors) that
may tamper other processesor the overall system. To cope with this problem, we implemented a
KlavaSecurityManager that, if activated by the node, doesnot allow processesdownloaded from
the net or sent by remote nodes to executeoperations on critical system resources. Implementa-
tions of further security mechanismsthat rely on the new Javasecurity model [Gong, 1999].

In Section 6 we presentan extension of KLAVA with cryptographic primitives for encrypting
and decrypting tuple �elds and the original Linda operations have been extended for handling
encrypted data. The extended framework allows mobile agents,which are not supposed to carry
private keys with them when migrating, to collect encrypted data while executing on remotesites,
and decrypt them safely when back at the home site.

Finally, for what concernsapplication safety, KLAVA doesnot provide dir ectsupport for saving
processesand mobile agents into external memory in order to deal with nodes' shutdown and
reboot. Safetycan be recovered by explicitly programming serialization of components of a node
(tuple space,processes,etc.).

4 Three Example Applications

In this section we present three programming examples that rely on mobility and distribution.
The �rst example concernsa newsgatherer that exploits mobile agents for retrieving information
on remote sites; the second example implements a loadbalancingsystemthat dynamically redis-
tributes mobile code among several processors;the last example is a simpli�ed chatsystem. The
main purposes of these examples, whose core implementation parts are reported in some code
snippets throughout the following sections, is showing that, by using KLAVA , dealing with mo-
bility and communications among distributed processesboils down to a few method calls, since
KLAVA takes care of all the low level details of code mobility and distributed synchronization. In
the �rst two examples we do not show the login phase,since it is not relevant in those contexts.
Instead, in the chat system example, we show the subscription phase.

4.1 A news gatherer

In this section we show how to program in KLAVA a newsgatherer that relies on mobile agentsfor
retrieving information on remote sites. We assumethat some data is distributed over the nodes
of a KLAVA net and that each node either contains the information we are searching for, or the
locality of the next node to visit in the net (Figure 3 depicts the overall architecture of the system).
A slightly dif ferent version of this scenario is implemented in X-KLA IM in [Bettini, 2003b].

The implementation in KLAVA is reported in Listing 4.1. The agent NewsGatherer usesa time-
out to test for the presenceof the tuple containing the information: if this is not found within two
seconds,the locality of the next node to visit is retrieved and a new instance of the agent is re-
motely spawned there by meansof an eval . If the information is found, the agent communicates
the result to its owner and terminates.

By using KLAVA , to spawn anew processto a remotesite, it suf�ces to just invoke eval with the
appropriate arguments: the underlying system will take care of serializing the processthrough
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Figure 3: News gatherer (ng is the news gatherer agent)

classNewsGatherer extends KlavaProcessf
protected KString itemVal ;
protected KString item ;
protected Locality retLoc ;

public NewsGatherer( KString item, Locality retLoc ) f
this .item = item ;
this .retLoc = retLoc ;

g

public void execute() throws KlavaException f
itemVal = new KString() ;
Print ( "Searching for " , item ) ;
try f
read( item, itemVal, self, 2000) ;
Print ( "Found Item!" , itemVal ) ;
out( itemVal, retLoc ) ;

g catch (KlavaTimeOutException e) f
Locality nextLoc = new PhysicalLocality () ;
read( item, nextLoc, self ) ;
Print ( "Found next locality" , nextLoc ) ;
eval( new NewsGatherer( item, retLoc ), nextLoc ) ;

g
g

g

Listing 4.1: KLAVA implementation of the news gatherer
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Screenshot 4.1A news gatherer agent visiting threenodes
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Figure 4: Load Balancing System

the network together with the code of all its classesand the values of its �elds. Screenshot 4.1
shows an agent that visits threenodes before �nding the wanted information.

4.2 Load balancing

In this second scenario, we suppose that remote clients send processesfor execution to a server
node that distributes the receivedprocessesamong a group of processorsby using, eachtime, the
(estimated) idlest one (Figure 4). This is determined by using the LeakyBucketof Creditspattern
[Adams etal., 1996]:when entering the net managed by the load balancing server, eachprocessor
sendsa number of “cr edits” to the server (this number corresponds to the processoravailability
to perform computations on behalf of the server); the server stores the number of credits in a
database and, when needed, it choosesthe processor with the highest number of credits and
decreasesthis number. The server may exhaust all credits; in that caseit waits until it is noti�ed
that new credits have arrived.

When a processorreceivesa process,it immediately starts executing the process(in a paral-
lel thread) and sends a credit back to the server (representedby the locality processorServer ).
Indeed, the Leaky Bucket Of Credits pattern is basedon the heuristic that if a processoris busy,
it cannot send a credit back, or at least it does not send a credit immediately . This behavior is
implemented by the code fragment in Listing 4.2 that shows the processin the processornode
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classExecutorProcessextends KlavaProcessf
...
public void execute() throws KlavaException f
KString execute= new KString( "EXECUTE" ) ;
KlavaProcessVar P ;
KString credit = new KString("CREDIT") ;

while (true) f
P = new KlavaProcessVar() ;
in( execute, P, self ) ;
eval( P, self ) ;
out( credit , processorServer) ;

g
g

g

Listing 4.2: The ExecutorProcess

classProcSchedulerextends KlavaProcessf
protected Hashtable processors;

public ProcScheduler(Hashtable tab ) f
processors= tab ;

g

public void execute() throws KlavaException f
KString execute= new KString( "EXECUTE" ) ;
KlavaProcessVar P ;
Locality loc ;
while ( true ) f
Tuple t = new Tuple( execute, P ) ;
in( t, self ) ;
loc = getHighestCredit() ;
out( t, loc ) ;

g
g

g

Listing 4.3: The ProcScheduler

taking care of receiving the processesto be executed. This processsimply waits for a tuple of the
form ("EXECUTE", P), where P is a formal obtained by creating a brand new KlavaProcessVar ,
and, by means of eval, spawns the received processfor execution at the current site. A credit is
sent to the server by meansof out .

