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Abstract

Globeis a wide-area distributed system in which an ob-
ject can be located through its location-independent iden-
tifier. This is done by means of a worldwide location ser-
vice. In contrast to comparable services, the approach that
isfollowedin Globeallowsobjectsto be highly mobile, repli-
cated, or physically distributed. In addition, our algorithms
adapt dynamically to an object’s behavior, resulting in an ef-
ficient and above all, scalable approach.

The algorithms for updating and looking up an object’s
location are expressed as high-level operations on a world-
wide search tree. e have designed and implemented a mid-
dleware layer providing all the necessary network communi-
cation. Inthis paper, we show that such a layer hardly intro-
duces any additional overhead. The important consequence
isthat our location service can be designed and implemented
at a high level of abstraction. Compared to the design and
implementation of comparable worldwide services, this ap-
proach is quite unique.

1 TheGlobel ocation Service

1.1 Background

In Globe, distributed objects provide services to
processes. To contact an object, a process first re-
trievesitsobject handlefrom aname server or by other
means. An object handle uniquely identifies an ob-
ject in Globe. The process then asks the Globe loca-
tion service to provide it with the object’s contact ad-
dresses. Every object in Globe hasone or more contact
addresses. These addresses specify how and where a
process can contact an object. For example, the con-
tact address of a WWW server object can specify that
a process should use the HTTP protocol at address
130.37.24.11 port 80.

The reason for separating object handles and con-
tact addresses is that they have different characteris-
ticsand uses. Thesedifferencesbecomeclear whenwe
look at migrating and replicated objects. When an ob-
ject migrates, its object handle does not change as it

till refers to the same object. However, contact ad-
dresses do change when an object migrates, thus re-
flecting the object’s new location. Likewise, when an
object is replicated, its object handle is used to refer
to al active copies, since they are all functionally the
same. Each replica, however, has its own contact ad-
dress.

By separating obj ect handles and contact addresses,
we are able to implement migrating and replicated ob-
jects. It also alowsusto support physically distributed
objects [3]. We do, however, need a way to find the
contact addresses of an object. The location service
provides this service. It maps an object handle to one
or more contact addresses.

The Glaobelocation service providesthree basic op-
erations. insert, delete and lookup. The insert oper-
ation informs the location service that an object can
be contacted at a (new) contact address. The delete
operation informs it that an object can no longer be
contacted at a certain contact address. The lookup op-
eration searches for contact addresses of a designated
object. The location service provides only a mapping
from object handle to contact address, not vice versa.
Giventhefact that the Globelocation serviceworkson
aglobal scale, it should be able to handle large num-
bersof update and lookup requests, and deal gracefully
with network partitions and long network delays.

In this paper we are mainly interested in the speed
of propagation of modificationsin thelocation service.
For example, how long does it take for a contact ad-
dress to be visible through out the system after it has
been inserted?

1.2 Thelogical structure

The Globe location service partitions a worldwide
network in disunct basic regions. A contact addressis
always situated into exactly one basic region. Regions
arerecursively combined into larger regions, endingin
one region covering the whole network, as shown in
Fig. 1. Every region has an associated directory node,



which storesinformation about the object handlesinits
region. These nodestogether form adistributed search
tree, which represents the hierarchical partitioning of
the network. The directory nodes of the basic regions
are the leaf nodes of the tree. The tree structureisin-
ternal tothelocation serviceand not visibletoitsusers.
A basic region is expected to have the size of adepart-
mental LAN.

Figure 1. Hierarchical region partitioning

A directory node associates a contact record with
every object handle it knows. A contact record stores
information about the object handle. In the normal
case, leaf nodes store contact addresses and higher
level nodes store forwarding pointers to a leaf node.
A forwarding pointer indicatesthat the contact address
may be found in the child’s region (subtree). By fol-
lowing a path of forwarding pointers from the root di-
rectory node, one can find the directory node where a
contact addressis stored.

When an object migrates between basic regions,
contact addresses need to move from one leaf node to
another, and consequently forwarding pointers need to
be updated. When an object migrates often, this can
lead to alot of work. However, when the contact ad-
dresses are stored at a higher level in the tree (repre-
senting the larger region in which the migration takes
place), the placement of the contact addresses can re-
main the same, thus preventing updates on the for-
warding pointers. The contact addresses themselves
still need to be updated.

When a process wants to know an object’s con-
tact addresses, it starts a lookup operation at the leaf
node of its basic region. This request is propagated
up the tree, searching in ever increasing regions, un-
til a nonempty contact record is found, i.e. a record
that contains either a contact address or a forwarding
pointer. Then, a path of forwarding pointers starting
in this record is followed until a contact record with
contact addresses is found. The design of an efficient
lookup agorithm is currently an important subject of
our research. 1t will not be further discussed in this pa-
per. Likewise, we omit any discussion on scalability
and optimizations. The interested reader isreferred to
[4] for further details.

