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Abstra
tGrid monitoring systems aim at delivering a

urate dynami
 information about the Grid,whi
h helps users with optimal utilization of the resour
es. Current systems have a stati
stru
ture or are 
entralized servi
es � thus are sensitive to nodes failures, not s
alable, anddi�
ult in administrating. In this work we propose an ar
hite
ture of a peer-to-peer Gridmonitoring system, addressing these issues. Furthermore, we propose three information dis-seminating strategies and evaluate their prototype implementations.
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Chapter 1Introdu
tionGrid monitoring systems provide meta-information about the observed environment. Theymonitor highly dynami
 information, su
h as network bandwith, CPU load, job queue waitingtime, et
. On the other hand, Grid information systems provide a

ess to semi-stati
 system
hara
teristi
s. They are responsible for resour
e dis
overy, a

ounting and authorization.Users need monitoring systems for optimal resour
e utilization. Information about loadhelps them with sele
ting the best resour
e available for the next task to be submitted on theGrid. Answering 
omplex user queries may involve not only the monitoring system, but alsoresour
e dis
overy. In this work, we regard a Grid monitoring system as a system providingusers with dynami
 Grid information as well as with resour
e dis
overy servi
es.A main problem of existing monitoring systems is s
alability. They are either 
entralized,thus introdu
ing a single point of failure and a performan
e bottlene
k, or have a stati
stru
ture, making maintenan
e pra
ti
ally impossible in a large environment. Over
omingthese weaknesses has motivated our work.A natural answer to the s
alability problem is a distributed system. Massie et al. in [9℄identify key design 
hallenges for distributed monitoring systems: s
alability (up to thousandsof nodes), robustness, manageability, portability, extensibility, and overhead.To address s
alability, robustness, and manageability, a stru
tured peer-to-peer (P2P)network might be used. The de
entralized nature of the P2P assures s
alability. Addition-ally, the dynami
 and self-organizing stru
ture of P2P networks has minimal 
on�gurationrequirements and is a solution to the remaining problems.The 
ooperation between P2P networks and Grid 
omputing, however, is still in its earlystage. Although both te
hnologies seem to have the same obje
tive � 
oordinated use oflarge sets of distributed resour
es � they are being developed independently by di�erent
ommunities.P2P and Grids have both the same general approa
h to ful�lling their main obje
tive,i.e. utilizing the overlay stru
tures. The overlays (virtual networks) 
oexist with underlyingorganizational stru
tures (hardware and physi
al networks), but not ne
essarily 
orrespond instru
ture to them. However, ea
h has some 
ru
ial limitations � Grid 
omputing fo
uses oninfrastru
ture rather than failure, whereas P2P does quite the opposite: addresses failure butnot yet infrastru
ture. Foster and Iamnit
hi in [5℄ suggest that the 
omplementary natureof the strengths and weaknesses of the two approa
hes will 
ause the interests of the two
ommunities to grow 
loser over time.The obje
tive of our work is the design of a peer-to-peer Grid monitoring system. Theproposed ar
hite
ture uses an a
y
li
 graph over P2P network, whi
h allows for e�e
tive dataaggregation and 
a
hing. Our system works in an event-driven fashion with measurements5



and queries as events.In our work, we dis
uss and evaluate three strategies for disseminating information: pull,push, and mixed. In the pull approa
h a user query is the event, 
ausing the network to 
olle
tall the information needed for the answer. The push-based model rea
ts to measurements,trying to spread new values a
ross the network and thus to be ready to immediately answeruser queries. In the mixed approa
h we try to join aforementioned 
on
epts to leverage theirstrengths and over
ome weaknesses.The rest of this thesis is stru
tured as follows. Chapter 2 presents the study of relatedwork, in
luding existing Grid monitoring systems, as well as P2P networks. In Chapter 3 wedes
ribe in detail fun
tional requirements for a Grid monitoring system. We present exampleuser queries, their 
lassi�
ation and required information to serve these queries. Chapter 4des
ribes the proposed ar
hite
ture together with a detailed des
ription of three approa
hesto information disseminating (pull, push, and mixed). Chapter 5 presents the prototypeimplementation and its evaluation. Finally, Chapter 6 
on
ludes and suggests future work.

6



Chapter 2Related workIn this 
hapter we present 
urrent proje
ts and 
on
epts in the �eld of Grid monitoringsystems together with their strengths and weaknesses. We dedi
ate a separate se
tion toSIENA � an interesting example of a large-s
ale event noti�
ation system. Finally, we presentan overview of peer-to-peer networks and 
urrent a
hievements in the �eld of in
orporatingP2P 
on
epts into Grids.2.1. Grid monitoring systemsThere exist quite a few monitoring systems for Grids. In this se
tion we present the mostimportant ones, not only des
ribing their ar
hite
ture, but also identifying their strengthsand weaknesses. The study is the basis for determining fun
tional requirements for Gridmonitoring systems, des
ribed in detail in Chapter 3.2.1.1. GangliaGanglia [9, 14℄ is a distributed monitoring system with a hierar
hi
al design. It works attwo levels: 
lusters and federations of 
lusters (see Figure 2.1).
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Figure 2.1: Ganglia ar
hite
ture (adapted from [9℄)There is a Gmon daemon present at ea
h node within a 
luster. Gmon monitors a node atwhi
h it is lo
ated, 
olle
ting 37 di�erent measurements (e.g. number and speed of CPUs, theirload, available memory, operating system). Moreover, daemons within a 
luster 
ommuni
atewith ea
h other using multi
ast over a lo
al network to ex
hange 
olle
ted information. As7



a result, ea
h node has 
omplete information on the status of the entire 
luster and 
an beregarded as its representative. This assures resilien
e to nodes failures. In 
ase the 
urrentrepresentative fails, any other node within the same 
luster may be 
onta
ted by externalpro
esses.Sele
ted nodes run Gmeta daemons. They are organized in a tree of a stati
 stru
ture,de�ned by the system administrator. Stati
 trees are used for simpli
ity, be
ause the authorsof Ganglia believe that Grids usually have only a small number of parti
ipating sites, eventhough the number of 
lusters might be large. Worse yet, Ganglia does not provide anyautomati
 re
overy from Gmeta daemons failures.Ea
h leaf node in the tree logi
ally represents a single 
luster. Ea
h non-leaf node rep-resents a federation of 
lusters. Gmeta periodi
ally polls data from its 
hildren (Gmons andGmetas). For 
hildren being 
lusters, it stores 
omplete information about their measure-ments. For federations, it stores only summary information (sum and number of values forea
h measurement for all 
lusters in all federations in the subtree).In Ganglia, only the root node answers queries. Consequently, the root is a performan
ebottlene
k and a single point of failure. The query is pro
essed by forwarding it to 
hildren.A node that knows the answer, does not pass the query to its 
hildren. Thus, queries arepropagated potentially throughout the entire Gmeta-tree.The system is designed to answer queries on the value of a measurement on a spe
i�
node, rather than ranking resour
es (e.g. �nding the least loaded node).2.1.2. DelphoiDelphoi [8℄ is a 
entralized Grid monitoring system built from two types of 
omponents:a single query pro
essing servi
e (Delphoi) and its helpers (Pythias) � see Figure 2.2.
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pathChirp