The server executesa ProcScheduler processthat, as shown in Listing 4.3, whenever it re-
ceives a processsent by a client, delivers the received processto the idlest processor. The ta-
ble processors is passed to the constructor of the scheduler processand it is updated by an-
other concurrent process(not shown here) that receives tuples of the form ("CREDIT") from
the processornodes. The locality to which the processcan be sent is computed by the method
getHighestCredit (also not shown here) that, in caseall credits for all processorsare exhausted,
will block the execution of the ProcScheduler until new credits arrive.

We would like to point out that the main structure of the application is representedby these
few operations that, nonetheless,permit processsharing in a distributed environment. Screen-
shot 4.2shows a ProcessorServer and threeProcessorNodes.

In KLAVA , the main computational unit is representedby a KlavaProcess , so a processis as-
signed to a processorasa whole and oncefor all: no further load balancing is performed after this
assignment. Further decompositions and assignmentswould require that the framework supplies
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Screenshot 4.2A ProcessorServer and threeProcessorNodes

means for strong mobility (seeSection3) and for objectivemobility [Cardelli & Gordon, 1998](the
processdoes not migrate autonomously, but it is moved by the execution environment), which
Javadoes not supply. However, even with this limitation, this architecture can still be employed
in client-server baseddistributed systems,where the server has to balancethe number of connec-
tions and communications among severalnodes it manages:the client issuesa connection request
to the server that then picks a node and chargesit with the task of interacting with that client.

Let us observe that a processhas to be deliver ed to the server by means of an out , since eval
would automatically starts the execution of the processat the destination node, and thus there
would be no easyway of redirecting such processto a speci�c processor. In the previous versions
of KLAVA the closure of such processwould have been actually deliver ed, due to the automatic
evaluation mechanism, and thus, the processwould have not been able to accessthe actual ex-
ecuting site by means of self (that would be bounded to the starting client site). This shows
that the removal of this automatic evaluation mechanism in the new version of KLAVA makes
programming thesekinds of application much easier.

The overall architecture of this load balancing system is based on a pushmodel, in that the
server delivers the processesto be executed to a chosen processornode. An alternative imple-
mentation could be basedon a pull model: a processornode, when idle, asksthe server for a pro-
cessto be executed. This architecture can be employed to develop systemssimilar to SETI@home
[Korpela et al., 2001]that usesInternet-connected computers in the Searchfor ExtraterrestrialIntel-
ligence(SETI): users that want to help the project can install this software that downloads data to
be analyzed from the server when the computer is idle (for instancewhen the screensaverstarts).

4.3 A chat system

The chat system we present in this section is simpli�ed, but it implements the basic featuresthat
are present in several chat systems. Though this example does not deal with mobile code, it
shows how to use KLAVA to implement distributed applications that can communicate through
distributed and located tuple spaces.An X-KLA IM version of this chat systemis presentedin [Bet-
tini, 2003b]and in Section 6.2 a version of the KLAVA chat system is implemented by exploiting
cryptography primitives.

The system consistsof a ChatServer and many ChatClient s. A client that wants to enter the
chat must subscribeat the chat server. The server must keep track of all the registered clients and,
when a client sendsa message,the server has to deliver the messageto every connectedclient. If
the messageis a private one, it will be deliver ed only to the clients in the list speci�ed along with
the message.

The class ChatServer derives from the class NetNodeand executestwo node coordinators,
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public void handle subscriptions() f
while (true) f
LogicalLocality nickname = new LogicalLocality ();
PhysicalLocality clientloc = new PhysicalLocality ();
register(clientloc, nickname);
addClient (nickname, clientloc);

g
g

public void handle unsubscriptions () f
while (true) f
LogicalLocality nickname = new LogicalLocality ();
PhysicalLocality clientloc = new PhysicalLocality ();
disconnected(clientloc, nickname);
removeClient(nickname, clientloc);

g
g

Listing 4.4: Implementations of two node coordinators in the chat server that manage, respec-
tively , clients entering and exiting from the chat.

public void handleOUT( NodeMessagemessage) f
if ( message.Contentinstanceof Tuple ) f
Tuple t = (Tuple) message.Content ;
if ( t.getItem(0) instanceof KString ) f
KString command = (KString)t.getItem (0) ;
if ( command.equals("MESSAGE") ) f
broadcast(messageCode,(KString)t.getItem (1), message.Source) ;

g else if ( command.equals("PERSONAL") ) f
broadcast(personalCode, (KVector)t.getItem(1), (KString) t.getItem(2), message.Source) ;

ggg
g

Listing 4.5: Rede�nition of method handleOUT

whose main code is shown in Listing 4.4, that manage the new subscriptions to the chat and
the corresponding clients leaving the chat, by using the methods register and disconnected
explained in Section2.4.2. The internal methods addClient and removeClient , not shown here,
also take care of notifying all the connected clients that a new client entered the chat or that an
existing client left the chat.

ChatServer rede�nes handleOUT, a protected method in class NetNode, that is called when
a node performs an out to this node, as shown in Listing 4.5. The �rst �eld of the tuples that
are handled by the server is the command that the client wishes to perform, i.e., in this simple
version, sending a messageeither to everyone currently in the chat, or only to a list of people.
The remaining �elds depend on the content of the �rst �eld. Tuples having a dif ferent format are
not handled and, hence, are implicitly discarded. The advantage of our approach with respect
to an alternative one based on dynamic creation of handler processesfor tuples, is that we can
implement reactions[Cabri etal., 1998]against the presenceof somespeci�c tuples.

The ChatClient node enters the chat by using the method subscribe (Section2.4.2).The log-
ical locality with which it issuesthe request for entering the chat will be used by the chat server
as the client's nickname; the client will be visible to the other clients with this nickname. After
succeeding in entering the chat, the ChatClient , continuously gets tuples containing messages
deliver ed by the server and displays the messageson the user graphical interface. All theseop-
erations are performed by a node coordinator executing on the ChatClient whose main code is
shown in Listing 4.6.Messagesissued by the server aim at keeping a client up-to-date about new
clients entering the chat or existing clients leaving the chat. Notice that upon subscription the chat
server provides the new client with all the nicknames of the existing clients in the chat system.

