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Abstract overheads and response time. There is a trade-off between
the complexities omoveandfind operations. This trade-
Distributed systems which use non-stationary commu-off can be illustrated by the following two extreme strate-
nicating objects have to address the problem of manag-gies for location management [5]. Thill-information”
ing locations of these objects. We study location man- strategy requires the up-to-date information about all ob-
agement (LM) and its impact on application performance jects for efficienfind, but then the cost ahoveis high (all
in the context of dynamic load-balancing for parallel dis- nodes have to be updated when objects migrate). On the
tributed computing. We summarize our experience with LM other hand, théno-information” strategy does not require
in distributed object-based systems by comparing six lo-location updates. Consequently, tiived operation is very
cation management policies (LMPs). The LMPs are stud- expensive.
ied within the PREMA framework used mainly for parallel
mesh generation and refinement applications. Our experi-
mental study is using a_lsynthe_tic tpnable micro'b,enChmarkapplications, which perform computations using thebile
and two mesh genergtlon appllcauons. We explain vyhy tr_mobject abstraction [16]. Specifically, we evaluate a num-
cpmmonly adopted in pra_lctlc_e Jump Update LMP 1S e_ff|- ber of diverse location management policies within Pogabl
cient for most 9f our applications and_we compare it with Runtime Environment for Mobile Applications (PREMA).
the other location management techniques. We show hOV\bREMA provides implicit load-balancing support [7] for
the perfprm_ance of a _pamculqr LMP can be affected by computation- and communication-intensive adaptive ireg
Fhe a_ppllcatlon p_rgpertles and |t_s data quout. Finally, we ular distributed applications (primarily parallel mesmge
|dent|f_y_the conditions under which certain LMPs are more ;i applications). The load-balancing framework imple-
beneficial than Jump Update. mented within PREMA operates on user-defigsededula-
ble objects [6] representing the workload. The distributed
and coupled nature of the targeted applications requires
1. Introduction communication with the non-local data, which brings up
the issue of efficient location management within PREMA

The problem of location management (LM) is relevantin OF @any similar runtime system.
parallel and distributed systems, which operate on dynami-  The LMPs we evaluate combine existing experience of
cally relocating objects. Techniques for managing locgtio  |ocation management in Parallel Distributed Computing
i.e., Location Management Policies (LMPs), describe the (PDC) and other relevant areas, like mobile cellular net-
rules which are used to find objects and the actions to beworks. This evaluation is the first, to the best of our knowl-
performed when objects migrate within the network. edge, comprehensive evaluation of location management in

A LMP should provide efficient implementations for pPDC. We use a synthetic micro-benchmark and two real ap-
moveandfind operations on objects. Efficiency of a LMP plications to evaluate the impact of location management
can be measured in terms of communication, computationtechniques on their performance. The main question we at-

*This work was partially supported by the National Scienceir-o tempt to a_nswer in this study isihder what Con.dltlc.)ns and
dation grants ITR-0312980, NGS-0203974, ACI-0085969,-B942853 oW location management can affect the application perfor-
and CCR-0049068. mance?

In this paper we evaluate the impact of location man-
agement policies on performance of parallel and distritbute




The paper is structured as follows. We first give an date location of a given page is always known by the prede-
overview of the related areas, where location managemenftined page owner. Dynamic distributed page management
problem has been addressed: DSM systems, cellular netis similar to forwarding.
works and mobile agents systems. In Section 3 we de- Location management is very important in wireless net-
scribe the object-based computation approach as it is imple works, especially in cellular phone networks. In cellu-
mented within PREMA, our assumptions, and the specificslar networks mobile users are tracked using tive-tier
of our model. Section 4 presents the design space for lo-schemg29]. A location database, called Home Location
cation management and the implemented LMP. The eval-Register (HLR), is predefined for each mobile terminal.
uation section describes the applications, experimerts an HLR is always aware of the exact locations of the users as-
analysis of the obtained results. We conclude with the dis- signed to it. Considering frequent movements of users, at