Pythia

Mercury ...
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information requests information requests

network
measurementsFigure 2.2: The Delphoi system ar
hite
ture (adapted from [8℄)The system provides the user with di�erent kinds of information: meta data (a
tive sites,known measurements), low-level resour
e and network information (delay, bandwith), high-level network information (optimal 
on�guration of TCP 
onne
tions, transfer time estima-tion), and queueing information (available queues, 
on�guration, average waiting time andnumber of free nodes). Not only gives it 
urrent measurements, but it is also 
apable of8




omputing predi
tions. Its predi
tor is a version of the Network Weather Servi
e (see Se
-tion 2.1.4) fore
aster library.Pythias are responsible for gathering information. They work by 
ontinuously 
olle
tingmeasurements from the 
omputers they monitor. Pythias use spe
ialized modules to 
om-muni
ate with external measurement providers (e.g. Mer
ury � a Grid monitor for resour
esand appli
ations, or pathChirp � an estimator for available bandwith). Usually one Pythia
ontrols one site.The Delphoi servi
e is responsible for answering all the queries. It handles low-level(e.g. CPU load, bandwith) and high-level queries (e.g. transfer time estimation). The an-swer to a low-level query is taken from an appropriate Pythia or retrieved from Delphoi's
a
he. For high-level queries, proper low-level queries are �rst answered. After performingsome 
omputations on re
eived information, the �nal answer is returned.Interesting use 
ases for the system are: sele
ting the best available repli
a, queue waitingtime estimation, and transfer proto
ol optimization. However, a single Delphoi servi
e is aperforman
e bottlene
k and a single point of failure.2.1.3. CoMonThe main goal for CoMon [11℄ (a mostly-s
alable monitoring system for PlanetLab) is tohelp administrators and users with tra
king problemati
 ma
hines on PlanetLab. Therefore, it
ontains spe
ial measurements for that spe
i�
 environment (e.g. statisti
s of resour
e utiliza-tion per user a

ount spread over a set of nodes). For details on PlanetLab, see Se
tion 5.2.2.The system has a 
entralized servi
e that periodi
ally (
urrently every 5 minutes) pollsinformation from daemons running at nodes in PlanetLab. Additionaly, it answers user'squeries. To be more pre
ise: it presents the history of resour
e utilization, allowing for�ltering the available data (e.g. showing only nodes with a load below given threshold).CoMon is a 
entralized system. As a 
onsequen
e, s
alability be
omes an issue. However,sin
e it is mostly used for monitoring rather than e�
ient resour
e allo
ation, the informa-tion served to 
lients is allowed to be stale. Thus, whenever the number of monitored sitesin
reases signi�
antly, the frequen
y of gathering information at the 
entralized servi
e issimply de
reased.2.1.4. Network Weather Servi
e (NWS)The aim of the Network Weather Servi
e is to maximize four fun
tional 
hara
teristi
s [16℄:
• predi
tive a

ura
y (to provide a

urate predi
tions in a timely manner),
• non-intrusiveness (not to introdu
e additional load on the existing system),
• exe
ution longevity (to be able to operate logi
ally inde�nitely),
• ubiquity (to be a

essible from all potential exe
ution sites within a resour
e set).The servi
e is built out of four types of 
omponents, i.e. Sensor, Persistent State, NameServer and Fore
aster (see Figure 2.3).Sensors are lo
ated at monitored resour
es and gather measurements. Persistent Statetakes 
are of storing all the measurements. Many Sensors may use the same Persistent State.The Name Server is a 
entralized dire
tory for binding names with TCP/IP addresses anddis
overing available sites. This is 
urrently implemented with LDAP. Finally, Fore
aster9



Figure 2.3: NWS pro
esses distributed a
ross three workstations (sour
e: [16℄)makes predi
tions for a given resour
e and a given time frame. This is the only pro
ess 
lients
onta
t.The emphasis of the proje
t is on 
olle
ting measurements and making predi
tions. Forexample, the system redu
es the number of point-to-point network measurements (e.g. la-ten
y) by organizing sensors in a hierar
hy of 
liques. A 
lique is simply a group of nodesphysi
ally 
lose to ea
h other (e.g. within the same 
ampus). Thus, network measurementswith distant sites 
an be 
omputed on
e for the entire 
lique and then approximated for itsmembers.Two main weaknesses of the system are: the manually managed stru
ture of 
onne
tionsbetween sensors and a 
entralized Name Server.2.2. S
alable Event Noti�
ation Servi
e (SIENA)The S
alable Event Noti�
ation Servi
e [2℄ is an interesting example of 
ontent-basednetworking. It is an event-driven model of event dispat
hing.The dispat
hing is regulated by advertisements, subs
riptions and noti�
ations. Obje
tsof interest spe
ify the events they intend to publish by means of advertisements. Interestedparties spe
ify the events they are interested in by means of subs
riptions. Obje
ts of interest
an then publish noti�
ations and the event servi
e takes 
are of delivering them to theinterested parties.An event 
onsists of its identi�er, timestamp and a set of attributes. An event �lterde�nes a 
lass of event noti�
ations by spe
ifying a set of attribute names and types andsome 
onstraints on their values. A pattern is de�ned by 
ombining a set of event �ltersusing �lter 
ombinators (or, and). An event noti�
ation is delivered to a subs
riber only ifits subs
ription pattern mat
hes the given event.In SIENA, nodes are organized either in a hierar
hi
al or peer-to-peer topology. SIENAintrodu
es two algorithms for 
onstru
ting noti�
ation paths for events: subs
ription andadvertisement forwarding.The �rst approa
h uses subs
riptions to set paths for noti�
ations. Every subs
riptionis stored and forwarded from the originating server to all the servers in the network. As aresult, a tree that 
onne
ts the subs
riber with all the servers is formed. Whenever an obje
tpublishes a noti�
ation that mat
hes that subs
ription, it is routed towards the subs
riberfollowing the reversed path established by the subs
ription.Advertisement forwarding uses advertisements to set the paths for subs
riptions, whi
hin turn sets the paths for noti�
ations. Every advertisement is forwarded throughout thenetwork. As a result, a tree that rea
hes every server in the network is formed. Whenever aserver re
eives a subs
ription, it propagates the subs
ription in reverse along the path to the10



