M o

b

i

l e Ne

t

wor

k Ob

je

ct

s

R o

b e r t A

.

S h i ll ner an

d

Ed

wardW.

F eltenDe pt. of

Co mp

uter Science

Princeton

Uni

versit

y

f r a s , f e l te n

g @ cs

.

pr inceton.e

d

u A b

s

t r a ct

W e

de

s

c r i be ex

te nsi

ons to the

D

E

C S

RCModu

l a - 3

network objects syste m which support migration of

network ob jects between address spaces.

Unlike other

mobile ob ject systems, we use an existing program-

ming language rather than inventing a new language

with ob ject mobility primitives, and we require no

changes to the compiler, standard runtime library, or

operating system.This paper details the design, im-

plementation and performance of our mobile ob jects

system and two sample applications which use the

system. 1

I

ntro

d

uct

ionThen e t w o r k ob

je ct s paradigm[

2 ] for distributed

programming combines ob ject-oriented programming

with remote procedure call(R

PC

).

A network object

is an ob ject whose methods may be invoked by pro-

cesse s other than the one which contains the ob ject.

The methods of a network ob ject always execute on

the ob ject’s home node; if the network ob ject does not

reside in the caller’s address space, then the system

performs a remote metho d ca

l l, an action analagous

to a remote procedure call.

This paper describes the design, implementation,

and performance of a network ob jects system that

supports ob ject mobility.Our implementation is an

extension of an existing (non-mobile) network ob jects

package, the DEC SRC Modula-3 network ob jects

system [2]. Our system di�ers from most mobile-

ob ject systems in that we use an existing program-

ming language rather than inventing a new language

with ob ject mobility primitives (unlike many other

systems [7, 3,1,

4,

6]), and we require no changes

in the compiler, standard runtime library, or oper-

ating system (unlike Amber [5]). Despite these con-

straints, our system maintains the good features of

the original DEC SRC network ob jects system: ease of use, automatic marshalling of complex data struc-

tures, reasonable response to failures, and fast exe-

cution of local calls. Although our implementation

requires the Modula-3 language, our techniques can

be used to add mobility to any reasonably functional

network ob jects system.1

.1 W

h

y m

i

g r a t e o

b je

ct

s

? It is well known that the power and exibility of a

network ob jects system are enhanced if the network

ob jects are able to migrate between address spaces.

There are many reasons to migrate ob jects [7]:� to exploit locality by migrating ob jects to the

sites where they are used most often;

� to balance load between machines by migrating

ob jects from heavily loaded machines to lightly

loaded machines;

� to improve scalability by migrating work from a

heavily loaded server to its clients;

� to dynamically recon�gure a running distributed

program by migrating ob jects to a newly added

server or migrating ob jects away from a server

that is about to shut down.

To illustrate some of the bene�ts of network ob ject

mobility, consider the example of a trivial �le ser-

vice [2].Figure 1 shows Modula-3 type declarations

for a �le service network ob ject and a �le network

ob ject. A client which remotely invokes the �le ser-

vice’s o p e n method receives a remote handle on a �le

ob ject. The client can then remotely invoke the �le’sge t

C h a r and eof methods. If network ob jects can-

not move, then all of the �le ob jects must exist on the

server node only. In this case, every getChar invo-

cation involves a network round-trip, and the server

node becomes a central bottleneck, limiting scalabil-

ity. Page 1

T Y P E

F i l e Se r vi ce = Ne t O b j .T O B JE CT

MET HO DS

o pe n (n a me : TE XT ): File ;

END;

File = NetObj.T OBJECT

O VE RR IDES

getC har(): CH AR;

eo f(): BOO LEAN;

END;

F i g u r e 1 : O b je c t t y pe dec l arati o n s for a tri vial �le

service .

Net wor k ob ject mobility can improve t he system ’s

performance in several ways. For e xample , a �le

ob ject can move to the client node that opened it.

Subse quent g e t C h a r operations involve no network

communication, and the central server becomes less

loaded. The �le network ob ject can move back to the

server when the client �nishes with it.

Another approach involves using multiple servers

which migrate network ob jects between themselves,

but which do not pass ob jects to clients. Under this

scheme, a server which holds too many �le network

ob jects (or whose �le ob jects are very busy ) can mi -

grate some �le ob jects to other servers, thus balanc-

ing the workload across all of the servers. The clients

remain oblivious to the movement of the �le ob jects,

because a remote invocation automatically goes to

the current holder of the invoked ob ject. New ma-

chines can join the server group by acquiring some

of the �le ob jects held by the existing servers, and

a machine can leave the group by sending all of its

�le ob jects to other servers. The result is a \multi-

server: " a multi-node distributed �le service that can

scale by adding more server nodes.