When a user enters a messagethat has to be sent, the graphical interface will send the mes-
sage to the chat server, as shown in Listing 4.7. Screenshot 4.3 shows three ChatClient s. We
remark that both the server and the clients are relieved from the details of sending and retrieving
messagesto and from the network: they use tuples and the operations supplied by KLAVA .

5 Performance Assessment

In this section we touch upon performance issues of the Klava package. In particular , we will
concentrate on those issuesrelated to accessing(local/r emote) tuple spacesand those related to
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public void execute() throws KlavaException f
if (subscribe(chatServer,name)) f
KVector allClients = new KVector() ;
in( allClients, self ) ;
frame.FillList( allClients ) ;
frame.AddText("Entered Chat!" ) ;

g else f
Print ("Registration Failed!" ) ;
return ;

g

while ( true ) f
KString messageCode= new KString() ;
KString message= new KString() ;
LogicalLocality from = new LogicalLocality () ;
in( messageCode, message,from, self ) ;
if ( messageCode.equals("MESSAGE") ) f
frame.AddText( ... ) ; // showthemessage

g else if ( messageCode.equals("PERSONAL" ) ) f
frame.AddText( ... ) ; // showthepersonalmessage

g else if ( messageCode.equals("ENTERED" ) ) f
frame.AddText("--- " + message+ " entered chat" ) ;
frame.AddName( message.toString() ) ;

g else if ( messageCode.equals("LEFT" ) ) f
frame.AddText("--- " + message+ " left" ) ;
frame.RemoveName( message.toString()) ;

g
g

g

Listing 4.6: The method execute of the node coordinator executing on the ChatClient . The
logical locality nameand the locality of the server, chatServer, are provided by the end user.

public void sendString( String s ) f
String[] clients = frame.GetSelectedNames() ;
if ( clients.length > 0 ) f
KVector names= new KVector() ;
for ( int i = 0 ; i < clients.length ; i++ )
names.addElement(new KString( clients[i] ) ) ;

out(new KString( " PERSONAL"), names,new KString(s), chatServer) ;
g else
out(new KString( " MESSAGE"), new KString(s), chatServer) ;

g

Listing 4.7: Sending a messageto the server
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Screenshot 4.3ChatClient nodes

code mobility .
In the current implementation, a tuple spaceis implemented by storing its tuples in a Vector

object. The search for matching tuples is performed sequentially, thus the average cost for re-
trieving a matching tuple is linear in the number of stored tuples. However, the classTupleSpace
abstracts from the speci�c internal representation of the tuple space,thus alternative implemen-
tations can be plugged in by simply implementing specialized subclassesof TupleSpace. For
instance, the following alternative implementations could be adopted that are basedon:

� Hashtables: the hash code of a tuple can be computed by smartly composing the hash code
of single tuple items;

� Trees: tuples are stored in a search tree, and are indexed according to types and values of
their items;

� DBMS: the tuple spaceactsasa wrapper for a databasewhere tuples are stored in a speci�c
format. The matching algorithm can retrieve tuples by meansof SQL queries or of a richer
query language. Indeed, in [Ianett, 2002], an extension of KLAVA has been developed for
storing tuples in a databasethat can be queried through the TQL query language [Conforti
etal., 2002].

Mor e elaborated techniques, such as those based on �ngerprints and summaries presented in
[Vitek etal., 2001],can also be employed.

When performing remote retrieval operations, such as, e.g., a read request to a remote site,
the remote tuple spaceis inspected by a thread executing at the remote site. Thus, apart from the
communication cost of the remote request and response,the cost of inspection of a remote tuple
spaceis the sameasthat of a local retrieval.

Inserting a tuple in the local tuple spaceconsistsin storing a referenceto the tuple in a Vector .
Obviously , this operation takes place in a synchronizedway; this is necessarybecausemany pro-
cessesmay try to concurrently accessthe same tuple space. When inserting a tuple in a remote
tuple space,the tuple is sent in a serialized form. Buffering is applied during this operation, so
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that the serialization does not interleave heavily with the network communications. Thus, the
overhead of interacting with a tuple spaceis kept to the minimum, and basically does not in�u-
encethe overall performance of the system.

The cost in time of processmigration depends on:

� the time for collecting, through JavaRe�ection, the classesused by the process(recall that
KLAVA relies on the “automatic approach”, thus the migrating processcarries also the byte
code of the classesit uses),

� the time for delivering the serialized stateof the processand the contents of the class�les.

As explained in Section 3, the (default) choice of sending a processalong with its code renders
mobile processesmore autonomous and independent of the originating site. Mor eover, it makes
processmigration an atomic operation, dif ferently from the on-demand approach that always re-
quir es a connection with the home site. However, one can disable the automatic collection and
transmission of code for a mobile processby calling the method setDeliverCode(boolean) of
class KlavaProcess . This disabling is reasonablewhen it is known that (the same version of)
the needed code is already installed at every site visited by the mobile process. The automatic
transmission of code can also be disabled when the connections are known to be solid and per-
manent: in this case,one can implement the on-demand approach either by using a low-level
remote classloading (e.g.,by using the JavaURLClassLoaderfunctionalities or the NetworkClass-
Loaderpresentedin [Bettini & Cappetta, 2001]),or by implementing a protocol using the KLAVA

communication model for exchanging code (seealso Section3).
Notice, however, that a processusually does not use many classes(apart from the onesof the

standard packages,which are not moved anyway), hence, for most of the processesexchanged
among distributed nodes, there is basically no dif ferencewhether the code is shipped or not (in
these tests every node had all the classesneeded by the processes).Thus, the way KLAVA deals
with code mobility doesnot lead to a great decreaseof performance.