1.3 Update Operations

The insert and delete operations are referred to as
update operations. They have two parameters, an ob-
ject handle and a contact address. The contact address
isto be inserted in or deleted from the object handle's
contact record.

Request arrives at
node with a contact
record

' Insert contact address
i at leaf node

(a)

@ Path of pointers
is established

3 Region identifier of
@ ¥ leaf node is returned
()
Figure2: Theinsert operation

Aninsert operation starts at the leaf node of the ba-
sic region to which the contact address belongs. Inthe
normal case the contact address is stored in the leaf
node and a path of forwarding pointersis built by re-
cursively inserting aforwarding pointer at every node
starting at the leaf. The insert operation is completed
assoon asanodeisreached that already had aforward-
ing pointer, or otherwise at theroot. Thisisillustrated
inFig. 2.

A delete operation starts at the leaf node of the re-
gion where the contact address was inserted. Nor-
mally, a del ete operation del etes the contact address at
aleaf node. If theleaf node no longer contains contact
addresses or forwarding pointers, the path of forward-
ing pointersto this nodeis recursively removed.

The communication pattern of each update opera-
tion is basically the same. It first reads the contact
record to decide whether it should update the record or
not. The operation then generally forwards the update
request to the parent and is suspended until the par-
ent responds. Depending on the parent’s response, the
contact record is then either updated or left in its orig-
inal state. This can be expressed as shown in Fig. 3.



operation update(oid : OID,addr : Address) is
if perform update here then
— First check with parent if update is allowed. As a side effect,

— the parent possibly also updatesits own local contact record.

let response := call update(oid,addr) at parent;
if response = OK then
— Parent agrees with update at this node
perform update;
if caller is allowed to continue update
then return OK;
else return DONE;
fi
else
— Update was completed at a higher level. Thislevel
— and lower ones are not allowed to perform update locally.
return DONE;
fi
else
— Smply forward the update request to the parent.
call update(oid,addr) at parent;
return DONE
fi
endupdate

Figure 3: Outline of agenera update operation.

It isimportant that update operations do not violate
the consistency of the tree. Consistency is formulated
on aper-object basis. In particular, we say that thetree
isglobally consistent for aspecific object O, if it con-
forms to the following two predicates:

Pointer The contact record for O a a node N stores
a forwarding pointer to a child node of N if and
only if the contact record for O at that child node
iS nonempty.

Exclusion A contact record for O at a node N con-
tainsaforwarding pointer to child C only if it does

not contain a contact addressfor the region repre-
sented by C.

These predicatesimply that acontact record at aleaf
node can never contain aforwarding pointer. Also, if a
contact record contains an address for object O on be-
half of its child C, then all directory nodesin the sub-
tree rooted at C will have empty contact records for O.

To guarantee exclusive access to a contact record,
a node would normally have to deny successive invo-
cations until the current operation has completed. Ef-
fectively, this means that an update request issued at
aleaf node cannot be handled before the previous one
has been processed at every node in that request’sin-
vocation chain, possibly up to the root of the tree. For
a wide-area system, this strict sequential behavior is
unacceptable. Instead, what we need is a mechanism
that will allow usto schedule and execute an operation
before the previous one has completed, but that would
|ead tothe sameresultsaswith strict sequential invoca
tions. In particular, we want to continue with the next
operation as soon as the current oneiswaiting for are-
sponse from the parent. A successive operation should
thus be able to base its decisions on tentative data in

such away that the tree eventually becomes globally
consistent. Operations on tentative data that lead to
eventual global consistency is accomplished through
view series.

14 Viewsand View Series

A view on avariable v is an expression formulated
intermsof vthat can be evaluated, but which leavesthe
original value of v unaffected. A view on avariablev
can be evaluated only when it has been appended to a
view series associated with v. The value of aview se-
riesof vresultsfrom evaluating the viewsin that series
in the order that they were appended, leading to aten-
tative value of v. To illustrate, consider the following
example (we usethe notation “v@ S’ to denotethat the
series Sis associated to v).

let x : Integer = 4;

let vseries : view series of x;

append view {self + 1} to vseries;
append view {self x2} to vseries;

— vseries= 4@ {x+ 1,2-x}, with value 10

We declare an integer variable x and associated view
series vseries.  The pseudo-variable self points to the
variable for which the corresponding view series is
defined, in this case x. In the example, the viewed
value of vseriesis always 2 (x+ 1) regardless how x
ischanged. The value of aview seriesis obtained by
taking the actual value of the associated variable and
evaluating all view expressions.