The following section provides an overview of the

original D E C S RC network ob jects system. Sub-

sequent sections describe the mobility facilities we

added, their performance, two sample applications we

implemented with the system, and some limitations

we see in our approach.

2 M o d u l a - 3 n e t wo r k o b je ct s

Rather than build a mobile network ob jects system

from scratch, we extended the DEC SRC network ob-

jects system [ 2 ], a network ob jects implementation for

the Modula- 3 programming language [ 8]. Modula-3 is an ob ject-oriented language, with a strong type sys-

tem, singly-inherited ob ject types, automatic garbage

collection and multiple threads of control. The orig-

inal DEC SRC network ob jects system supports sta-

tionary network ob jects. The system �ts neatly

into Modula-3 programming style, and it leverages

the Modula-3 type system to provide powerful mar-

shalling of arbitrary parameter types.

This section reviews the original DEC SRC network

ob jects system. Section 3 describes how we modi�ed

this system to support mobility.

2 . 1 A b s t r a ct a n d c oncr ete net wor k

ob jects

A Modula-3 ob ject is a data record paired with a

method suite [8]. Each method has a s i g n a t u r e

(names and types of its arguments plus a return type)

and a b o d y which contains the method’s code. A new

ob ject type A 0 may be declared as a subty pe of an

existing ob ject type A. In this case, type A 0 in herits

the data �elds and methods of A. A 0 may declare

additional methods and �elds, and may optionally

o verride the bodies of some of the methods it inher-

its from A. An important property of subtyping is

that a value of type A 0 may be assigned to a variable

of type A (see Figure 2). All Modula-3 ob jects are

reference types: they reside in the garbage-collected

heap and are accesse d via pointers.

The Modula-3 network ob jects system uses sub-

typing and inheritance to separate the interface and

implementation of network ob ject methods. The ab -

stra ct ob ject type speci�es the public interface to a

network ob ject. The abstract type contains the signa-

tures of the methods which may be invoked remotely,

but it does not contain any method bodies or data

�elds ; it is a \pure" type. The concrete object type

implements the network ob ject: it is a subtype of the

abstract type, and it implements the abstract type’s

methods by overriding them. The concrete type con-

tains the data �elds which give the network ob ject its

state.

No network ob jects of the abstract type are ever

instantiated; instead, the user creates ob jects of the

concrete type. Clients who know only the abstract

type can execute a concrete ob ject’s methods (since

they are overrides of the abstract methods), but they

cannot directly access the concrete data �elds, which

do not exist in the abstract type.

Page 2

T Y P E

A = O B JE CT

MET HO D S

f oo ( ) := N I L ;

END;

AP r i m e = A OBJECT

O VE RRIDES

foo := Foo;

END;

PROCED URE Foo( se lf: APrime) =

BE GIN

...

END Foo;

VAR

a: A := NE W(APrime); ( * Le gal. *)

aPrime: APrime := NEW(A); (* Illegal ! *)

F i g u r e 2 : Su b t y pi ng an d in heritan ce in M odu la - 3 .

Type A i s an ob ject type with one method , f oo, the

body o f which is N I L. Type A P r i m e is a subtype of A.

APrime inherits foo from A, but o verrides it in order

to give it a body, the procedure Foo. The de �nitions

of the variables a and aPrime demonstrate the rules

for assignment of subtypes.

2 .2 S u rr o g a t e o b je ct s a n d re mote

met ho d ca lls

When a pointer to a concrete networ k ob ject is passed

across the network, the system creates a s u rr o g a t e o b -

je ct in the recipient. The surrogate acts like a remote

handle on the concrete ob ject |methods invoked on

the surrogate actually e xecute at the concrete ob ject.

The surrogate ’s type is a subtype of the abstract type,

so it inherits all of the abstract type’s methods. The

surrogate overrides the abstract methods with stub

methods that perform remote procedure calls to the

concrete ob ject. As in a traditional R P C system, a

stub compiler generates the surrogate type de�nitions

and stub methods from the abstract type.