An overhead imposed by the KLAVA framework includes the login (or subscription) phase
(Section2.4.2).However, this is not a frequent operation and it is common to distributed systems
where resourcesareaddressableby names(see,e.g.,JavaRMI Name Registry [Sun Micr osystems,
2002]). After this �rst step, distributed nodes basically rely on socketsand the results of the tests
we executed show that there is no noticeable dif ferencewith respect to a standard client-server
socket based application. Obviously , KLAVA nodes that rely on dir ect communications perform
better than those that communicate using a gateway, but, as explained in Section 2.4.2, dir ect
communications cannot be used in somecircumstances.

Finally, we would like to remark that issuesconcerning performance optimization are orthog-
onal to our prototype implementation. We refer the interestedreader to, e.g.,[Jagannathan,1991;
Czajkowski & Zieli ński, 1993;Kaxiras & Schoinas,1993;Rowstron & Wood, 1996;JamesB. Fen-
wick, 1998;De Nicola et al., 2000] that investigate the problem of optimizing various aspectsof
the Linda coordination model. We believe that most of theseoptimization techniques can be ex-
ploited also to impr ove KLAVA .

6 Privacy in Distributed Tuple Spaces

Sharing data over a wide areanetwork such asInternet, calls for very strong security mechanisms.
Computers and data are exposed to eavesdropping and manipulations. Issuessuch as authenti-
cation, authorizationand dataintegrity [Gollmann, 1999]are ampli�ed. Dealing with these issues
is even more important in the context of code mobility , where code or agentscan be moved over
the dif ferent sites of a net. Malicious agentscould seriously damage hosts and compromise their
integrity , and may tamper and brainwash other agents. On the other hand, malicious hosts may
extract sensible data from agents, change their execution or modify their text [Yee,1999;Sander
& Tschudin, 1998].
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The �exibility of the shared tuple spacemodel opens possible security holes; it basically pro-
vides no accessprotection to the shared data. Indeed there is no way to determine the issuer of
an operation to the tuple spaceand there is no way to protect data:

1. a processmay (possibly intentionally) retrieve/erase data that do not belong to it;

2. shared data can be easily modi�ed and corrupted.

In spite of this, within the Linda basedapproaches,very little attention has beendevoted to pro-
tection and accesscontrol.

We have extended KLAVA [Bettini & De Nicola, 2003]with cryptography: classicalLinda op-
erations are extended for handling encrypted data. Primitives are also supplied for encrypting
and decrypting tuple contents. This �ner granularity allows mobile agents(that are not supposed
to carry private keys with them when migrating) to collect encrypted data, while executing on
remote sites,and decrypt them safely when back at the home site. The proposed extension, while
targeted to KLAVA , is still general enough to be applied to similar frameworks using multiple dis-
tributed tuples spacespossibly dealing with mobility , such, e.g., [Picco et al., 1999;Arnold et al.,
1999; Ciancarini & Rossi, 1997]. Indeed, this extension represents a compromise between the
�exibility and open nature of Linda and of mobile code, and the privacy of data in a distributed
context.

The basic idea is that a tuple may contain both clear text �elds and encrypted �elds. All
the encrypted �elds of a speci�c tuple are encrypted with a single key. This choice simpli�es
the overall design and does not harm usability of the system; it would be unusual that dif ferent
�elds of the sametuple are encrypted with dif ferent keys. Encrypted �elds completely hide the
encrypted contents that they embody: they even hide the type of the contents. This strengthens
the secrecy of data (it is not even possible to know the type of sensible information).

In line with the open nature of the Linda model, our main intention is not to prohibit pro-
cessesto retrieve data belonging to other processes,but to guarantee that thesedata be read and
modi�ed only by entitled processes.A shared tuple spaceis basically a shared communication
channel: in such a channel information can be freely read and modi�ed. Should a tuple spacebe
isolated and accessibleonly by a limited number of local processes,security issueswould not be
crucial; Indeed, also cryptography is not necessarywhen working with protected communication
channels.

At the sametime one of our aims is avoiding that wr ong data be retrieved by mistake. Clear
text �elds of a tuple can be used as identi�ers for �ltering tuples (as in the Linda philosophy),
but if a matching tuple contains encrypted �elds, which a processis not able to decrypt, it is also
sensiblethat the tuple is put back in the tuple spaceif it was withdrawn with an in . Mor eover, in
such cases,a processmay want to try to retrieve another matching tuple, possibly until the right
one is retrieved (i.e., a tuple for which it has the appropriate decryption key), and to be blocked
until one is available, in caseno such tuple is found.

Within our framework it is possible to

� use tuple �elds with encrypted data;

� encrypt tuple �elds with speci�c keys;

� decrypt a tuple with encrypted �elds;

� usevariants of the operations in and read (ink and readk) to atomically retrieve a tuple and
decrypt its contents.

The modi�ed versions of the retrieving operations, ink and readk, are basedon the following
procedure:

1. look for and possibly retrieve a matching tuple,

2. attempt a decryption of the encrypted �elds of the retrieved tuple
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3. if the decryption fails:

(a) if the operation was an ink then put the retrieved tuple back in the tuple space,

(b) look for alternative matching tuples,

4. if all theseattempts fail, then block until another matching tuple is available.

Thus the programmer is relieved from the burden of executing all theseinternal tasks,and when
a readk or an ink operation succeedsit is guaranteed that the retrieved tuple has been correctly
decrypted. Basically the original Linda pattern matching mechanism is not modi�ed: encrypted
�elds are seen as ordinary �elds that have the same type. It can be seen as an extended pat-
tern matching mechanism that, after the structural matching, also attempts to decrypt encrypted
�elds.

In casemobile code is used, the above approachmay be unsafe. Indeed, symmetric and asym-
metric key encryption techniques rely on the secrecy of the key (in asymmetric encryption the
private key must be kept secret). Thus, a fundamental requirement is that mobile code and mo-
bile agents must not carry private keys when migrating to a remote site2. This implies that the
above intr oduced operations ink and readk cannot be used by a mobile agent executing on a
remote site, becausethey would require carrying over a key for decryption.