cussion on our results and future work. a given time the recipient's HLR may be distant from the
user initiating communication. A Visitor Location Registe
2 Reated Work (VLR) is maintained for each geographical area of a pre-

defined size. The purpose of VLR is to provide location
services, thus, communication, among users inside this are
without querying HLR.
A number of improvements to the existing standard have
en suggested. The proposed modifications attempt to re-
duce the location costs by either reducing communication
with HLR or by minimizing the paging costs [2]. Exist-
ing proposals include caching [19], profile replication][33
taking advantage of the communication infrastructure-hier
archy [22,29]. The reader is referred to [2,29] for com-
rehensive surveys of location management approaches in
mobile networks.

The last of the reviewed areas in which location manage-
ment is considered important imobile agents computing
Mobile agent is an independent piece of code and/or data.
It can be taken from the execution context on one host, mi-

rated to a different machine, and continue execution there

fter migration completes. Some applications of mobile
agents require communication between the agents, which
makes location management an important issue [8, 35]. The
previously mentioned centralized and forwarding location
management techniques are often used in locating mobile
agents. Ajanta [34] implements a two-tier home-based loca-

A?other tetch?lqléedfor TOb;I_f] Objeft Igc?tllon Tanag]]ce- tion management scheme, similar to the one used in cellular
ment usesentralized directory The up-to-aate localion ot -,y 1y njcation. A number of modifications of the central-

an object i.s qlways kept at_some node(s) in the system. ThiS|zed scheme are described in [35]. Voyager platform [1]

approachis |mplem?hnt§d :cn AIBC? [4]. Few other ?ystemﬁ uses forwarding pointers in combination with home server

gse LIJnCO(TmeH me.f. 0as l(.)r tqca ion ma;agemer; ’ uslua Yor agent location. Alouf et al. [3] showed that centralized

developed for spectlic applications (e.g., émeow protoco . server performs better than forwarders on a LAN, but not

|mplemented_ in the _Aleph toolkit _[18] supports e>_<c|u3|ve on a wide-area network. Cao et al. summarize experience

access .to objects using the spanning tree based dlrectory).with mobile agents location management by introducing the
Distributed Shared Memory (DSM) systems also have to

X . X concept of amailboxin [8]. The authors generalize most
address Fh_e issue of LM. Li and HuQak [25] d_escrpiazge of the existing approaches and introduce new classes of lo-
ownershipin the context of sequentially-consistent shared

irtual The t i hes th t cation protocols based on the communication requirements
virtual memory. 1he two main approaches they Suggest arg, . yigarant classes of mobile agents applications.

centralizedanddistributedmemory managers. The central-
ized manager is analogous to the centralized directory men- . .
tioned earlier. Distributed page ownership algorithms are 3- Obj ect-based Computations

further divided into fixed and dynamic. With the fixed dis-

tributed management each processor is assigned a subset of We study location management in the context of object-
pages (similar to DASH [24] and Memnet [13]). The up-to- based parallel distributed computing (PDC). We assume

We studied a number of runtime systems and languages
which support mobility of user-defined objects. Our sur-
vey showed, that most of them use the same Jump Updat%e
(JU) LM mechanism, which is based on message forward-
ing. Theforwarding addressesechnique was first used
in DEMOS/MP operating system in the context of process
migration [30]. Later it was extended and evaluated by
Fowler in [17]. When the forwarding technique is used, ev-
ery time an object migrates, the processor it leaves keep
information about the new location of the object. Any
communication directed to the object will follow the se-
guence of pointers and eventually reach the object, given
it does not constantly relocate. The JU forwarding tech-
nigue, which we describe further, is used in Emerald [21]
(object-oriented system with fine-grained object mobility
support), Thor [26] (object-oriented database managemen
system), Amber [9] (provides simplified model for multi-
processor applications), SSP chains [31] (distributet-tec
nique for garbage-collection), MOL [11] (mobile object
functionality for load-balancing), Charm++ [23] (dynamic
load-balancing).