Arguments and results of remote method calls must

be mars ha l le d into byte streams for transmission

across the network. The Modula-3 network ob jects

system provides a powerful marshalling facility which

is general enough to handle almost any data type, in-

cluding arrays, records, ob jects, and pointers to ar-

bitrary graph structures . Data structures are mar-

shalled through a process called p ic kli ng ; pickling

a data structure involves recursively traversing the

concrete objtbl

surrogate

Figure 3: The ob ject table in the original D EC SRC

network ob jects system is a hash table which maps

wirereps to concrete and surrogate network ob jects.

The heavy arrows represent the user’s pointers to the

ob jects.

structure until all of its state has been encapsulated

into a byte stream, or pickle. Pickling preserves shar-

ing and pointer cycles. Unmarshalling a pickle creates

an exact copy of the original structure. The pick-

ling package is also customi zable: the programmer

can provide code to specially pickle and unpickle any

given datatype.

2. 3 Pro pagat ion o f surrogates

The network ob jects system uses the custom pick-

ling facility to propagate surrogate ob jects around

the network. When the system pickles a network ob-

ject (concrete or surrogate ), the result is a wirerep. A

wirerep is a h s pa ceI D, o b jN um i pair, where a spaceID

uni quely identi�es an address space, and an objNum

uniquely identi�es concrete ob jects created in the

same address space. The wirerep for a surrogate is

equal to the wirerep for the corresponding concrete

ob ject. Thus, a wirerep acts as a unique network-

wide reference to a particular concrete ob ject.

When a wirerep arrives in an address space, the

runtime system must unpickle the wirerep into a

pointer to a local ob ject. Each address space main-

tains an object table , which maps wirereps onto point-

ers to local concrete and surrogate network ob jects

(see Figure 3). If a newly-arrived wirerep has an en-

try in the ob ject table, then the result of unpickling

the wirerep is the network ob ject given in the table

entry. If the wirerep has no entry in the ob ject ta-

ble, then the runtime system must create a surrogate.

To do this, the system contacts the concrete ob ject’s

owner (as given in the spaceID �eld of the wirerep)

to discover the type of the concrete ob ject. Then the

Page 3 sys t e m c re ates ane w l ocal surro gate ob ject of the ap

-

propr iate type, puts an entry for the wirerep into the

local ob ject table, and returns a pointer to the new

surrogate .

Contacting a concrete ob ject’s owner in

this way is called making ad i r t y c a l l.2

. 4 G a r ba g e c o llec t io n and the s p ecial

object

In addition to providing type information to prospec-

tive surrogate-holders, dirty calls also serve to inform

the concrete ob ject’s owner of the presence of surro-

gates.

The owner records the set of address spaces

which hold surrogates for a particular concrete ob-

ject in that ob ject’s dirtys et | each dirty call adds

another address space to the set.As long as a con-

crete ob ject’s dirty set is nonempty, the concrete ob-

ject must have an entry in its owner’s ob ject table,

which protects the concrete ob ject from the garbage

collector.

When a surrogate-holder’s local garbage collector

deallocates a surrogate, it makes a clean cal l to the

concrete ob ject’s owner. A clean call removes its

caller from the concrete ob ject’s dirty set. When

all of the surrogates have called in clean(making

the ob ject’s dirty set empty), the owner removes

the concrete ob ject from its ob ject table. If no lo-

cal references to the concrete ob ject exist, it may

also be garbage collected.Dirty and clean calls pro-

vide network-wide reference-c ounting garbage collec-

tion for network ob jects.

Dirty and clean calls are actually the methods of a

distinguished network ob ject called the specialo b ject.Each address space has one concrete special ob ject,

and each address space can construct a surrogate for

any other address space’s special ob ject. The network

ob jects runtime systems in various address spaces in-

voke methods of the special ob jects to communicate

with each other. As with all remote method calls,

special ob ject method calls may have arguments and

return values.For example, the arguments to a dirty

call are the wirerep of the ob ject and the address of

the node making the call. The return value is the

type information from which the caller constructs a

surrogate. 3

O b j e c t m o vementOur goal was to add ob ject migration to the original

DEC S

RC network ob jects system without changing

the language. The original system has three com-

ponents: a runtime library, a stub generator and a

name-service daemon. We were willing to modify

S S S S

C

S

S a C

S S

C S b

Figure

Abstract view of object movement. Figure 4a shows four address spaces. One address space contains a concrete object, and the other three contain surrogates for that object. The dotted arrows show the correspondence between the surrogates and the concrete object. Figure 4b shows the four address spaces after the concrete object has moved to a new owner. The old owner and the other address spaces have new surrogates which refer to the concrete object at its new owner. The old copy of the object and all of the old surrogates are left to be garbage collected.