For mobile agents it is then necessaryto supply a �ner grain retrieval mechanism. For this
reason we intr oduced also operations for the explicit decryption of tuples: a tuple, containing
encrypted �elds, will be retrieved by a mobile agent by meansof standard in and read operations
and no automatic decryption will be attempted. The actual decryption of the retrieved tuples can
take place when the agent is executing at the home site, where the key for decryption is available
and can be safely used. Typically a mobile agent system consistsof stationary agents,that do not
migrate, and mobile agents that visit other sites in the network, and, upon arrival at the home
site, can communicate with the stationary agents.

Thus the basic idea is that mobile agents collect encrypted data at remote sites and commu-
nicate these data to the stationary agents, which can safely decrypt their contents. Obviously , if
somedata are retrieved by mistake, it is up to the agentsto put it back on the site from where they
were withdrawn. This restriction of the protocol for fetching tuples is necessaryif one wants to
avoid running the risk of leaking private keys. Obviously , public keys can be safely transported
and communicated. By using public keys mobile agents are able to encrypt the data collected
along their itinerary . An example of a scenariowith mobile agentsdealing with encrypted tuples
is shown in Section6.2.

Notice that there is no guarantee that a “wr ong” tuple is put back: our framework addresses
privacy, not security, i.e., even if data can be stolen, still it cannot be read. Should this be not
acceptable,one should resort to a secure channel-basedcommunication model, and give up the
Linda shared tuple spacemodel. Indeed the functionalities of our framework are similar to the
one provided, e.g., by PGP [Zimmermann, 1995] that does not avoid e-mails be eavesdropped
and stolen, but their contents are still private since they are unreadablefor those that do not own
the right decryption key.

An alternative approach could be that of physically removing an encrypted tuple, retrieved
with an in, only when the home site of the agent that performed the in, noti�es that the decryp-
tion has taken place successfully. Such a “ghost” tuple would be restored if the decryption is
acknowledged to have failed or after a speci�c timeout expired. However, this approach makes
a tuple's life time dependent on that of a mobile agent, which, by its own nature, is independent
and autonomous: agents would be expected to accomplish their task within a speci�c amount
of time. Mor eover, inconsistencies could arise in casesuccessful decryption acknowledgments
arrive after the timeout has expired.

2“Softwar e agentshave no hopes of keeping cryptographic keys secret in a realistic, ef�cient setting” [Yee,1999].
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6.1 Implementation

The extension of this package, CRYPTOKLAVA , provides the cryptography features described in
the previous section. We have used the JavaCryptographyExtension(JCE) [Sun Micr osystems,
2001],a set of packagesthat provide a framework and implementations for encryption, key gen-
eration and key agreement, and MessageAuthentication Code (MAC) algorithms. JCEde�nes a
setof standard API, so that dif ferent cryptography algorithms can be plugged into a system or an
application, without modifying the existing code. Keys and certi�cates can be safely stored in a
Keystore, an encrypted archive.

CRYPTOKLAVA is implemented asa subpackageof the packageKlava , namely Klava.crypto ,
so that it is self-contained and doesnot affect the main package. In the rest of this section we will
describe the main classesof the packageKlava.crypto , implementing cryptographic features.

The class KCipher is intr oduced in order to handle formal and actual �elds containing en-
crypted data (it follows the KLAVA convention that wrapper classesfor tuple items start with a
K). Basically it can be seenas a wrapper for standard KLAVA tuple �elds. This classincludes the
following �elds:

protected byte[] encItem; // encrypteddata
protected Object ref; // referenceto therealtuple item
protected String alg; // enc� decalgorithmtype

The reference ref will be null when the �eld is a formal �eld, or the �eld has not yet been
decrypted. After retrieving a matching tuple, encItem will contain the encrypted data (that is
always stored and manipulated as an array of bytes). After the decryption, ref will refer to the
decrypted data. Conversely, upon creation of an actual �eld, ref will contain the data to be
encrypted; after encryption, encItem will contain the encrypted data, while ref will be set to
null (so that the garbage collector can eventually erasesuch clear data also from the memory).
alg storesinformation about the algorithm used for encryption and decryption.

An actual encrypted tuple �eld can be createdby �rstly creating a standard KLAVA tuple �eld
(in the example a string) and then by passing such �eld to an instance of classKCipher:

KString s = new KString( "foo" );
KCipher ks = new KCipher(s);

Similarly the following code createsan encrypted string formal tuple �eld 3:

KString s = new KString();
KCipher ks = new KCipher(s);

KCipher supplies methods enc and dec for respectively encrypting and decrypting data rep-
resented by the tuple �eld. These methods receive, as parameter, the Key that has to be used
for encryption and decryption, and enc also accepts the speci�cation of the algorithm. These
methods can be invoked only by the classesof the package.

The classTuplex extends the standard KLAVA classTuple , in order to contain �elds of class
KCipher, besidesstandard tuple �elds; apart from providing methods for cryptographic primi-
tives, it also servesasa �rst �lter during matching: it will avoid that ordinary tuples (containing
only clear text data) be matched with encrypted tuples. Once tuple �elds are inserted into a
Tuplex object, the KCipher �elds can be encrypted by meansof the method encode. For instance,
the following code

KString ps = new KString( "clear" );
KCipher ks = new KCipher( new KString( "secret" ));
Tuplex t = new Tuplex();
t.add(ps); t.add(ks);
t.encode();

3We recall that, in KLAVA , a formal �eld is created by instantiating an object from a KLAVA classfor tuple �elds (such
asKString , KInteger , etc.) through the default constructor.
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createsa tuple where the �rst �eld is a clear text string, and the second is a �eld to be encrypted,
and then actually encrypts the KCipher �eld by calling encode. Also encode can receiveparam-
eters specifying the key and the algorithm for the encryption; otherwise the default values are
used. encode basically calls the previously described method enc on every KCipher tuple �eld,
thus ensuring that all encrypted �elds within a tuple rely on the samekey and algorithm.