that objects contain data defined by the application and rep-nal is not known at either of the location registers (pagig i
resent its workload. This computation model proved to required). The migration options for a terminal are limited
be effective in implementations of dynamic load-balancing in the general case by the neighboring geographical regions
for irregular problems in adaptive asynchronous applica- cells. Moreover, there are certain limitations on movement
tions. Our research is motivated by one such implemen-speed and cell size [27], which restrict migration to some
tation, PREMA, which we use for dynamic load-balancing extent. This is not the case for distributed computing, wher
in mesh generation applications [7, 10, 28]. communication and migration limits are imposed only by
PREMA consists of two components. First component, the dynamic properties of the communication links. Mo-
Clam[14, 16], provides one-sided communication (remote bile networks usually have hierarchical structure andether
service request and remote memory operations) and mobileare certain nodes dedicated to location management. In dis-
object abstractions (the terminology was previously intro tributed computing all nodes of a cluster, or a collection of
duced in [11]). A mobile object is an application-defined clusters, usually have equal roles. Applications can yarel
data structure properly registered with PREMA (or with have access to the intermediate routers in the hierarchy.
Clam) in order to make it “mobile”. There is only one in- Mobile agents also operate on a different from the typi-
stance of each mobile object within the systemmabile cal PDC kind of environment: in most cases it is WAN with
pointeris a data structure created by PREMA for a given dynamic number of participating nodes. Such applications
mobile object, which can be used on any of the processors toshould be able to handle faulty communication and hosts,
reference the corresponding object. As with regular point- other dynamic properties of the Internet, which impose spe-
ers, there is no limit on the number of mobile pointers for a cialized requirements on applicable location management
given mobile object. Mobile pointers are used for commu- techniques.
nication with mobile objects by sendimgessageto those

objects. The location management moduleCéém pro- 4. Location Management Policies
vides location-independent message delivery.

The second component of PREMA, Implicit Load- A Location Management Policy (LMP) defines rules for
Balancing library (ILB) [6, 7], implements a variety of dy-  three operationsupdate search andsearch-update The
namic load-balancing algorithms. ILB uses the mobile ypdateoperation takes place when an object migrates from
object abstraction provided b@lam to createschedula-  one processor to another. Tkearchoperation specifies
ble objects A schedulable object represents application- how a message to a non-local mobile object can be deliv-
defined unit of work. A typical application which is using  ered. Search-updatelefines the procedure of updating the
ILB would over-decompose the initial problem, create mo- |ocation directory after the message delivepcation di-
bile objects, define handlers which perform computation on rectory is a distributed data structure managed by a LMP.
those objects and assign weights to those handlers accordt maps each mobile object onto its possible or exact loca-
ing to their expected execution time. Computation proceedstion processor. The local to a specific processor part of the
as a sequence of invocations of message handlers on useistributed location directory is calledacal directory.
defined ObjeCtS, while ILB evens the Computation load by The location management design space is shown in F|g_
migrating schedulable objects among processors. ure 1. Each axis represents a LMP operation and the corre-

Throughout this paper our assumptions are that the num-sponding options arranged in the order of increasing com-
ber of objectsN is higher than the number of nodé3 plexity. Migration of an object may result in one of the four
(N > P), we do not have object replication; we have fixed possibleupdatescenarios:
non-faulty resources allocation; all nodes can commueicat o
over all-to-all overlay network; the patterns of object mi- ~ ® N0 update (no communication);
gration and communication are unpredictable in the general
case; each mobile pointer contains the ID of the “home”
processor, where the referenced mobile object was created. e update of the local directories at selected sites (limited

The problem of location management in object-based communication);
distributed computing is distinct from the one in the ar-
eas surveyed in the previous section. In DSM systems lo-
cation management concerns with finding the owner of a  Procedures which maintagxactlocation information at
shared page. However, DSM systems allow page replica-all sites are prohibitively expensive. We allow location in
tion, which should be considered in the design of a location formation stored at a local directory to be outdated. There-
mechanism. fore, in our case the local directory information is just a