all of these parts, but we did not want to change the

Modula-

3 compiler, linker, or standard library, or the operating system. These restrictions ruled out features which re quired thread migration or dynamic code linking. Thus, when an object moves in our system, in-progress remote method calls must execute in their entirety either at the original owner or at the new owner, and any node which wants to acquire ownership of a concrete object must already contain code for the object’s methods.

Figure 4 gives a before-and-after illustration of object mobility. The general idea is that a node which holds a surrogate may request ownership of the corresponding concrete object. The object’s owner responds to such a request by sending the concrete object to the requestor, who becomes the object’s new owner

; the old owner becomes an ordinary surrogate-holder. The system eventually informs other surrogate-holders of the object’s movement; they create new surrogates, which refer to the object at its new location. In the meantime, the old owner forwards remote method invocations on to the new owner.

Page 4

3 . 1 P r o x y o b j e c t s

B e c a u se ou r s ys te m ca nnot m i grate t hrea ds , it cannot mo

ve concrete o b jects which contain active method invocations

; objects must be i d l e be fore they can move

. Thus, the system must perform a cce ss m o ni -

to rin g : it must keep track of how many active ca lls are in progress at every concrete object in the system.

Since concrete objects ’ methods are written and com - piled by the user, we cannot change them, so we must enclose each concrete object in some kind of wrapper that performs access monitoring.

We call this wrapper a

pro x y. 1 Structurally, the pro

xy is an object with the same abstract type as the concrete object itself.

Each proxy contains a pointer to the object it wraps; we say the proxy g

uards the wrapped object. Each method of the proxy contains a call to the corresponding method of the

\real " concrete object, sandwiched between two pieces of access monitoring code

(as described in section

3. 2 ). Because the system must perform access monitoring for both local and remote calls, user programs must use pointers to the proxy rather than direct pointers to the concrete object.

Using proxies is transparent because a proxy exports the same abstract interface as the object it guards, and it forwards all method calls to the guarded object.

Proxies play another important role in object movement. When a concrete object migrates away from an address space, the runtime system replaces it with a surrogate which refers to the concrete object’s new remote owner. Since the new surrogate and the old concrete object have di

�erent memory addresses, the system must replace all pointers to the old version of the concrete object with pointers to the new surrogate.

If user processes could have direct pointers to a mobile object, the runtime system would have to track down all pointers to the object and change them; these pointers could be in the heap, in the stack of any thread, in machine registers, or in a register save area. In our system, the only direct pointer to a local concrete object resides in the object’s proxy, and so the runtime system needs to change only the proxy when the object moves.

Our system also guards each surrogate object with a proxy. The system must \repoint" a surrogate object after each movement of the concrete object to which it refers, to ensure that remote method calls made through the surrogate go to the most recent known location of the concrete object. The original

Modula-3 network objects system does not contain any facility for \repointing" surrogates.

Adding such

1 W e u se t he te r m \ pr o x y " i n a di �erent sense than does

Shapiro [ 9 ] . Shapiro ’s proxies are more li ke our surro gates.

surrogate concrete

proxy objtbl proxy

3 . 2 A cc e ss M o n i to rin g

R e c a ll t hat acce ss m o n ito rin g kee ps track o f ho w man

y metho d calls are c urrently e xecuting on an o b -

ject ; this is necessary in order to detect when objects are idle

, since only idle objects can mo ve . Access monitoring is necessary only at proxies which guard concrete objects.

It can be omitted at proxies that guard surrogate objects because surrogates never move.

Our access monitoring scheme centers on two properties of a concrete object

: its r e fere n ce c o un t and its

st ate. The reference count is the number of threads which are executing methods of the object. The state can be one of the following values:

A c t i v e is the \normal " state of a concrete object.

Active objects may accept method invocations.

M ove Pe n din g denotes that the object is waiting to be moved.

No new method invocations are allowed on MovePending objects, but existing method calls continue to run until they return.

When they the reference count becomes

zero, the object can move.

In T r an sit objects are moving from node to node.

No new or existing method invocations are allowed on InTransit objects.