advertiser, thereby a
tivating the path. Noti�
ations are then forwarded only through thea
tivated paths.Both algorithms result in a minimal spanning tree for ea
h sour
e.2.3. P2P networksPeer-to-peer networks are self-organizing distributed systems without any hierar
hi
alstru
ture or 
entralized 
ontrol, overlayed on IP networks. Among their most importantfeatures are robust routing, s
alability and fault toleran
e. They fall into two 
ategories [7℄:unstru
tured and stru
tured networks.2.3.1. Unstru
tured P2PUnstru
tured peer-to-peer networks organize peers in a random graph and use �ooding,random walks or expanding-ring Time-To-Live (TTL) sear
h on the graph to query 
ontentstored by peers. Ea
h peer evaluates the query lo
ally on its own 
ontent. This is ine�
ientbe
ause queries for 
ontent that is not widely repli
ated must be sent to a large fra
tion ofpeers. Additionally, there is no 
oupling between topology and a data item's lo
ation.Most interesting examples of unstru
tured P2P networks are: FreeNet, Napster, BitTorent,and Gnutella. The latter will be des
ribed in detail.Peers in Gnutella perform a
tions of both servers and 
lients (and they are named a
-
ordingly: servers+
lients = servents). Ea
h peer parti
ipates in maintaining the network,forwarding, and answering users queries. Servents ex
hange the following messages: ping (formanifesting their presen
e), pong (a response to ping, 
ontaining information about exist-ing peers), query (a user spe
i�ed sear
h string), and query response (
ontaining informationne
essary to download a �le).Gnutella uses broad
asting within a limited s
ope for ping and query messages. Theyare identi�ed by a randomly generated id, whi
h prevents rebroad
asting messages. Limiteds
ope of broad
asting is done by utilizing TTL 
ounters, de
reased at ea
h hop. Answersto broad
ast messages (pong to ping and query response to query) are ba
k propagated viapaths established by the original messages.In order to join the network, ea
h new peer has to 
onta
t one of the hosts known to beon-line most of the time. Their list is usually published on a web-site. The new peer startsoperating by broad
asting a ping message via hosts from the a
quired list. As a response, itre
eives the list of some other peers in the network. After joining the network, nodes period-i
ally ex
hange ping and pong messages to maintain network 
onne
tions. This me
hanismassures network integrity and makes Gnutella failure robust.How the user queries are broad
ast 
an be seen in Figure 2.4. Ea
h peer re
eiveing a querymessage tries to mat
h it to the resour
es it stores. Furthermore, it forwards the messageto its peers. Answers to queries 
ontain 
onta
t information to hosts storing data items theuser is sear
hing for. After re
eiving the answer, a user dire
tly 
onta
ts appropriate hostsby ex
hanging get and push messages.Be
ause of lo
ality of query pro
essing (�ooding within limited s
ope), sear
hing is e�e
tiveonly for widely spread 
ontent.2.3.2. Stru
tured P2PStru
tured peer-to-peer network assigns keys to data items and organizes its peers into agraph that maps ea
h data key to a peer. This stru
tured graph enables e�
ient dis
overy of11
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Figure 2.4: Queries in Gnutelladata items using the given keys. Examples in
lude Content Addressable Network (CAN) [12℄,Chord [15℄ and Pastry [13℄. The latter will be des
ribed in detail in the next se
tion togetherwith an appli
ation-level multiast overlay, S
ribe.2.3.3. Pastry and S
ribePastryPastry [13℄ is a s
alable, self-organizing peer-to-peer lo
ation and routing substrate. Ea
hnode in the Pastry network has a unique numeri
 identi�er (nodeId). The nodeId is assignedrandomly when a node joins the system. It is assumed that nodeIds are generated su
h thatthe resulting set of nodeIds is uniformly distributed in the 128-bit nodeId spa
e.For the purpose of routing, nodeIds and keys are represented as a sequen
e of digits withbase 2b (b is a 
on�guration parameter with typi
al value 4). Pastry routes messages to thepeer whose nodeId is numeri
ally 
losest to the given key. In ea
h routing step, the messageis forwarded to a node whose nodeId shares with the key a pre�x that is at least one `digit' (bbits) longer than with the present nodeId. If no su
h node is known, the message is forwardedto a peer with 
ommon pre�x of the same length, but numeri
ally 
loser to the message key.For an example, see Figure 2.5(a).Assuming a network 
onsists of N nodes, Pastry 
an route messages in less than ⌈log
2bN⌉steps under normal operation.In order to route messages, a routing table is maintained at ea
h node � see Figure 2.5(b).It 
ontains nodes for pre�xes of di�erent length. Additionally, a neighborhood set with M(being a parameter) 
losest nodes is being kept. The set is used only for optimizing therouting table, not for routing itself.The neighborhood set is also used to assure network lo
ality. It aims at minimizing thedistan
e messages travel, a

ording to a s
alar proximity metri
 provided by the appli
ation(e.g. the number of IP routing hops). This is a
hieved by always sele
ting the 
losest knownnode as representative for the ea
h pre�x. More pre
isely, a message is forwarded to a relatively
lose node with a nodeId that shares a longer 
ommon pre�x or is numeri
ally 
loser to thekey than the lo
al node.S
ribeS
ribe [3℄ is a large-s
ale, de
entralized appli
ation-level multi
ast infrastru
ture built onPastry. It allows for 
reating topi
 groups and then publishing messages to subs
ribers.12



(a) Routing a message from node 65a1fc with key
d46a1c. The dots depi
t live nodes in Pastry's
ir
ular namespa
e (b) Routing table of a Pastry node with nodeId

65a1x, b = 4. Digits are in base 16, x representsan arbitrary su�xFigure 2.5: Routing messages in Pastry (sour
e: [13℄)Any S
ribe node may 
reate a group. Other nodes 
an then join the group and multi
astmessages to all members of the group. Ea
h group has a unique groupId. The S
ribe node witha nodeId numeri
ally 
losest to the groupId a
ts as the rendez-vous point for the asso
iatedgroup. The rendez-vous point is the root of the multi
ast tree 
reated for the group.To 
reate a group, a S
ribe node asks Pastry to route a 
reate message using the groupIdas the key. Pastry delivers this message to the node with the nodeId numeri
ally 
losestto groupId, similarly for a join request message. Ea
h node through whi
h a 
reate or joinmessage is routed, be
omes a forwarder for the given group, maintaining 
hildren table withall nodes that passed the message to it. As a result, a multi
ast tree is formed, spanning allmembers of the given group.
forwarder

forwarder and member

join
repair

Root

1100

1101 1001

0100
1111

Figure 2.6: Tree maintenan
e in S
ribe (adapted from: [3℄)An example of tree maintenan
e pro
edures is shown in Figure 2.6. Node 1100 is therendez-vous point for the example group. Nodes 1101 and 1001 are group members and � atthe same time � forwarders. The joining node, 0100, sends the join message to the group id.Pastry routes this message to node 1001 in the �rst step. Upon re
eiving the join message,1001 registers 0100 as its 
hild. This is needed for proper dissemination of group messages.Sin
e 1001 is already a forwarder for the group, it is part of the multi
ast tree. Consequently,this join message is not forwarded and the join pro
edure for 0100 ends.13