Mobile networks have significant differences in the location guessvhich was correct at some point in the past.
model: it is possible that the exact location of a given termi A message directed to an object results in a point-to-point

¢ update of the local directory (no communication);

¢ global update of the distributed directory (broadcast).



update

Table 1. Summary of the implemented loca-
tion management policies.

full update

selective update

| LMP | Update | Search | Search-update |
focal update LF | yes, local local guess no
no update search-update JU | vyes, local local guess yes, sende_r
random - - PC | yes, local local guess yes, selective
local guess no update selective update full update BU yes’ a" |Ocal gUeSS no
predefined EU | yes, local and| local guess no
location “interested”
broadcast HB | yes, local and| forward to | no
search “home” “home”
Figure 1. Design space for location manage-
ment policies development. In general, a location management policy should:

e minimize the length of the path for forwarded mes-
sages;
message sent to a processor, where that objegt@ssibly
reside. If the guess was wrong, that message triggers an- ® minimize additional communication;
other point-to-point message, i.e., the message is forudard

Thus, thesearchoperation is essentially a process of routing * balance location management “duties” among the pro-

. Cessors;
a message toward the processor where the searched object

is located along som@rwarding path We guarantee that e minimize computation overheads of the LMP opera-
any given forwarding path does not create cycles by keep- tions.

ing logical timestamps for each directory entry, as prodose

by Fowler in [17]. Hence, each message will always make Different LMPs pursue different trade-offs of the listed
progress toward the target object. We distinguish four gen-requirements. As it is shown later, the application perfor-
eral options for implementing thgearchoperation. They ~ mance may heavily depend on the choice of LMP based on

differ by the choice of the recipient(s) for tsearchmes-  the application properties (intensity of the object commun
sage: cation and migration, in particular).
S Six location management policies have been imple-
o the recipient is chosen randomly; mented withirClamfor the purposes of this evaluation. The

e the recipient is chosen using the local directory guess; Seléction of policies was affected by a number of factors.
First, the policies which are commonly used in PDC had
e the message is sent to a predefined location; to be considered. Second, the selected policies should be
¢ the message is sent to all of the processors (broadcast);.ippmp”ate within t_he PDC model. Third, we_attemptt_ad
to use some of the ideas collected from surveying location
Search-updatis an optional procedure in a LMP. Its pur- management methods in the relevant areas. Following is
pose is to reduce the costs of subsequent accesses to ththe summary of the implemented LMPs, which is also sum-
object. The idea behind theearch-updateperation is sim-  marized in Table 1 with respect to the previously discussed
ilar to caching in cellular networks. It is based on the as- LMP operations. The reader is referred to [14] for a more
sumption, that if a message was sent to an object, it is likely comprehensive description.
that another message will be sent to it again. It should be Lazy Forwarding (LF): the simplest forwarding pro-
clear from the earlier discussion, that a message may have téocol. Messages are routed following forwarding pointers
be forwarded regardless of thpdatetechnique used. The stored in local directories. When an object moves, only the
purpose of thesearch-updat®peration is to minimize the local directory is updated. LF has minimal migration cost.
forwarding path length. This can be achieved by updating The significant disadvantage is that the length of the for-
some of the local directories with a newer location guess warding path is bounded by the total number of processors
upon the successful delivery of the message. This proce-only.
dure will result in shortening of the forwarding path. Two Jump Update (JU): similar to LF, but if a message had
search-updatstrategies have been proposed and evaluatedo be forwarded to reach the object, an update is sent back
in [17]. The choices for thesearch-updateare similar to to the processor from where the message originated (simi-
those for thaipdateoperation. lar to caching in mobile networks). The cost of subsequent



message to the object from the same processor is reduced i L1 102 0O N R e
by at least one hop. i1 ; I ; ! (7) I ; ; ; I ;sl