Ne w l y Fetc hed objects have just arrived in a new address space, but are not yet ready to receive method invocations. No new method calls are allowed on such an object until its state changes back to Active.

Note that only the Active state allows new method calls. Thus, while an object is in the Active state, the reference count may increase

(via method invocation ) or decrease (via method return). While an object is in MovePending state, the reference count may only decrease, because no new method invocations may begin. The states InTransit and NewlyFetched re-

quire the reference count to be zero; that is, the object must be idle.

Get O b j and Dro pObj are responsible for maintaining the invariants governing the relationship between a concrete object

’s state and its reference count.

They do this by sta

ll in g method calls which would violate the invariants.

Pseudocode for GetObj and

DropObj appears in

Figure 6.

GetObj begins by acquiring the lock

2 which guards the access control information for the object. It then

2 A c t u a ll y , i n o r d er to ma ke local call s faster, we use an e

qui valent but more elaborate lockin g sc heme that, for most o

perations, uses a faster \spin lock " type mechanism rather than a general lock, but falls back on the general lock in some gets a pointer to the object guarded by the proxy. If this object is a surrogate, GetObj releases the lock and returns immediately.

If the guarded object is a concrete object, GetObj checks the state to see whether new method calls are allowed. If so, GetObj increments the reference count, releases the lock, and returns. Otherwise, GetObj waits on the condition variable pro

xy .changed, which the runtime signals when the object’s state changes, or when the proxy is updated to guard a di

�erent object. Waiting on proxy.changed has the e�ect of stalling GetObj until it is safe to invoke a method. DropObj uses the was

Concrete parameter, which is set by GetObj, to determine whether GetObj incremented the reference count. If so, DropObj decrements the reference count. If DropObj decrements the reference count to zero, it broadcasts proxy.idle in case the runtime system is waiting for the object to become idle in order to move it.

3.3 Mo bi lit y A P I

We chose to make object movement the responsibility of the programmer rather than making objects move automatically. We did this because we wanted to allow programmers to use application-speci

�c object movement policies. We believe it would not be too di

�cult to create an add-on library that provided automatic mobility for generic objects.

Our movement primitives provide a

pull interface:

the destination address space initiates all object motion. The alternative (pus

h) is to allow object owners to initiate transfers. We chose the pull interface for two reasons. First, the pull interface �ts naturally with one expected use of the mobility system: a client about to make repeated invocations of an object asks the owner for possession of the object.

Second, an object cannot move to an address space that has not linked code for the object’s methods; it is easier for the programmer to avoid this pitfall in the pull model.

There are two drawbacks to the pull model. First, if the owner decides it wants to get rid of an object, it cannot do so directly but must ask some other process to fetch the object. Second, the pull model makes it harder for the owner to control the locations to which an object may migrate.

There are �ve procedures which a programmer uses to control object location and movement. In this section, the \type" ConcProxy is a proxy which guards a concrete object,

SrgProxy is a proxy for a surrogate, and Conc is a concrete object. The following two

complicated cases

. We omit the details in order to simplify the discussion.

Page 7 r o u t i n e s are ca lle d b y clients w hich wish to ac quire ownershi

p o f mobile ob jects :

F e t c h ( o : S r g Pro x y ): Co nc as ks the owner of the concrete object to transfer ownership of the con

- crete object correspondin

g to the gi ven surrogate

. Fetch blocks until the concrete object arrives

, then returns a pointer to the object.

Re a dy(o:ConcProxy) makes a newly-fetched concrete object ready to accept remote method calls.

These three procedures are called by owners of concrete objects:

GetProxy(o:Conc):ConcProxy returns the pro xy for a concrete object.

If the object has no proxy, one is created.

Any node which creates a new concrete object should use

|tt Get Proxy to create a proxy for the object, and use only the proxy for further access to the object.

A wa itFetch(o:ConcProxy) blocks until some surrogate-holder requests the object, then returns.

Mo ve(o:ConcProxy) moves the concrete object to a surrogate-holder that has requested it, then informs all of the other surrogate-holders that the object has moved.

When a server is willing to move a concrete object, it usually forks o

� a thread running a procedure called the

m o b i li t y m a na g e r. This routine is not a part of the mobile network objects runtime, so each application must supply its own mobility manager.