S
ribe periodi
ally monitors its 
onne
tions and whenever a node failure is dis
overed, thesystem rea
ts by re
onstru
ting the multi
ast tree. For example, if node 1001 dis
overs that1101 is down, it asks Pastry to route a join message so that a new 
onne
tion in the multi
asttree 
an be established. Pastry routes the join message to node 1111. Sin
e that node wasnot part of the tree, not only it registers the fa
t that node 1001 is its 
hild, but also forwardsthe join message further towards group id. Next node on the way is the root node. It registersnode 1111 as its 
hild.Failures of the rendez-vous points are handled similarly. As soon as any of the root's
hildren dis
overs that rendez-vous point is no longer available, it routes the join message.Sin
e Pastry delivers messages to the nearest (with respe
t to ids) available node, new rootnode is sele
ted and noti�ed automagi
ally.The des
ribed method of building and maintaining the multi
ast tree limits the numberof nodes involved in ea
h a
tion. All the tree repairs are performed lo
ally (e.g. node 0100does not have to be noti�ed about 
hanges in the tree above its parent).It is worth mentioning that periodi
ally sent messages not only help with repairing thetree, but also with optimizing the tree whenever a new node appears in the network. If a newnode happens to be a better peer (in terms of lo
ality and number of routing steps), the treeis re
onstru
ted a

ordingly. Thus, S
ribe bene�ts from Pastry's lo
ality properties.Messages publishing in S
ribe is done by sending the message to the root node of themulti
ast tree. As soon as Pastry delivers the message to the rendez-vous point, it is resentto its 
hildren. Similarly, every node in the tree handles the re
eived message.2.4. P2P and GridsCurrent Grid systems have two serious problems: the s
alability and the disability tohandle node failures. Both problems are 
aused by 
entralized servi
es, whi
h are mostlyneeded for resour
e dis
overy. As Foster and Iamnit
hi suggested in [5℄, 
onvergen
e of Grid
omputing and peer-to-peer networks seems to be a natural step. Enri
hing Grids withabilities of P2P networks would solve s
alability issues and help with handling nodes failures.Additionally, P2P 
ould also provide Grids with a de
entralized way of dis
overing availableresour
es.Surprisingly, there exist only a few proje
ts that join experien
es from both �elds. Exam-ples are Zorilla [4℄, the Web-Servi
es Dis
overy Ar
hite
ture (WSDA, [6℄) and NaradaBroker-ing [10℄.Among them, the most interesting proje
t is Zorilla � a large-s
ale job s
heduling system.In order to bene�t from P2P networks, its authors 
ompletely redesigned the 
on
ept of Grid
omputing, instead of extending it. Zorilla does not need a 
entralized servi
e to submit ajob, nor requires syn
hronization of many independent job s
hedulers. It simply uses �oodingto publish the job request lo
ally.Instead of making a globally optimal de
ision about job s
heduling, Zorilla exploits lo
alityand bene�ts from the s
alability of the solution. The job is simply published within a 
ertains
ope from the user node.
14



Chapter 3Queries and information in Gridmonitoring systemsThe starting point for designing our system is 
olle
ting requirements. After studyingthe systems presented in Se
tion 2.1 and their example appli
ations, we identi�ed the most
ommon types of queries that Grid users a
tually need and use. In this 
hapter we also presentinformation needed to handle these queries and possible strategies of aggregating them.3.1. QueriesPossible queries that 
ould be of Grid users' interest, fall into two 
ategories: dire
t mea-surements and resour
e dis
overy.Dire
t measurements provide users with detailed information about spe
i�
 resour
es �their utilization, hardware and software spe
i�
ation, et
. This helps with verifying that agiven resour
e is suitable for an appli
ation (e.g. it has su�
ient memory available or theCPU's frequen
y is high enough). Additionally, this 
ategory in
ludes host-to-host networkmeasurements, whi
h are useful for e�
ient usage of available resour
es � e.g. by allowingsele
tion of the best repli
a to use.Resour
e dis
overy queries in their simplest form return a list of all available resour
es.More advan
ed queries allow users to express some requirements for the resour
es (e.g. mini-mum available memory, type and version of the operating system) or some preferen
es (e.g. jobqueue average waiting time or CPU load below some value). Additionally, a user may requestthe system to rank the resour
es a

ordingly to their a

essibility, e.g. by CPU load or jobqueue waiting time.Resour
e dis
overy queries 
ould be further 
lassi�ed based on the presen
e of 
onstraints.Queries with 
onstraints allow for retrieving the list of resour
es meeting the spe
i�ed re-quirements (e.g. minimum memory available). Queries without 
riteria, in turn, allow onlyfor retrieving the list of all resour
es.Unfortunately, 
urrent systems do not o�er advan
ed resour
e dis
overy. For example inGanglia, Delphoi or NWS (see Se
tion 2.1) the user 
an only a
quire the list of all availableresour
es. In order to rank the resour
es or �lter out unsuitable ones, the user is for
ed tosubmit a series of additional dire
t measurements queries.Sin
e we believe that resour
e dis
overy is of highest importan
e to the user and dire
tmeasurements 
an be easily implemented in a de
entralized manner, we 
on
entrate our ef-forts on advan
ed resour
e dis
overy servi
es. Surely, the system should also o�er dire
tmeasurements. They, however, 
an be regarded as 
omplementary information.15



3.2. InformationFor the sake of answering queries des
ribed in the previous se
tion (dire
t measurementsand resour
e dis
overy), a Grid monitoring system has to 
olle
t the following information:
• node measurements � total and available disk spa
e, swap spa
e and memory; load andfrequen
y of the CPU,
• job queues � their 
on�guration (number of CPUs, job manager used, maximum allowedjobs, maximum memory available) and utilization (average waiting time, average waitingjobs),
• network measurements � low-level metri
s like laten
y, bandwith (available and utilized),path (in terms of IP hops) and high-level estimates dedu
ted from them, e.g. expe
tedtransfer time between hosts or optimal TCP options.In the system we are proposing, the emphasis is put on node measurements. Informationabout job queues is very similar to node measurements and thus 
an be designed and imple-mented similarly. Network measurements, in turn, are omitted, sin
e they are only used inthe already ex
luded dire
t measurements 
ategory.Information 
oming from nodes be
omes a basis for both ranking resour
es (e.g. by CPUload) and �ltering using 
riteria (e.g. by available memory).3.3. Aggregating informationBesides 
olle
ting and serving the information itself, a Grid monitoring system 
an operateon its aggregated form. Aggregated information presents an extra
t of information. It allowsfor answering some queries without investigating all information in detail. Possible types ofaggregation in our system are: union, minimum, and maximum.Union presents joint information about all elements of a set. Keeping that kind of ag-gregated information might enable a qui
k a

ess to the 
omplete list of all resour
es. Fig-ure 3.1(a) presents the example.
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(b) minimumFigure 3.1: Examples of aggregated informationMinimum and maximum 
an be useful to qui
kly determine the `best' element (i.e. withhighest or lowest value of some measurement) and to optimize �nding answers to queries with
onstraints.Whenever a query with 
onstraints is analyzed by the system, aggregated informationabout some set of resour
es 
an help with de
iding whether the parti
ular set should be16