Path Compression (PC):similar to JU, but the update 20Tl s ANE 5 2 [1] 3%
message is propagated to all of the processors which the = ; 2 2 2 i 2 453
original message passed during forwarding. 4, IHEE 3] 3 5 51 5>

Broadcast Update (BU):the new location of an objectis ® 4 a 1] 4 4 4 7 6>
broadcast every time the object migrat&earchproceeds :3 6] 6 61] s 6 6] 723
the same way as in LF, by forwarding. PR A o s

Eager Update (EU):uses the idea of profile replication,
originally proposed for cellular phone networks [33]. Each Figure 2. Sorting network for eight inputs.
time a message arrives to the object, the sender processor is
added to the profile of that object. This profile accumulates

information about processors “interested” in communica- sorting network [12]. The process of sorting a sequence of

tion with the object. When the object migrates, all of the gjght numbers using sorting network is illustrated in Fig-

processors from the profile are updated with the new loca- ;e 2. Through a series of comparisons and exchanges, the

tion, and the profile is reset. input sequencitransforms into the sorted sequesc&ach
Home-Based (HB): each mobile pointer contains an ID  of the shaded regions corresponds to a stage. The com-

of the processor where that pointer was created (*home”parisons within each stage can proceed concurrently. The

ID). When a message is issued to an object and the objecteader is referred to [14] for the detailed description @ th

is not local, the message will be sent to the “home” node. penchmark implementation. Two versions rdtsort

The directory of the “home” _node_ is updated with the new pave peen implemented: imetsortC  (centralized) all

object location after every migration. mobile objects are created on the same processor, while in

JU LMP is the most popular technique for location man- petsortd — (decentralized) each processor creates an equal
agement in PDC runtime systems. HB LMP is also used in ghare of mobile objects.

some of the implementations. LF, JU and PC LMPs were It is important to note, thanetsort benchmark
studied in [17] using theoretical analysis and simulations has been developed witr,1 the purpose of simulating
To the best of our knowledge, there is no mobile object run- communication-intensive tightly-coupled applicatioPhe

time env_iron_ment which would provide a choice of LMP _to benchmark was not designed to achieve high performance
the application. We are also not aware of any work which 54 sheedups for parallel sorting, but rather to have the abi
would concentrate on the _evaluatlon and comparison of theity to vary the mobility parametersietsort  benchmarks
selgcted LMPs, or otherwise evaluate the importance of l0- y, ot use ILB. They are implemented directly on top of the
cation management. mobile object functionality provided bglam

. . Parallel Constrained Delaunay Triangulation (pcdt)
5. Experimental Evaluation Thepcdt code simulates a parallel 2-esh generation
algorithm based on Delaunay triangulation [32]. The reader

We performed the experimental study on SciClone Clus- is referred to [10] for the detailed description of the al-
ter of The College of William and Mary. We used Typhoon gorithm and for the definitions of the related terms. The
(64 nodes, Sun Ultra 5, single UltraSPARC Ili 333/2MB, main difference of this algorithm from Delaunay triangula-
256MB mem) and Whirlwind (64 nodes, Sun Fire V120, tion is that the point cavity cannot expand across the pre-
single UltraSPARC lle 650/512KB, 1GB mem) subclusters. defined boundary. At the preprocessing stage the problem
Typhoon nodes are divided into two groups of 32 nodes, is divided into a number of subdomains satisfying certain
with FastEthernet switch connecting the nodes within eachboundary properties. Each subdomain can then be trian-
group. Whirlwind nodes are connected to the FastEthernetgulated almost independently on separate processors. The
switch. Typhoon and Whirlwind FastEthernet switches are process of subdomain triangulation consists of selectiigg a
connected by GigabitEthernet link. All nodes are running changing “bad” triangles (i.e., those, which do not satisfy
Solaris 9. All applications were implemented within the certain geometric requirements) from the initial triaragul
PREMA framework with communication over LAM MPI  tion. The recalculation of the subdomain mesh can lead to