This one is typical:

PR OC E D URE Manager(o b j: Conc) =

VAR proxy := GetProxy(obj) ;

BEG I N

AwaitFetch(proxy);

<app lication - speci fic behavior >

Move(proxy);

END Manager;

The mobility manager �rst creates a proxy for the given concrete object using GetProxy. Then the thread blocks in AwaitFetch until some surrogateholder requests the object by calling Fetch. The mobility manager responds by calling Move, but �rst it gets a chance to perform some application-speci�c duties.

For example, since the pickle package \deeply " copies objects to their destinations, the mobility manager may want to cut pointers from the object to large structures which need not be sent.

If there are any threads executing in the object,

Move blocks until the object is idle. It does this by waiting on the proxy .idle condition variable, which

DropObj signals when the object becomes idle. After Move has sent the object, it acquires a surrogate for the object at its new location, and updates the proxy to guard this surrogate. It then broadcasts the proxy.changed condition variable, to awaken any

GetObj calls which have blocked waiting to make method calls.

A surrogate-holder that wishes to become the owner could use a procedure like this one:

PROCEDURE Ac q uireObject(obj: SrgProxy);

VAR conc: Conc;

BEGIN conc := Fetch(obj);

<application-specific behavior>

Ready(obj);

END AcquireObject;

AcquireObject blocks inside Fetch until the object arrives. When Fetch returns, AcquireObject has a chance to execute some application-speci�c code, perhaps to undo the changes to the object made by the mobility manager just prior to the move.

No- tice that the parameter obj begins as a proxy guarding a surrogate object, but that after Fetch returns, obj guards the concrete object conc.

AcquireObject then calls Ready, to change the object from the NewlyFetched state into the Active state, thus reenabling method calls. Ready broadcasts the proxy.changed condition variable, to awaken any

GetObj calls which have blocked waiting to make method calls.

3 . 4 N e w S pe c i a l O b jec t Met h o d s

Recall from Section 2. 4 that the network objects runtime systems in di�erent address spaces communicate with each other using methods of the special object.

We added three new special object methods to support mobility:

Fet c h calls are made from a surrogate-holder to the concrete object

’s current owner when the surrogate-holder wants to acquire ownership of the object.

Migrate calls are made from the concrete object’s owner back to a surrogate-holder who had previously made a fetch call, to migrate the object.

The migrate call contains the concrete state of the object and carries with it an implicit dirty call from the old owner to the new owner.

Ne w Owner calls inform surrogate-holders that an object has moved

(see section 3. 5 ).

Page 8

F e t c h c a ll s al wa ys ret ur n i mme diately , but the ob -

ject ’s owner puts each fetch re quest on a queue (this queue mo

ves with the object ) . When the owner decides to move the object, it ma

kes a mi grate call to the sender of the

�rst fetch request on the queue. The migrate call’s implicit dirty call lets the old owner create a surrogate for the newly-moved object without invoking a separate protocol method.

3 . 5 L o c a t i n g O b j ect s

When objects can move, it becomes more di �cult for potential clients to �nd them.

Since the original network objects system does not have a global objectlocation service, we chose to use a forwarding-address scheme to track the locations of objects.

When an object moves, its old owner automatically generates a new surrogate, pointing to the object at its new owner. The old owner updates its pro

xy to guard the newly created surrogate. The result is that remote calls directed to the old owner still work

| they go to the old owner’s proxy, which calls the old owner’s surrogate, which does a remote call to the new owner.

Even if the object moves multiple times, calls to an ex-owner are forwarded along the chain of previous owners until they reach the current owner.

If performance and fault tolerance didn’t matter, the system as described so far would cope perfectly with object movement. In reality, this solution is unacceptable for two reasons. First, performance of remote calls su

�ers if they must be forwarded through intermediate nodes before reaching the object’s owner. Second, long forwarding chains are undesirable because they can be broken if a node crashes or exits.

The solution to these problems is to make a reasonable e�ort to keep surrogates up to date | to keep them pointing to the current owner. This constitutes an

e a ge r approach to disseminating location information.

One disadvantage of the eager design is that it can use more messages than a la

zier strategy, especially for objects that are not invoked often. In lazier approaches, a little-used object can move several times, producing a long forwarding chain, but without sending any messages to surrogate-holders not directly involved in each move. In contrast, the eager strategy informs every surrogate-holder at every move, resulting in higher network tra�c.