analyzed in detail or not. This te
hnique 
an signi�
antly limit the number of resour
es beinginvolved in answering the query.Figure 3.1(b) presents an example together with aggregated information (minimum). Inthis 
ase, the answer to the query `return all values below 3' 
ould be 
omputed as follows.At �rst, we de
ide to look into the set AB � its minimum value (1) assures that there aresuitable elements inside. Further, sin
e A has minimum value of 4, it should be skipped � allits elements would not meet the 
onstraint `below 3'. B, however, has to be investigated indetail, 
ontributing values 1 and 2 to the answer.3.4. Predi
tionsSome Grid monitoring systems (like NWS or Delphoi) o�er predi
tions in addition to
urrent measurements. The motivation is that for users it might not be important whatthe load of the ma
hine is or was, but � what the load will be when they de
ide to use it.Consequently, all identi�ed queries may be related either to the presen
e or to the future.However, enri
hing existing system with a predi
tions module is not 
ompli
ated. Forexample, the Delphoi system adapted the NWS fore
aster library in order to 
ompute predi
-tions about job queues utilization.In order to serve 
urrent information as well as 
al
ulated predi
tions for the limited timeslots, our system will be able to operate on series of values. Fore
asting will be performed byea
h node individually and only the results will be presented to other nodes.

17





Chapter 4System ar
hite
tureAfter des
ribing all the requirements, we are ready to propose the ar
hite
ture of a peer-to-peer Grid monitoring system. In this 
hapter we present the ar
hite
ture overview togetherwith three strategies of disseminating information.4.1. Ar
hite
ture overviewWe propose to build the Grid monitoring system on top of a peer-to-peer network inorder to obtain a de
entralized self-organizing stru
ture. With minimal 
on�guration andadministration e�ort, a s
alable system 
an be maintained.We assume that an a
y
li
 graph of peers 
an be 
reated on top of a P2P overlay (as ourprototype implementation proves, this 
an be easily a
hieved) � see Figure 4.1.
P2P OVERLAY

NETWORKFigure 4.1: P2P overlay networkThe Grid monitoring system resides on top of a P2P overlay network � see Figure 4.2.The appli
ation pro
esses 
lient queries and manages the infrastru
ture for optimizing thepro
essing. It is a mediator between the user and the measurements. The appli
ation usesthe P2P overlay network to 
ommuni
ate with all the nodes.The user may 
onta
t any of the nodes in the network to submit a query, sin
e theappli
ation treats all the nodes equally and exports the same interfa
e to ea
h of them.For query pro
essing and information disseminating, we propose the following three strate-gies:1. pull approa
h,All user queries are answered by propagating them throughout the entire network andgathering information. However, no additional 
ommuni
ation is required.2. push approa
h,Ea
h node maintains a 
a
he for measurement, keeping aggregated information aboutthe rest of the network. Thus, user queries (without 
onstraints) are answered lo
ally.19
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Figure 4.2: System ar
hite
tureHowever, in order to maintain the 
a
he, peers need to 
onstantly ex
hange informationabout new measurements.3. mixed approa
h.This approa
h is a 
ombination of the aforementioned two solutions. Some nodes of thenetwork work in push mode, others in pull mode.These three strategies will now be dis
ussed in detail.4.2. Pull approa
hIn the pull approa
h the query is the event, whi
h 
auses messages to be propagated.The only 
ommuni
ation is dire
tly 
aused by the submitted query. There is no information
a
hed in this approa
h. Figure 4.3 presents an example graph of 5 nodes (A, B, C, D, andE) with their 
urrent measurement value (7, 5, 1, 2, and 3 respe
tively).
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EFigure 4.3: Example graph in pull approa
hRegardless of its type (with or without 
onstraints), queries are pro
essed in the sameway. Whenever a user submits one, information is gathered from the entire network.Figure 4.4 presents the pro
ess of answering an example query without 
onstraints (ob-taining the minimum value in the network). At �rst the query is submitted to node B � see20
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Figure 4.4(a). In Figures 4.4(b) and 4.4(
) it is propagated throughout the network. In Fig-ures 4.4(d) and 4.4(e) the answer is returned. Node C 
al
ulates the minimum value based onthe answers it re
eived from its peers (2 at D and 3 at E) and its own value (1). Consequently,the answer it passes to B is 1 at C. Likewise, node B 
omputes the minimum of its own andre
eived values, returning 1 at C to the user � see Figure 4.4(f).In the pull approa
h network tra�
 is generated only when a query is submitted. Intu-itively, the trade-o� will be the quality of information. In our work, the quality of informationis measured in terms of staleness. Its de�nition will be formulated in Se
tion 5.2.4. Roughly,staleness is the time passed sin
e the a
quired information has stopped being 
orre
t.In the 
ase of the pull approa
h, staleness is expe
ted to be proportional to the maximumnetwork laten
y between a node re
eiving a user's query and all other nodes. The reason isthat the node being queried initiates pulling and has to wait for all the answers to 
ome.This approa
h is expe
ted to be suitable for systems with a low query load, i.e. whenmaintaining a 
a
he for measurements (as in push and mixed models) would not pay o�. Wewill return to this issue at the end of the next se
tion.4.3. Push approa
hIn the push approa
h a measurement is the event 
ausing the ex
hange of informationbeetween nodes. They maintain a 
a
he for values, whi
h 
ontains the aggregated informationabout ea
h subnetwork represented by its peer nodes.
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Figure 4.5: Minimum-
a
he in push approa
hFigure 4.5 presents an example graph of 5 nodes with a 
a
he that aggregates informationby 
al
ulating a minimum. Ea
h node keeps aggregated information for every 
onne
tionit has. For example node A has only one peer-node, i.e. node B. It represents the subnet-work 
onsisting of nodes B, C, D and E. Among them, node C has a minimum value of 1.Consequently, node A stores information min of 1 at C (C:1) for its 
onne
tion to node B.Similarly, node B stores 
a
he information for its two peers: A and C. The 
onne
tionwith A represents a one node subnetwork. Thus, aggregated information for it is A:7. NodeC represents the subnetwork 
onsisting of nodes C, D and E with a minimum value of 1 atnode C. Thus, a 
a
he value for B's 
onne
tion with C is C:1.Whenever a new value arrives at a node, it re
al
ulates the aggregated information itshould present to all its peers and � for whi
h an update is needed � sends a noti�
ation.Figure 4.6 shows 
hanges after a new value of 4 appears at node A. At �rst, node A updatesits lo
al information � see Figure 4.6(a). Then, A updates information it has presented to nodeB sin
e it be
ame outdated. New information (min of 4 at A) is sent to B. Node B updatesits 
a
he � see Figure 4.6(b). Sin
e the new value is below the minimum value presented by22
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heFigure 4.6: Updating 
a
he in push approa
hB to C, the latter has to be noti�ed. B informs C about the new value (min of 4 at A) � seeFigure 4.6(
). However, information C presented earlier to D and E is still valid (C:1). Thus,the update pro
ess does not go beyond node C.In the push approa
h, queries without 
onstraints 
an be qui
kly answered � dire
tly bythe queried node. Figure 4.7 presents an example query submitted to node B about the
urrent minimum value. Node B qui
kly 
al
ulates the minimum of aggregated informationfrom its peers (1 at C, 7 at A) and its own value (5) and returns the answer (min of 1 at C).
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(b) returning the answerFigure 4.7: Query without 
onstraints in push approa
hQueries with 
onstraints have to be propagated among peers. However, the query isforwarded only to these subnetworks, whi
h aggregated information meets the requirementsspe
i�ed in the 
onstraints.Figure 4.8 shows an example query about all nodes with a measured value below 4. The23
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example usage is a request to retrieve a list of all the nodes with average job queue waitingtime below 4 minutes. The user submits a query to node B � 4.8(a). In the �rst step, nodeB de
ides it 
an skip the subnetwork represented by node A, sin
e its minimum value is 7,meaning none of the nodes in this part of the network 
an satisfy the user's requirements.The query, however, is propagated to the other bran
h, where the minimum value is 1 � seeFigure 4.8(b).In Figure 4.8(
) node C forwards the query to both its subnetworks, sin
e both 
an possiblysatisfy the requirements. In Figure 4.8(d) nodes D and E return their answers with singletons
ontaining only themselves.Figure 4.8(e) presents the answer that node C sends ba
k to B. It 
ontains nodes that Cre
eived from its peers (D and E) and C itself, sin
e it also satis�es the user's requirement.In Figure 4.8(f) B returns the answer to the user. B itself does not 
ontribute to the answer,sin
e its value (5) is greater then the user's threshold.In this example, the list of resour
es was ranked a