7.0 withtcp RPL. modifications of the edges located on the subdomain bound-
ary. When a new point is inserted on the boundary, a “split”
5.1. Applications message is sent to the neighboring subdomain located on
some remote processor.
Parallel sorting micro-benchmark (netsort) Parallel pcdt decomposes the initial domain and distributes re-

network sort benchmarlknétsort ) implements a bitonic  sulting subdomains among the processors, which mesh the
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Figure 3. netsortC (up) and netsortD Figure 4. netsortC (up) and netsortD

(down) execution time, A 1, P = (down) execution time, A= 20, P =

16, 32,64, 128. 16, 32,64, 128.

subdomains concurrently. A mobile pointer is associated €1 complete only if all the non-local elements are success-
with each subdomain. The benchmark operates on 512 subfully acquired. After the cavity is complete, updates to the
domains. At each of the 20 iterations we randomly select "oN-local neighboring subdomains are sent. The non-Irivia
30% of the subdomains to be refined. The split messages ar@mount of communication with mobile objectspodm is

aggregated in groups of 50. The sources of load-imbalancd®lerated by concurrent expansion qf multiple cavi_ties. _In
in this application is the unpredictable level of refinement POdmwe have total of 343 subdomains, 30% of which will

and communication required for a specific subdomain. be refined two times more than the rest of subdomains sub-

Paralld Optimistic Delaunay Meshing (podm) The domalns. Agubdomaln approaches thg required I_evel of
. refinement with each successful completion of a cavity. The
podm benchmark simulates the process of 3-D mesh gen-

eration for restricted polyhedral domains [28]. Similaidy podmdbenchdmar; 'S desclzlr_lge:l |nddeta|| n Ejlg] ion load
pcdt , this method is based on Delaunay refinement. Theb Ipc t an7 poh_mhuse " obr. ytna.rn|ct.| usion foad-
main difference is that the subdomain boundary can change alancing [7], which creates object migration.
during the process of refinement. During cavity expansion, ]
certain mesh elements required for the cavity may be lo- 9-2. Experimental Results

cated on neighboring non-local subdomains. In such case,

request for the element is sent. This request may fail, if We first rannetsortC  and netsortD  on different

the elementis already acquired by some other cavity, whichnumber of nodes using each of the implemented LMPs. For

leads to a roll-back [20] of the expanding cavity. The cavity the configurations of up to 64 processors we used the Ty-
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The total execution times of theetsortC  and 0ok
netsortD  benchmarks using different LMPs are plotted 350F
in Figure 3. This experiment evaluates the impact of LM on o
the overall application performance. Results show, that fo 200
the centralizechetsortC  the total runtime grows when izg
we increase the configuration for all of the policies. JU and sof -
EU LMPs give the best results, while HB LMP is the worst. b 7 3 5

4
number of processors

In the case ohetsortD , best performance is attributed to
the HB policy, while BU is the worst.

Access-to-mobility ration = = [17], wherea is the to-
tal number of accesses (search operations) to objects and
m is the total number of object migrations, is one of the
parameters of an object-based distributed applicatio Th
netsortC andnetsortD  benchmarks have been modi- Thenetsort  benchmark is a tightly coupled (the sub-

fied to experiment with different values afand study the  sequent sorting stage cannot proceed until the previous
impact of those changes on the application performance.stage is complete), communication-bound application. In-

Figure 5. pcdt (top) and podm (down) execu-
tion time; P = 16, 32,64,128.

Figure 4 shows performance results of runnmegsortC ~ yitively, LMPs which introduce minimum additional com-
andnetsortD ~ benchmarks withh ~ 20 (we achieve this  mynjcation will suitnetsort ~ best. The message size in
by decreasing the number of object migrations). netsort is large relative to the size of the LM&pdate

In the last set of experiments we usgctt andpodm  messages, thus short forwarding path length is crucial. Ta-
for the analogous evaluation of LMPs. The results are pre-pje 2 gives collected data on average and maximum for-
sented in Figure 5. We observe that no significant perfor- yarding path length fonetsort  on 64 nodes. The num-
mance penalty is introduced by differences in LMpdt . ber of messages sent to objects is 327680, and it is equal