When an object moves, our system noti�es surrogate-holders by making a

ne w Owner call to the special object of each surrogate-holder. These calls are made by an asynchronous thread, since they are not on the critical path. When a node receives newOwner information about an object, it creates a new surrogate, pointing to the new owner, and updates its proxy object to guard the newly created surrogate. From this point on, calls go directly to the new owner.

When the new surrogate is built, there might still be remote calls in progress through an old surrogate.

There is no harm in this

: calls to the old owner go to the old owner’s proxy and new surrogate, and then to the new owner. The system does not deallocate an out-of-date surrogate, but leaves it for the garbage collector. Once all calls through an out-of-date surrogate complete, no pointers to it remain, and it becomes subject to garbage collection.

Object mobility also requires that we modify the structure of wirereps. In addition to the existing

s p a c e I D �eld, which identi�es the original creator of the object, and the existing

o b j N u m �eld, which distinguishes the object from all other objects created by the same address space, we add a

loca t io n Hint

�eld. The location hint gives the spaceI

D of the last known location of the object. When creating a surrogate, the runtime system makes a dirty call to the address space given by the location hint. In most cases, this is the object’s current owner.

However, if the object has already moved from the address space given by the location hint, that address space accepts the dirty call, but immediately informs the caller of the object’s new location via a newOwner call.

3. 6 Object Mo ve ment S umma r y

Figure 7 summarizes our design by illustrating object mobility with fetch, migrate and newOwner calls. In

Figure 7a, four address spaces have proxies for a concrete object. One of them has the concrete object, while the others have surrogates.

Note that the surrogates refer to the concrete object’s proxy, not to the concrete object itself.

Figure 7b shows the system after the upper-right node has made a fetch call and the owner has responded with a migrate call. The concrete object now resides in the upper-right node, and that node’s proxy now points to the concrete object.

Likewise, a surrogate now exists in the old owner, which refers to the proxy in the new owner. The old concrete object and the new owner’s surrogate are abandoned and subject to garbage collection. The other two nodes have not yet been informed of the move, and their surrogates continue to refer to the old owner’s proxy.

Calls made through these out-of-date surrogates work correctly, although they su�er a performance penalty because they must propagate through the old owner.

Figure 7c shows the system after the old owner has made newOwner calls to the lower two address spaces

Page 9

P P S S

P

P P

P S S

S P P S S

S P

c

C P P CP C C S S C

S S S

a b

F i g u r e 7 : O b je c t m o veme nt: ( a ) start ; (b) a fter fetc h an d migrate; (c) after ne wOwner .

Test Origina l Mobile

Local null call 0. 1 2 8 2.0 5

Remote null call 1100 11 30

Remote ten integer args 1200 12 60

Surrogate object arg 11 90 1710

Concrete object arg 1230 1730

Concrete object (dirt y call) 3090

4660

Move object (0 bytes) 8700

Move object (1 k bytes) 16100

Move object (10k bytes) 74500

Figure 8: Performance numbers (in �s) for the mobile objects system. The

�rst column of numbers is for the original

D EC SRC network objects system (no object mobility)

, the second is for our mobile objects system.

and they have re plied with dirty calls to the new owner. The dirty calls have resulted in the creation of two new surrogates, which refer to the new owner

’s pro

xy. The old surrogates are left to be garbage col - lected.

4 P e r f or m a n ce

We measured the performance of our mobile objects system, testing local and remote method calls as well as object movement. We ran the experiments on a pair of DEC

Alpha A XP 3000 /500 workstations, running at 150 M

H z, and connected by a 10 Mb/s 10

Base-T Ethernet. We measured the running time for nine operations: local null method call, remote null method call, remote null method call with ten integer arguments, remote null method call with a surrogate object argument, remote null method call with a concrete object argument, remote null method call with a concrete object argument for which the callee must construct a surrogate, and object migrations of 0 bytes, 1k bytes, and 10k bytes. Figure 8 presents the results.

There is clearly some cost associated with mobility. Local calls to mobile objects incur about two microseconds of overhead.

In the original network objects system, users have direct pointers to concrete objects, and calling a local concrete network object’s method is no more expensive than a regular method call. In the mobile objects system, users have pointers to proxy objects; the proxy’s method must (via

G e t O b j) ac quire a lock, dereference a pointer (causing runtime type checking), and release the lock before it can call the concrete object’s method; another lock and unlock operation occur (in

D r o pObj) on the return path. Although this overhead is large compared to an ordinary procedure call, it can be amortized over the amount of work done in a realistic object method. In both systems, remote calls are much more expensive than local calls. This is not surprising considering the cost of network communication. In both systems, a remote null call requires one network roundtrip, so the two systems have about the same performance. The small mobility overhead is primarily caused by the slightly more complicated data structures required to support mobility .