As for the retrieval operation, this can be performed either with the new intr oduced opera-
tions, ink and readk, if they are executedon the local site

KString s = new KString();
KString sec= new KString();
KCipher ks = new KCipher(sec);
Tuplex t = new Tuplex();
t.add(s); t.add(ks);
ink(t, l);
Print( "encrypted data is: " + sec);

or by �rst retrieving the tuple and then manually decoding encrypted �elds:

KString s = new KString();
KString sec= new KString();
KCipher ks = new KCipher(sec);
Tuplex t = new Tuplex();
t.add(s); t.add(ks);
in(t , l);
...
t.decode();
Print( "encrypted data is: " + sec);

Notice that in both casesreferencescontained in an encrypted �eld (suchassec) areautomatically
updated during the decryption. The ink in the former example is performed at a remote site
but this does not mean that the key travels in the net: as explained in the previous section, the
matching mechanism is implicitly split into a retrieve phase (which takes place remotely) and a
decryption phase(which takes place locally).

Operations ink and readk are provided as methods in the class KlavaProcessx , which ex-
tends the class KlavaProcess for standard processes(Section 2.5). KlavaProcessx also keeps
information about the KeyStore of the processand the default keys to be used for encryption and
decryption. Obviously these �elds are transient so that they are not deliver ed together with
the process,should it migrate to a remote site. All theseextended classesmake the extension of
KLAVA completely modular: no modi�cation was made to the original KLAVA classes.

Finally, let us observe that, thanks to abstractions provided by the JCE,all the intr oduced op-
erations are independent of the speci�c cryptography mechanism, so both symmetric and asym-
metric encryption schemescan be employed.

6.2 Programming Examples

In this section we will present two examples implemented using CRYPTOKLAVA : the �rst one is
a chat system where somemessagestravel encrypted, and the secondone is a modi�cation of the
classical collecting-agent, where the mobile agent carries encrypted data that will be decrypted
by the owner of the agent at its local site. The �rst example doesnot deal with mobile agents,but
it presentsthe new primitives in action in a distributed context.

An Encrypted Chat System

The chat system we present in this section is a variant of the one implemented in KLAVA , pre-
sented in Section4.3,with the addition of cryptography for private messages.

Messagesare normally deliver ed through the network as clear text, so they can be read by
everyone:
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� an eavesdropper can intercept the messagesand read their contents;

� a misbehaving chat server can examine clients' messages.

Mor eover, the messagesmight also be modi�ed so that a client believes he is receiving messages
from another client, while it would be reading messagesforged by a “man in the middle”.

While this is normally acceptable,due to the open nature of a chat system, nonethelessthere
could be situations when the privacy and integrity of messagesis a major concern; for instance
if two clients want to engage a private communication. This is a typical scenario where cryp-
tography can solve the problem of privacy (through encryption) and of integrity (through digital
signatures).

In this example we implement a chat server and a chat client, capable of handling private
encrypted messages:

� when the client wants to send a private messageto a speci�c receiver, it encrypts the body
of the messagewith a key;

� the server receivesthe messageand simply forwar ds it to the receiver;

� the receiver will receivethe messagewith the encrypted body and it can decrypt it with the
appropriate key.

Notice that clients that want to communicate privately must have agreed about the speci�c key
to be used during the private messageexchange;this is de�nitely the casewith symmetric keys.
As for public and private key encryption the receiver can simply use its private key, to decrypt a
messageencrypted with its own public key.

A private messageis representedby a tuple with the following format:

("PERSONAL", < body> , < recipient> , < sender> )

where< recipient> and < sender> are,respectively, the locality of the client the messageis destined
to and the locality of the issuer of the message.Basically, when a client wants to send a message
with an encrypted body, it will have to perform the following steps:

Tuplex t = new Tuplex() ;
KCipher cryptMessage = new KCipher( message) ;
t.add( new KString( " PERSONAL") );
t.add( cryptMessage ) ;
t.add( selectedUser) ;
t.add( self ) ;
t.encode();
out( t, server ) ;

where messageis the actual messagebody.
The server handles encrypted messagesby retrieving them through the following actions (it

will deliver the tuple without the �eld < recipient> , which is uselessat this time):

KString message= new KString() ;
KCipher cryptMessage = new KCipher( message) ;
Locality to = new PhysicalLocality () ;
Locality from = new PhysicalLocality () ;
Tuplex t = new Tuplex() ;
t.add( new KString( " PERSONAL") );
t.add( cryptMessage ) ;
t.add( to ) ;
t.add( from ) ;
in( t, self ) ;

and it delivers the messageto the recipient as follows:

out( new Tuplex(new KString (" PERSONAL"), cryptMessage, from), to );
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Screenshot 6.1 A chat client is sending an encrypted messageto another chat user; the dialog
allows to insert the passphrasesfor the keystore and the key to use for the encryption.

On the other hand, the receiver, which is always waiting for incoming messages,will read and
decrypt a message(in one atomic step), by meansof the operation ink :

KString message= new KString() ;
KCipher cryptMessage = new KCipher( message) ;
KString from = new KString() ;
Tuplex t = new Tuplex() ;
t.add( new KString( " PERSONAL") ) ;
t.add( cryptMessage ) ;
t.add( from ) ;
ink( t, self ) ;
Print( "Received message: " + message);

Both the server and the clients executetheseoperations within the loop for handling incoming
messages.

In Screenshot6.1a chat client, lore , is shown that is sending an encrypted private messageto
another chat user, betto . A dialog pops up to let the send choosethe key to use for encryption
(and the keystore where the key is stored). Screenshot 6.2 shows the recipient client: a similar
dialog pops up to communicate that he has just received an encrypted message;the key for de-
cryption must be chosen by the client according to the sender of the message. Finally the clear
text original messageis shown on the screenof the recipient.