The view at the head of aview series, i.e. the least
recently appended one, can be applied by evaluating
its expression and changing the value of the associated
variable accordingly. The view is then removed from
the view series. A view can aso be directly removed,
i.e. without applying it.

To properly serialize concurrent updates, we asso-
ciate aview series with each contact record. Each op-
eration first appends a view corresponding to the up-
date it wants to make, so that the contact record is left
in a tentative state, as if the update were completed.
When the parent responds, the operation continues by
either applying the appended view (i.e., when the up-
date at the current node succeeded so that the view
can be turned into authoritative data), or removing the
view (in the case the parent did not permit the update).
Whilewaiting for the parent to respond, the next oper-
ationisscheduled, which inturn isexecuted according
to the tentative state of the contact record. This leads
to the adaptation shown in Fig. 4.

We demand that operations are invoked at the par-
ent in the same order as called by a child. Operations
called by different children may be invoked in an ar-
bitrary order. Furthermore, an invoked operation is
assumed to be executed exclusively and nonpreemp-
tively until suspended on a call primitive, or until the



operation update(oid : OID,addr : Address) is
if perform update here then
append view update to contact record;
let response := call update(oid,addr) at parent;
if response = OK then
apply view to contact record;
if caller is allowed to continue update
then return OK;
else return DONE;
fi
else
remove view from contact record;
return DONE;
fi
else
call update(oid,addr) at parent;
return DONE
fi
endupdate

Figure 4: Outline of a general update operation using view
series.

operation completes. The execution at thecaller’sside
continues in the order of the completion of the called
operation at the parent. How these semantics are im-
plemented is described next. Details on our update al-
gorithms can be found in [2].

2 RPC Design Issues

Our sequential communication model suggests the
use of RPCs[1]. Notethat in our algorithmsthis|eads
to series of chained RPCs from leaf to root node. A
leaf node has to wait until the chained RPCs are com-
pleted before it can finish. Race conditions can occur
when concurrent invocations try to modify the same
local contact record. This can be avoided by making
update operations atomic.

Aswe have pointed out, the combination of mutual
exclusion and chained RPCs presents a problem: in-
voking an RPC while retaining exclusive access to a
contact record leads to the record being inaccessible
until the nodes in the chained RPCsfinish their opera-
tion. Wewould thusliketo have concurrent, but serial-
ized RPCs. To this end, we have designed and imple-
mented a separate scheduling layer that provides con-
current RPCs, but which serializescallsto other nodes.
Clearly, this layer introduces an additional overhead.
We are interested whether this overhead isjustified by
theintended gains, namely acontrolled concurrency of
RPCsallowing usto keep our update operationsin the
location servicerelatively simple.

The rest of this section describes and analyzes the
sequential and concurrent RPC system, and ends with
a comparison between the two.

21 RPC Analysis

In the analysiswe are interested in the propagation
speed of modifications. We want to know how long

it takes for m update requests to finish. To provide
us with an upper bound, we use aworst case scenario
where a contact record at the root of the tree needs
to be modified, resulting in a call chain from leaf to
root. This scenario provides the most work and the
most communication overhead.

To simplify matters, we focus on providing only an
upper bound. We show that we can establish signifi-
cant improvementsby using concurrent RPCs. A more
detailed analysisis deferred to a forthcoming paper.

In the analysis the following variables are used.

tyeiay timespent fromissuing first request to receiving
reply from the last request.

thode timespentin anode doingthework for arequest.

tink delay between a child node sending a request
message and message reception at its parent,
combined with the delay between the parent node
sending areply message and message reception at
the child node (time spent on the ‘wire’).

For simplicity we assume that the network delays
are constant as well asthe time it takes to do the work
at anode. We also assumethat the underlying commu-
nication layer provides reliable communication.

The tree is of height n and there are mrequests is-
sued.

2.2 Sequential RPC

A request issued at aleaf node, leads in our worst
case scenario to achain of RPCsthat haveto crossn—
1links. Thisgivesusatotal latency of Nxtpoge+ (N—
1) xtjjnk- Since a new request is scheduled when the
preceding one finishes, this delay is also the delay for
the next request to be scheduled. Therefore the total
delay is:

tgelay = M (Nxtpoge+ (N— 1) *tjink)
2.3 Concurrent RPC

To introduce concurrency, we make adistinctionin
the location service algorithms between tentative and
authoritative data. Tentative data is data created by
an operation for which no reply message has yet been
received, i.e. the call is still waiting for areply from
the parent. Authoritative data has been fully acknow!-
edged by the parent.

In thismodel anew request is scheduled as soon as
the current request blocks on an RPC. This alows a
new request to be started on this node, while the cur-
rent request is started at the parent.