ordingly to the measurement involvedin the 
onstraints, but a di�erent measurement for ranking 
an be used. For example, retriev-ing a list of resour
es with average job waiting time below 4 minutes ranked by the amountof available memory is also possible,Also limiting the list to a spe
i�ed number of resour
es 
an easily be implemented bytrun
ating the list at ea
h step. For example, if the user requests only the top two nodes,node C in the stage presented by Figure 4.8(e) would return the list {C:1, D:2}.Normally, the 
a
he is 
onstantly updated and queries are submitted randomly. Therefore,the quality of information at a spe
i�
 node is expe
ted to be proportional to the average (asopposed to maximum in the pull approa
h) network laten
y between the given node and allother nodes in the network.The push approa
h, at the pri
e of frequent updates needed to maintain the 
a
he, givesa qui
k response to queries without 
onstraints and limits the number of the nodes involvedin pro
essing queries with 
onstraints.The approa
h presented in this se
tion is expe
ted to be e�
ient in environments wherethe average number of queries per se
ond signi�
antly ex
eeds the average update rate ofmeasurements at nodes. In that 
ase the overhead of maintaining the 
a
he pays o�.4.4. Mixed approa
hThe mixed approa
h merges the 
on
epts of the push and pull approa
hes. Both queriesand measurements initiate 
ommuni
ation.Leaf nodes (i.e. nodes with only one peer) work in push mode. Whenever a new measure-ment is done, information is propagated to a node's peers. Other, non-leaf nodes (i.e. havingmore than one peer) work in pull mode. They do not propagate information about subnet-works to other peers, but 
a
he information about their leaf-peers.Figure 4.9 presents an example network 
on�guration and 
a
he 
ontent in the mixedapproa
h. A, D and E are leaf nodes working in push mode. They present information abouttheir one-node subnetworks to their peers (A to B, D and E to C). Nodes B and C work inpull mode and thus do not ex
hange information with ea
h other.It is worth mentioning that nodes are not stati
ally assigned to push or pull areas. Ina real environment a graph of 
onne
tions between nodes 
hanges as nodes join and leavethe network. Additionally, the next time the same peer joins the network, it may re
eive adi�erent id, whi
h in�uen
es its pla
ements in the overlay network. Nevertheless, some nodesmay always be leaf nodes, resulting in an in
reased (relatively to pull nodes) network tra�
.25



3

5 2

1

7

A

D

E

B

C

D:2

E:3

Pull areaA:7

Push area

Figure 4.9: Minimum-
a
he in mixed approa
h

3

2

1

min value

5

7

A

D

E

B

C

D:2

E:3

A:7

(a) submission of the query 3

5 2

1

7

A

D

E

B

C

D:2

E:3

A:7

(b) query propagation
3

5 2

1

C:1

7

A

D

E

B

C

D:2

E:3

A:7

(
) 
olle
ting answers 3

5 2

1

C:1

7

A

D

E

B

C

D:2

E:3

A:7

(d) returning the answerFigure 4.10: Query without 
onstraints in mixed approa
h
26



Queries with and without 
onstraints are all pro
essed in a way similar to the pull ap-proa
h. A node propagates the query to all its peers within the pull area. For the remainingpeers (i.e. peers from the push area) 
a
hed information is used.Figure 4.10 presents an example query realization. Node B, after a

epting the query (seeFigure 4.10(a)), forwards it to node C, its only peer within the pull area (Figure 4.10(b)).Node C returns the answer immediately, as it has information about all its peers 
a
hed.The answer (min of 1 at C) is sent ba
k to B (Figure 4.10(
)). Next, node B 
omputes theminimum of: re
eived value from C, 
a
hed value about A and its own value. Finally, itreturns the answer (min of 1 at C) to the user (Figure 4.10(d)).The mixed model redu
es 
ommuni
ation overhead of the push model, in
reasing perfor-man
e (both query time and quality of answers) of the pull model at the same time. Thequality of information in this approa
h is expe
ted to be better than in the pull approa
h,but worse than in the push model.
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Chapter 5EvaluationIn addition to proposing a P2P Grid monitoring system ar
hite
ture, we evaluated itsprototype implementation. In this 
hapter we des
ribe this implementation together with thetestbed we used. We present and dis
uss results of the 
ondu
ted tests.5.1. Prototype implementationFor the prototype implementation of the proposed ar
hite
ture, Pastry and S
ribe (seeSe
tion 2.3.3) have been used. For an overview of the system design � see Figure 5.1.
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Figure 5.1: Prototype implementationAll three layers of the system (Pastry, S
ribe, and appli
ation) will now be des
ribed indetail.PastryPastry provides an infrastru
ture for organizing all the nodes into a network. It handlesnodes joining and leaving the network, and thus keeps instability of the environment under
ontrol. In addition, Pastry routes messages, supporting any kind of 
ommuni
ation betweennodes. 29