A mobile agent exploiting encryption

This example relies on the well known scenario of a migrating agent visiting some sites and col-
lecting information on behalf of the owner. During its itinerary , the agent is exposed to attacks
from the sites themselves or from possible eavesdropping processeson other sites. The informa-
tion collected by the agent could be read and possibly modi�ed by these intr uders. Since this
information could be sensibledata, it is important that it is not accessibleby no one but the owner
of the agent and the agent itself.
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Screenshot 6.2 The recipient chat client is receiving an encrypted messageand decrypts it with
the appropriate key.

For this reason the agent will encrypt, with the public key of its owner, the data collected
during its itinerary , so that, even if eavesdropped, thesecannot be read by intr uders. The agent
can safely travel with the public key, and the collected data, once the agent has safely come back
home, can be decrypted by the owner by means of his private key. Unfortunately this does not
come at no cost: it is a well-known problem (see,e.g., [Yee,1999])that the agent is not able to act
according to the information collected during its itinerary sinceit cannot decrypt data (it doesnot
hold the private key):

KString s1= new KString() ;
KString fString1 = new KString() ; // retrievecleartext data...
in(s1, fString1, self, 1000);
Tuplex txf1 = new Tuplex();
txf1.add(s1);
txf1.add(new KCipher(fString1));
txf1.encode(my public key) ; // ... encryptit
collectedData.add(txf1) ;

if ( ! done ) f
// ... migrateto thenext site

g else f
out(collectedData, owner) ;

g

Once the owner receivesthesedata he can try to decrypt them, once they are safely stored in
its local tuple space:

// decryptthecollecteddatastoredin the
// thelocaltuplespace
...
Tuplex txf2 = new Tuplex() ;
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while ( true ) f
KString s1= new KString() ;
txf2.add( s1) ;
KString fString1 = new KString() ;
KCipher k = new KCipher ( fString1 ) ;
txf2.add( k ) ;
if (readk nb( txf2, self, 100)) f

out( "decoded" , s1,fString1, self ) ;
txf2.resetOriginalTemplate();

g else f
Print ("All possible data decoded" ) ;
break ;

g
g

In the previous code excerpt, readk_nb is the non-blocking version of readk (the processis not
blocked if no matching tuple is available); resetOriginalTemplate , which clears the tuple con-
tents without erasing its identity , bringing back the original formal �elds of the original template,
allows to iterate through a tuple space,without retrieving the sametuple twice (seeSection2.1).

Let us now consider a slightly dif ferent scenario: the sites visited by mobile agents want to
be sure that information destined to speci�c entities cannot be read by others. Even in this case
asymmetric encryption helps in solving this problem: the site encrypts data for a person A with
the public key of A. This way, even if a mobile agent is able to retrieve data that does not belong
to its owner, these data will be uselesssince they cannot be decrypted. The example we show
here implements this scenario: the mobile agent retrieves data according to a speci�c identi�er
(represented here by the string s1). The data related to this identi�er are encrypted. Once the
itinerary of the agent is over, the agent sendsall the collected data to its owner.

Tuplex txf1 = new Tuplex() ;
KString s1= new KString( "item1" ) ;
txf1.add( s1) ;
KString fString1 = new KString() ;
KCipher k = new KCipher( fString1 ) ;
txf1.add( k ) ;
read(txf1, self) ;
collectedData.add(txf1) ;

if ( ! done ) f
// ... migrateto thenext site

g else f
out(collectedData, owner) ;

g

Notice that the previous agent, instead of reading data through the tuple

("item1" , !k)

could also read with the tuple

(!s, !k)

This way, it would be able to retrieve also data that is not pertinent with "item1" (possibly data
that do not belong to its owner). However the agent owner will not be able to decrypt tuples that
do not belong to him, sincehe does not own the keys for decrypting them.

Mor eover the type of encrypted data, for the sake of security and privacy, is hidden, so the
agent could also retrieve remotely encrypted tuples of the form ("item1" , !k) where k does not
contain a string. In this case,at the owner site, such tuples would not be retrieved, since,during
an ink or readk, oncean encrypted �eld is decoded, its type is used for the actual matching.
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CZA JKOWSKI , G., & Z IEL I Ń SKI , K. 1993.Extension of Strand with Linda-like Operations. Imple-
mentation and Performance Study. In: TICK , E. (ed), Proc.Workshopon PracticalImplementa-
tionsandSystemsExperiencein LogicProgramming.

DE N ICOLA , R., FERRA RI , G., & PUGLIESE, R. 1998. KLA IM : a Kernel Language for Agents
Interaction and Mobility. IEEETransactionsonSoftwareEngineering, 24(5), 315–330.

DE N ICOLA , R., PUGLIESE, R., & ROWSTRON , A . 2000. Proving the Correctnessof Optimising
Destructive and Non-destructive Reads over Tuple Spaces. Pages66–80of: PORTO, A ., &
ROM A N , G-C. (eds),Proc.ofCoordination2000.

DEUGO, D. 2001. Choosing a Mobile Agent Messaging Model. Pages278–286of: Proc.of ISADS
2001. IEEE.

GELERN TER, D. 1985. Generative Communication in Linda. ACM Transactionson Programming
LanguagesandSystems, 7(1), 80–112.

GELERN TER, D. 1989. Multiple Tuple Spacesin Linda. Pages20–27of: ODIJK , E., REM , M ., &
SYRE, J. (eds), Proc.Conf.on ParallelArchitecturesand LanguagesEurope(PARLE 89). LNCS,
vol. 365. Springer.

GOLLM A N N , D. 1999.ComputerSecurity. JohnWiley & Son.

GON G, L . 1999. InsideJava2 platformsecurity: architecture,API design,and implementation. Addi-
son-Wesley.

H OH LFELD , M ., & YEE, B.S. 1998.How to Migrate Agents. Available at
http://www.cs.ucsd.edu/~bs y.

IA N ETT, R. 2002.MOBILE TQL: Interrogazionedi DatabaseDistribuiti XML conAgenti Mobili. Mas-
ter thesis,Dip. di Informatica, Univ. Pisa.