JU, PC and BU give the best performance. LF and HB are ) ~, 20 the total number of moves is about 16384.

the worst. The first set of experiments shows the impact of the ini-

] tial data distribution on the application performance. In
5.3. Analysis of the Results netsortC  all mobile objects are created on the same pro-
cessor. Mobile pointers corresponding to those objects are
In order to explain the behavior of LMPs for differentap- then distributed among other processors. In the absence of
plications, we need to understand the communication pat-the initial location data for a given mobile pointer, mes-
terns of the applications and the parameters of the LMPssages sent to mobile objects will always be directed to the
which affect the performance of a particular application.  “home” processor of those objects. The single for all ob-



jects “home” has to do significantly more communication

than the other processors, which leads to bad scalability of Table 3. Mobile object migration and commu-
most of the LMPs [14]. However, this is not the issue for  nication data (ave/max) for pcdt and podm
BU LMP, as after the objects are distributed, all processors (64 processors); fw distr. forwarding path
are aware of the objects’ locations (this makes the initial-  length, mv distr object movements, mv tot to-
ization stage of BU imetsortC  expensive though). Al- tal movements, ms tot total messages.

though the cost of thepdateoperation grows with the num-
ber of processors, the total number of object movements per APP | LMP [ fw distr [ mv distr | mstot [ mv tot |

processor decreases proportionally. We operate on the same LF 1.99/8 | 1.83/7 | 57382 940
problem size, thus the total number of messages sent from Ju 1.36/7 | 1.91/6 | 57382 980
each processor decreases too, this makes BU LMP scale for PC | 1.35/5| 1.95/7 | 57382 | 1002
netsortC . The performance of HB LMP does not change a BU 1.10/3 | 1.64/6 57382 840
significantly, because all the communication is always seri EU 1.53/6 | 1.88/6 57382 966
alized through the single “home” processor. Summarizing, HB 1.67/6 | 1.79/7 | 57382 920
the performance afetsortC ~ with A ~ 1 is influenced by LE | 2.85/15] 5.8/19 | 6987898 2003
the initial data layout for most of the studied LMPs. JU 1.10/171 15.1/36 | 6999244 5173

The data distribution afietsortD is balanced, as each % PC 1.07/9 | 15.7/40 | 6993058| 5391
processor acts as the “home” for an equal share of mobile] & | BU | 1.05/5 | 16.8/41| 6992392| 5783
objects. Because of this, HB LMP gives the best results EU | 1.52/12| 11.8/38 | 6993824| 4064
when) =~ 1 (see Figure 3). HB LMP guarantees relatively HB | 1.61/21| 14.4/A7 | 6997755| 4942

short forwarding path, and it also has low update costs.

The performance of BU LMP is slightly better compared to

netsortC , as the initial distribution stage and correspond- tive cost ofupdatebecomes negligible. The performance of
ing updates are absent. The performance of LF, JU, PC and MPs is defined by the average forwarding path length.
EU LMPs is defined by the average length of the forward-  The performance data in Figure 5 shows that the differ-
ing path, shown in Table 2. HB LMP gives the best per- ences in LM do notimpact the performancepetit . From
formance, as the load of location management is perfectlyTaple 3 we can conclude thatx 57 for pcdt . Most of the
balanced among the processors, and HB provides next-tomessages directed to mobile objectssptit messages. No
the-shortest average forwarding path length (see Table 2). messages ipcdt require replies. Communication costs