When using Pastry (or any other P2P without any 
entralized servi
e), the bootstrappingissue arises. A new node starting its operation needs to know whom should it 
onta
t in orderto be
ome part of the overlay network. To solve this problem, we 
reate a bootstrap group.It 
onsists of nodes expe
ted to be on-line most of the time. Their network addresses areregistered under a single well-known name, using DNS.While initiating, nodes retrieve the bootstrap group from DNS and try to join the overlaynetwork, using one of the obtained addresses. In 
ase none of the peers 
an be 
onta
ted,the node (given that it is a member of the bootstrap group), initiates a new Pastry network.Other nodes have to wait for one of the bootstrap peers to be
ome rea
hable.We assume that it is relatively easy to identify at least a few stable nodes within a groupof interested hosts. However, it is not required for all the hosts from the list to be on-line allthe time. Failure of all but one will still provide joining nodes with needed servi
e. Failure ofall will only disable new nodes from joining, but will not destroy the existing network.Additionally, maintaining the bootstrap group requires minimal administrative work �only the DNS entry has to be modi�ed, in 
ase some nodes need to be repla
ed, removed oradded.Another advantage of using round-robin DNS s
heme is load balan
ing [1℄. Ea
h time aDNS-server is queried, it will return a reordered list, 
ausing su

essive nodes to be dire
tedto di�erent bootstrap peers.However, DNS servers are not obliged by the standard to implement round-robin in thedes
ribed manner. Servers may return the same list ea
h time they are queried or redu
e thelist to one of its elements.S
ribeThe middle layer of our system is S
ribe. It uses Pastry's message passing API to establishand maintain a multi
ast tree. Ea
h of the nodes subs
ribes to the same topi
 and thus theS
ribe tree spans over the entire overlay network.S
ribe introdu
es a hierar
hy into the network. In our ar
hite
ture, however, the tree isused to stru
ture the network rather than to bene�t from the parent-
hild relations. All thenodes are treated equally, as peers. S
ribe o�ers simply one of the easiest ways to overlay thenetwork with an a
y
li
 graph � see Figure 5.2.
PASTRY

SCRIBE

Figure 5.2: Role of Pastry and S
ribe in the prototype implementation30



Appli
ationThe appli
ation is laid on top of S
ribe and is responsible for pro
essing 
lient queries. Italso maintains the infrastru
ture for optimizing the pro
essing and is responsible for imple-menting the three pro
essing strategies.Whenever the user submits a query, the appli
ation 
olle
ts appropriate measurementsfrom the nodes. It uses the intermediate layers (S
ribe and Pastry) to 
ommuni
ate with thenodes in the network. As soon as all the information is 
olle
ted, the appli
ation returns theanswer to the user.5.2. Tests setupIn this se
tion we des
ribe the testbed used in the evaluation. We start with explainingwhat simpli�
ations to the ar
hite
ture des
ribed in the previous se
tion were made. Thenwe dis
uss PlanetLab � the environment we used. The se
tion 
ontinues with the des
riptionof our e�orts to stabilize this extremely unstable environment, followed by the de�nition ofthe quality of information � the basis for 
omparing di�erent models. Finally, we present themethodology of our tests.5.2.1. Simpli�
ationsIn order to establish a framework for 
omparing di�erent approa
hes to query pro
essing,several assumptions and simpli�
ations have been made. We de
reased 
omplexity of thenetwork stru
ture and 
on
entrated on queries of type minimum only.The network stru
tureThe most important simpli�
ation of the system ar
hite
ture is redu
ing the graph tothe tree and 
hoosing only the root node to answer the queries. It signi�
antly simpli�esthe implementation of approa
hes that use a 
a
he (push and mixed). The node, instead of
al
ulating aggregated information for ea
h of its peers, has to present the information aboutits subtree to the parent node only � see Figure 5.3.
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ation of the network stru
tureArrows 
onne
t 
hildren to their parents. In this example, B has been sele
ted as a rootnode. Children present aggregated information only to their parents. For example, node Csends information about minimum in its subtree (
onsisting of nodes C, D, and E) to itsparent � node B. Consequently, ea
h node 
a
hes information not about every subnetwork,31



it is 
onne
ted to, but only about subtrees represented by its 
hildren. For example, node C
a
hes information from D and E, but does not have any information from its parent, nodeB. The parent-
hildren relationship is retrieved dire
tly from S
ribe's multi
ast tree.Minimum onlyIt is worth mentioning that minimum and maximum aggregation are very similar and thusone of them 
an be omitted. Additionally, we prefer minimum over union, sin
e we expe
t itto reveal most signi�
ant di�eren
es between the presented approa
hes.Therefore, from the information aggregation methods des
ribed in Se
tion 3.3, we 
hoseonly minimum to be implemented and omit maximum and union.5.2.2. EnvironmentWe have 
hosen PlanetLab as a testbed for evaluating our system. PlanetLab is aplanetary-s
ale network, 
urrently 
onsisting of 685 ma
hines in 332 sites spread over 25
ountries. See Figure 5.4 for the visualization of nodes distribution.

Figure 5.4: Current (27-06-2006) distribution of nodes in PlanetLabThe most important advantage in using PlanetLab is that experiments 
an be 
ondu
tedunder real-world 
onditions, and at a large s
ale. Appli
ations using PlanetLab are widelydistributed over the Internet, a
ross multiple administrative boundaries.Our appli
ation used PlanetLab ma
hines to build 4 trees of di�erent sizes. We evalu-ated our system on ea
h of the trees separately. The 
hara
teristi
s of 
onstru
ted trees aresummarized in Table 5.1.The hop-laten
y is the laten
y between pairs of nodes in the tree (between a 
hild and itsparent). The path-laten
y is the laten
y between the node in the tree and the root node. Forboth, we present their average and maximum value as well as the standard deviation (denotedby σ). All the laten
y values are in millise
onds.Tra
king these values will allow us to examine the in�uen
e of the laten
ies in the un-derlying TCP/IP network on the e�
ien
y of 
ommuni
ation in the P2P overlay network.Furthermore, as stated in Se
tions 4.2 and 4.3, the quality of information is expe
ted to be32



nodes sites nodes hop-laten
y path-laten
y depthper site avg max σ avg max σ avg max10 8 1.3 78 172 59 78 172 59 1.0 140 30 1.3 91 242 59 104 324 67 1.1 280 61 1.3 73 304 67 120 434 81 1.4 3160 103 1.6 88 348 78 148 553 98 1.7 2Table 5.1: Sets of nodes used in testsdire
tly 
onne
ted to the average travel time of messages through the network in 
ase of thepush approa
h, and maximum travel time in 
ase of the pull approa
h.Nodes for the experiments have been 
hosen so that the number of sites was as high aspossible. We managed to a
hieve the nodes per site fa
tor as low as 1.6 for the tree of 160nodes. This ratio for all nodes in PlanetLab is 2.1. We tried to minimize the number of
hild-parent TCP/IP 
onne
tions within the same lo
al area, be
ause we wanted to build alarge-s
ale system being able to work under many di�erent 
onditions. Using many LAN
onne
tions inside trees would strongly in�uen
e the results.For the visualization of nodes distribution for our tree of 160 nodes see Figure 5.5(a).