Calls that pass a mobile object as an argument exhibit higher overhead due to mobility . We are not sure why these overheads are as large as they are, although we do expect there to be some overhead due to an increase in complexity in the object-table implementation in the mobile objects case.

Moving an object requires about nine milliseconds for a null object; larger objects require more time because it takes more time to send their state across the network.

Page 10

O u r e x per i me n t s imp l y t h at per f orman ce of some applications may

be impro ve d si gni �cantly by ob ject migration

. Moving a small object across the net wor k is worthwhile if doing so transforms eight or more remote invocations into local ones.

5 S a m p l e appl i ca ti o n s

We used the mobile network objects system to imple - ment two scalable

\client-multiserver " applications :

a chat facility and a simple �le service.

The chat application allows several people

(the clients ) to monitor one or more

c h a nn e l s. Anything a user types at a channel is broadcast to everyone monitoring that channel.

In a centrali zed client-server implementation

, a central server accepts text from the clients and sends the text to every client monitoring the appropriate channel. This architecture is not scalable:

as the number of clients and channels increases, the central server becomes more and more loaded.

Our scalable chat facility uses multiple servers.

Each of the servers is in charge of one or more channels. Text sent to a channel goes to that channel

’s server, which then sends the text to those users monitoring the channel.

Since only about twenty people can usefully share the same channel, no single channel can overload a server. The servers migrate the channels among themselves dynamically according to estimated tra

�c, so the load is always balanced.

Dynamic load balancing makes it easy for servers to join or leave the computation. A server that wants to join adds itself to the list of servers

; the load balancing mechanism causes the new server to be given its share of the work. Although we haven’t implemented it yet, a server that wants to leave the computation could pretend to be very busy.

Load balancing would cause the server’s real work to be migrated away; then the server could safely shut itself down.

Our chat application has two important advantages over a single-server approach.

First, it scales better as the number of clients becomes very large. Second, it allows servers to be added and removed dynamically without bothering the clients. While it would certainly be possible to implement a similar application \by hand" in the absence of object mobility , our mobility primitives make the programmer’s job much easier. If the application was originally built with a single server in mind, mobility

| and thus scalability and recon�gurability | could be added as an afterthought.The second application is a simple distributed �le service, similar in many ways to the example given in the introduction. In our �le service, multiple nodes acting as servers host �le network objects, and clients read and write �le data by remotely invoking methods of the �le objects. The servers automatically balance the client load among themselves by moving busy �le objects to less-loaded servers. One of the server nodes handles all �le creates and opens; the load-balancing mechanism distributes the �le objects to the other servers as needed.

We ran some experiments with the �le service to investigate the performance bene�ts of the scalable multi-server approach. We measured the rate at which �le transfer operations could be performed by eight clients when data was served by a single server, and by three servers. Each client repeatedly wrote and read nine

1 0-byte �les. We warmed up the system by running it for

60 seconds and then recorded the client operation rate over the next

200 seconds. We used DE

C Alpha workstations connected by Ethernet, and we noted an 6

7 percent increase in per-client operation rate, from

99. 5 operations /sec to 165.7 operations/sec.As in the case of the chat application, similar performance gains could have been achieved without using mobile network objects.

However, using mobile objects simpli�ed the programmer’s job, and led to a cleaner and more extensible design. One possible extension is to allow �les to migrate to the clients that use them.

6 Limitations

This section examines some limitations of our system.

6 . 1 I d l e - o b je c t mo veme nt

Recall that our system only moves objects that are idle. For lightly-loaded objects, this works well; when the system needs to move an object, it does not have to wait long for it to become idle. However, for heavily-used objects, the system may have to wait inde�nitely for a moment when no threads are executing the object’s methods.

Our current system can deadlock while trying to move concrete objects with certain types of blocking methods. Suppose a thread enters a concrete object’s method and blocks waiting for another thread to enter the object (perhaps to release a lock); deadlock will occur if the object owner calls the

M o v e procedure on the object. The deadlock occurs because

Move disallows further method invocations on the object until all threads have exited the object, but the thread blocked in the object’s method cannot leave until another thread enters. We could work around

Page 11