The concurrent RPC system guarantees the follow-
ing:

e Request messages are handled in the order they
are sent.



¢ Reply messagesare handled in the order that their
associated request was sent.

Thisimpliesthat aseriesof blocked RPCsreturninthe
same order they blocked. Thisway serialized RPC se-
mantics can be maintai ned.

In the concurrent RPC system, RPC requests are
handled independently, except that ordering is main-
tained. If we furthermore ignore that requests and
repliesare interleaved at asingle node, the last request
returns after:

taeay = (M—1) :—ZL * thode + N* thode + (N— 1) * tjink

The term 3  toge reflects the delay between two
consecutiverequestsissued at aleaf node. Thelast two
terms correspond to the total latency as the result of
propagating arequest to theroot of thetree, and return-
ing an acknowledgment.

2.4 Comparison

By comparing the two delays, we can seethat in the
sequential case every new RPC adds n * thoge + (N —
1) = tink UNits to the delay, and in the concurrent case
3 *thoge. Considering that in aglobal network thage <
tink, We have gained a lot with this scheduling. This
assumption should, however, be validated by measure-
ments.

A big problemwith sequential RPCsisthat pending
requests cannot be handled during network partitions,
not even in the connected subtree. This happens be-
cause aleaf node hasto receive areply messagefor its
current call before it can send a new request message.
The system thus hasto wait until the network isrecon-
nected beforeit can continue. Thisisnot an acceptable
situation in a distributed system. Concurrent RPCs do
not have this problem. The system keeps on process-
ing requests, since a new operation is started as soon
asthe current does an RPC.

Note that the effect of an update operationisimme-
diately visible astentative datain the subtree rooted at
the node where the request is being processed.

3 RPC Implementation

In the current version of the Globelocation service,
every directory node in the tree is a separately run-
ning program. A directory node knows the contact ad-
dresses of its parent and child nodes by means of con-
figuration files.

A directory node consists of threelayersasdepicted
in Fig. 5. The upper layer is the application layer.
It implements the update and lookup algorithms and
their associated data structures. The middle layer is
the scheduling layer, which isresponsible for the RPC
scheduling. It is fully described in the rest of this

Application 3 7
layer
A
Scheduling roxEll 6 8
layer A
A AS
Request queue 4 } Reply queue
Communication
layer
! 5 To Px
To Child © Parent

9
Figure5: Flow of control during an RPC



6. As soon as the parent replies, the thread, which
is still blocked in the reply queue, is marked as
runnable. However, the thread remains blocked
until it is at the head of the reply queue. At that
point it can be rescheduled provided that no other
threads have access to the local contact record.

7. Thethread then continues running the codein the
application layer.

8. When therequest isfinished, the scheduling layer
saves the return value of the routine which han-
dled the request and destroys the thread.

9. It then calls the communication layer to asyn-
chronously send the reply message containing the
return value of the routine to the child node.

4 Measurements

For our measurements, we used a tree with four
nodes, as shown in Fig. 6.

Root in Amsterdam

Level 2in Geneva

Level 3in Erlangen

Leaf in Amsterdam
Figure 6: Measurement setup

To use the communication delays of a red dis-
tributed | ocation service, the measurement setup com-
prised three geographically distant sites. We used sites
in Erlangen, Geneva and Amsterdam. The Erlangen
and Geneva sites each had one node, while the Ams-
terdam site had two.

The total delay time was measured using different
number of requests. The current implementation can
only handle up to approximately 130 concurrent re-
quest due to operating system constraints.
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Figure 7. Measurement results

As can be seen in Fig. 7, the total delay time in-
creaseslinearly with sequential RPCs. Thisisto beex-
pected. Thetotal delay time of concurrent RPCsseems
torisedightly, but theincreaseismuch lessthan that of
sequential RPCs. These results provide evidence that
our three-layer approach is feasible.

5 Conclusions

In this paper, we have described the current state of
our research on the Globe location service. We have
developed anintermediate layer that allows usto make
use of concurrent, but serialized RPCs within a node.
The benefit of this approach is that our algorithms for
updating and looking up contact addresses can be ex-
pressed as high-level operationson aworldwidesearch
tree. The drawback is that we introduce additional
overhead. A simplified analysis, backed up by afirst
batch of experiments, indicate that the extra overhead
isalmost negligiblein the face of wide-areacommuni-
cation.

Building the prototype has also revealed some im-
plementation problems. At present, the size of our
experiments is limited due to operating system con-
gtraints.  In particular, the number of concurrent
threads that can be simultaneously scheduled within a
singleprocessislimited. A redesign of our scheduling
layer is therefore necessary to conduct further experi-
ments.
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