JA GA N N ATH A N , S. 1991. Optimizing Analysis for First-Class Tuple-Spaces. In: N ICOLA U , A .,
GELERN TER, D., GROSS, T., & PA DUA , D. (eds), Advancesin Languagesand Compilersfor
ParallelProcessing. MIT Press.

JA M ES B. FEN WICK , JR. 1998.CompilerAnalysisandOptimizationof LindaProgramsfor Distributed-
memorySystems. Ph.D. thesis,Univ. of Delaware.

KA XIRA S, S., & SCH OIN A S, I . 1993. Dynamic Optimizations in Linda Systems.
http://www.cs.wisc.edu/~ka xi ra s.

KORPELA , E., WERTH IM ER, D., A N DERSON , D., COBB, J., & LEBOFSKY, M . 2001. SETI@home:
Massively Distributed Computing for SETI. IEEE Computingin ScienceandEngineering, Jan-
uary.

PA RK , A .S., & REICH L , P. 1998.PersonalDisconnected Operations with Mobile Agents. In: Proc.
of3rd WorkshoponPersonalWirelessCommunications,PWC'98.

PICCO, G.P., M URPH Y, A .L., & ROM A N , G.-C. 1999.L IM E: Linda Meets Mobility. Pages368–377
of: GA RLA N , D. (ed), Proc.of the21st Int. Conferenceon SoftwareEngineering(ICSE'99). ACM
Press.

ROWSTRON , A ., & WOOD , A . 1996. An Ef�cient Distributed Tuple SpaceImplementation for
Networks of Workstations. Pages511–513of: BOUGE, L ., FRA IGN IA UD , P., M IGN OTTE, A .,
& ROBERT, Y. (eds),EuroPar96, vol. 1123.Springer.

SA N DER, T., & TSCH UDIN , C. 1998. Protecting Mobile Agents Against Malicious Hosts. In:
V IGN A , G. (ed), MobileAgentsandSecurity. LNCS, vol. 1419.Springer.

SUN M ICROSYSTEM S. 2001.JavaCryptographyExtension(JCE),RefenceGuide. available on line.

37



SUN M ICROSYSTEM S. 2002.RMI, RemoteMethodInvocation.
http://java.sun.com/produc ts /j dk/r mi.

V ITEK , J., & TSCH UDIN , C. (eds).1997.MobileObjectSystems- TowardstheProgrammableInternet.
LNCS, no. 1222.Springer.

V ITEK , J., BRYCE, C., & ORIOL , M . 2001. Coordinating Processeswith Secure Spaces.Scienceof
ComputerProgramming. To appear.

YEE, B.S. 1999.A Sanctuary For Mobile Agents. Pages261–273of: V ITEK , J., & JEN SEN , C. (eds),
SecureInternetProgramming:SecurityIssuesfor DistributedandMobileObjects. LNCS, no. 1603.
Springer-Verlag. Also Technical Report CS97-537,University of California at SanDiego.

Z IM M ERM A N N , P.R. 1995.TheOf�cial PGPUser'sGuide. MIT Press.

38



Index

JCE, 30
PGP, 29
SETI, 23
ink , 28
readk, 28
CRYPTOKLAVA , 30
ClassNotFoundException , 16
KBoolean, 5
KCipher, 30
KInteger , 5
KString , 5
KVector , 5
KlavaProcessPacket , 16
KlavaProcessVar , 6, 9
KlavaProcessx , 31
KlavaProcess , 15
KlavaSecurityManager , 19
Locality , 6
LogicalLocality , 6
NetNodeProxy, 15
NodeClassLoader, 16
NodeHandler, 10
NodeMessage, 10
NodeProxy, 15
PhysicalLocality , 6
ServerSocket , 13
TupleItem , 5
TupleSpace, 7
Tuplex , 6
Tuple , 4
closeProcess , 10
equals , 5
getPhysicalLocality , 10
here, 9
isFormal , 5
match, 5
self , 9
setValue , 5

accessprotection, 28
actual �eld, 3, 4
allocation environment, 4, 6, 9
anonymous, 3
applet, 12
authentication, 27
authorization, 27
autonomy, 18

bandwidth, 7

certi�cate, 30
chat system, 23,31

classloader, 16
closure, 10
code mobility , 15
communication

anonymous, 3
associative,3
asynchronous, 3

computational environment, 8
connection protocol, 14
content-addressable,3
credit, 21
cryptographic, 19

data integrity , 27
decrypting, 28
destination uncoupling, 3
digital signature, 32
dir ect connection, 13
disconnected operation, 16
dynamic scoping, 10
dynamically linked, 18

eavesdropping, 27
encrypted �eld, 31
encrypted tuple, 30
encrypting, 28
execution engine, 8
execution environment, 15
execution state,18

�at, 4
formal �eld, 3, 4
full mobility , 18

gateway, 8, 10
GUID, 6

heterogeneous,3
hierarchical net, 4

integrity , 32
itinerary , 33

JavaRe�ection API, 16

key, 30
Keystore, 30

latency, 7
load balancing, 21
locality, 3
logical locality, 6

39



MAC, 30
malicious, 27
man in the middle, 32
manipulation, 27
migrating agent, 33

news gatherer, 19
node connectivity, 4
node coordinator , 11
NodeCoordinator , 4

objective mobility , 23
on-demand, 16

pattern
leaky bucket of credits, 21

pattern-matching, 3, 5
peer to peer, 13
performance, 24
physical locality, 6
privacy, 29,32
private communication, 32
private key, 19,29,32,34
private message,31
program counter, 18
propagation, 15
proxy, 10,15
public key, 29,32,34
pull, 23
push, 23

reaction, 24
reboot, 19

safety, 19
security, 29
shared data, 28
shutdown, 19
spaceuncoupling, 3
stack,18
static scoping, 10
strong mobility , 18,23
subnet, 4, 8
subtyping, 6
super user, 11
symmetric key, 32

time uncoupling, 3
time-out, 8
topology, 4
tuple, 3, 4
tuple space,3

weak mobility , 18

40