Our data from Figure 4 show the impact of the access-and computation costs of handlirsplit messages are in-
to-mobility ratio on the application performance. BU LMP  significant compared to the costs of processefgemes-
achieves the best execution times foetsortC  when  sages (one per subdomain). Moreover, the algorithm cor-
A ~ 20, while for the same test with ~ 1 it had poor per-  rectness does not change if all of thglits are aggregated
formance. The total number of movements decreased. Theand sent at the end of the computation as a single message.
updateoperation is very expensive for BU LMP, and higher pcdt is a computation-defined, partially coupled applica-
values of) allow for better amortization of thepdatecosts.  tion [14]. Because of this we observe low migration rate,
These costs become dominant with large number of pro-short forwarding paths (see Table 3) and consequently in-
cessors, which leads to performance degradation with 128significant impacts of location management.
nodes. The significant difference between EU and JU LMP  podm is different from pcdt : it is communication-
can also be observed. EU LMP sends updates when objecintensive and tightly coupled. It also has higher access-
moves, while JU updates the sender immediately after theto-mobility ratio: between 1209 and 3488. Only a limited
message arrives. This results in a shorter message forwardaumber of concurrent cavities is allowed within a subdo-
ing path for JU than for EU LMP, as Table 2 suggests. EU main. The cavity completion time depends on how timely
LMP profile is based oprocessoravhich send messages, the responses for remote elements are received. Although
while communication is induced hyobile objectsvhich the message size never exceeds Fitlim generates about
do not have fixed processor location. The change does 7M of those messages. Tipedm message handlers have
not significantly affect the performance of HB LMP. All  similar computational complexity. For a comparison, 512
messages are still routed through the single “home” node,of pcdt handler invocationsréfines) have complexity of
and the total number of messages is the same as in the previt000 relative to 1 of 5687€plits. This leads to more objects

ous test. The same experiment withe 20 for netsortD being migrated by the load-balancer (see Table 3). Another
shows the reduction in the execution time for all LMPs. interesting observation is that the total number of message
BU LMP again performs much better than netsortD sent inpodm varies for different LMPs and is the same for

with A & 1 for the same reason asmetsortC : the rela- pcdt . The explanation is that there is no non-determinism



in pcdt , while for podm the network conditions influence  short forwarding path, is relatively not expensive for asvid
the probability of success for a distributed cavity element range of applications with various and has good scalabil-
request. ity. However, we can also conclude that techniques with ex-
The value of) is high for podm, which makes LMPs  pensiveupdateimplementation, like BU and PC, are more
like BU and PC with relatively expensiwgpdateoperation beneficial than JU in tightly coupled applications with high
more beneficial even with high number of nodes. Overall, access-to-mobility ratio, which is often the case in pafall
the LMPs which provide shorter forwarding path give bet- distributed computing. We also establish that the proeesso
ter performance. Interestingly, EU performs worse than JU based profiling similar to EU LMP is not effective for par-
LMP, while from its description it is clear that EU updates allel distributed applications even with low mobility rate
all message senders with the new location during migration.  The LMPs we studied generate different amount of mes-
However, the updates sent by EU are deliveregrizes- sages, which affects the efficiency of the ILB decision-
sors’ local directories. Similarly toetsort |, this is not making. It will be interesting to study how this impact can
effective as communication is induced by migrating mobile be tolerated within PREMA. We are also interested in de-
objects. While HB LMP provides short average forward- veloping location management techniques which would ad-
ing path, it is still significantly higher than for JU and BU dress object-based vs processor-based profiling. We believ
(most of the messages will travel two hops: to and from such techniques can be effective in applications where each
“home”). HB LMP also gives the highest maximum for- object communicates with the limited number of other ob-
warding path value because of the high communication andjects. One of the limitations of our study is that {hedm
migration rate of the application (a message forwarded frombenchmark is a scaled-down model of the real application.
“home” is likely to be sent to the out-of-date location). The impact of over-decomposition and load-balancing have
The location mechanism used can significantly affect the not been studied for Optimistic Delaunay mesh generation
intensity of object movements during load-balancing, as it yet. We need to revisit the issue of location management
becomes apparent from Table 3. The reason for this is thatwithin the real application, where its impacts are likely to
the studied LMPs create different additional communica- be even more drastic.
tion induced mostly by forwarding. This prevents timely
delivery of the load-balancing messages and results in poo
decision making of ILB when the network traffic is high.
The reason for this is not only the network congestion, but
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