(a) visualization of nodes distribution
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Chara
teristi
s of the largest tree will now be des
ribed in detail. Figures 5.5(b) and 5.5(
)present the distribution of hop and path-laten
y for our 160-nodes tree. Laten
y values aregrouped by 10 ms.Hop-laten
y values are mostly low, 90% of measurements fall below 200 ms, whereas 90%of path-laten
y values fall below 300 ms. Only 10 paths (i.e. 6%) have laten
y below 20 ms.The path-laten
y distribution within the range of 0-200 ms is balan
ed.5.2.3. Assuring reprodu
ibilityTesting appli
ations in su
h an unstable environment as PlanetLab is not an easy task. Inorder to improve reprodu
ibility of our tests, we introdu
ed several additions to our system.GeneratorsOur prototype implementation uses arti�
ial generators as a sour
e of measurements. Inthis way, we gain full 
ontrol over the frequen
y and value of the measurement. Still, theymimi
 real sensors.The generator is parameterized by the average interval between reporting new values tothe system (I). The real interval is drawn with the Gaussian distribution with the mean valueof I. The standard deviation is adjusted in su
h a way that approx. 99.7% of drawn valuesfall into the range of 50% to 150% of I. For outliers, the range boundaries are used.The generated measurement values, in turn, are always in the range 〈0, 10000〉. Theyare randomly drawn in a similar manner to the interval. The previous value is always themean for generating the new one. Again, the standard deviation is 
hosen in su
h a way thatapprox. 99.7% of the distribution falls into the range of 1250 from the mean value. The initialvalue is 
hosen randomly with Gaussian distribution with the mean value of 5000.The parameters values are 
hosen so that the generator would mimi
 the behavior of theCPU load sensor.Fixed nodes idPastry assigns ids to the nodes randomly. Consequently, ea
h time the node joins thenetwork, it most probably will re
eive a di�erent id. Sin
e S
ribe multi
ast tree stru
turestrongly depends on these ids, we de
ided to generate them di�erently. In our implementation,node id is 
omputed as a SHA hash of the node's hostname.As a result, ea
h run of the appli
ation on the same set of hosts should result in the sametree built by S
ribe (for very large sets, however, the tree stru
ture may depend on the orderthe nodes 
onta
t the bootstrap group).Root nodeOur system, built on top of Pastry and S
ribe, is able to deal with temporarily limited noderesponsiveness, whi
h 
an o

ur due to in
reased CPU load or de
reased network bandwith.The root node of the multi
ast tree, however, should remain stable throughout the tests.Otherwise, signi�
ant varian
e of results would be observed.S
ribe generates an id for the group based on the name provided by the appli
ation. To�x the root node (the rendez-vous point for the group), we 
hose the same basis for generatingboth the group and the root node id, namely the hostname. For our tests, we have 
hosenplanetlab1.
s.vu.nl to be the root node. 34



5.2.4. Quality of informationBe
ause of network laten
ies and software overhead, the answer to a query may be
omeoutdated, espe
ially when the generator interval is low. The ability to 
ompare the qualityof information served by di�erent approa
hes be
omes a 
ru
ial issue. Therefore we de�nestaleness of information as the time passed sin
e the a
quired information has stopped being
orre
t. The pre
ise de�nition will follow.As stated in Se
tion 5.2.1, our system implements only `minimum' aggregation. Conse-quently, we provide all the de�nitions in the 
ontext of minimum values and queries. Addi-tionally, we assume that we have a set of nodes, ea
h generating values at random points intime.Real minimum at the given point of time t is the minimum of values from all nodes attime t. The real minimum 
onsists of the value and the list of nodes reporting this value.Observed minimum is the value reported by the appli
ation as the minimum value for thenetwork. The querying node re
ords this value together with the index of the node the valueoriginates from and the time it was generated by that node.Staleness of an observed minimum at a given time ts is equal to 0 only if the real minimumat ts is equal to the observed value and the originating node of the observed value is in thelist of nodes for the real minimum. If the observed minimum was 
orre
t at the time it wasobserved, but was not a

urate at ts, the staleness is the di�eren
e between the given time
ts and the time of the �rst real minimum after the observed. Finally, if the observed valuehas never been a

urate, the staleness is the di�eren
e between ts and the time the value wasobserved.For the example 
al
ulations of the staleness see Figure 5.6.
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Figure 5.6: StalenessIn this example we have two nodes (A and B) generating new values at random points intime. The �gure reveals also real minima for every se
tion, e.g. A:4 for I, meaning value of 4at node A. For this example we assume that the observed value is A:4 and for this value we
al
ulate and plot the staleness.In se
tion I, the observed minimum is 
orre
t, i.e. the value (4) is equal to real minimumand the node (A) is in the list of nodes of real minimum. Thus, the staleness is equal 0 for
t ∈ 〈t0, t1〉.At t1 the new real minimum is present. Thus, the observed minimum A:4 is no longera

urate. Sin
e t1 is the time of the �rst real minimum after the observed minimum, thestaleness for t ∈ 〈t1, t2〉 is t − t1.In se
tion III, the observed value is still ina

urate. Although the real minimum 
hanged35



(to B:1), the time of the �rst real minimum after the observed minium remained the same.Thus, the staleness for t ∈ 〈t2, t3〉 is t − t1.Finally, at t3 node B generates the new value of 7. Thus, the global minimum 
hangesagain to A:4 and the observed value be
omes a

urate on
e more. Thus, staleness for t > t3is 0.5.2.5. TimeMost of the PlanetLab nodes syn
hronize time with time servers. Unfortunately, manynodes in the network do not syn
hronize at all or show signi�
ant ina

ura
y in their 
lo
ks.In order to 
al
ulate the staleness of information and thus be able to 
ompare di�erent results,time di�eren
es between 
lo
ks in the network have to be 
omputed.In our system, the root node is responsible for analyzing data from all the other nodes.Consequently, the root node has to 
ompute time di�eren
es between its 
lo
k and 
lo
ksof other nodes. To a
hieve that, we perform a very simple ex
hange of timestamps betweennodes � see Figure 5.7.
tr

t1 2t

client

rootFigure 5.7: Computing time di�eren
eIn the �gure, the root node 
onta
ts one of other nodes (
lient). After establishing the
onne
tion, the root node sends a request to the 
lient, storing the time of this 
ommuni
ation(t1). The 
lient returns it 
urrent time � tr. The root node timestamps this information uponre
eiving (t2).Based on three 
olle
ted values (t1, tr, t2), the root node is able to estimate the laten
y(L) with the given node and, most importantly, the time di�eren
e (∆t). They are 
omputedas follows:
L = t2 − t1,

∆t = t1 − (tr − L/2) .The laten
y is estimated as the round-trip time of a very small TCP-pa
ket, 
ontainingonly timestamps. The time di�eren
e, in turn, is 
omputed as a di�eren
e between root 
lo
kvalue in t1 and estimated 
lient 
lo
k value at the same point of time.This approa
h is based on the assumption that asymmetry of links between nodes isnegligible and one-way trip time 
an be estimated by the half of the round-trip time.5.2.6. Test methodologyBuilding ea
h of the four trees used in our tests required a few steps. First of all, ourappli
ation had to be started on the set of nodes. Then, Pastry initialized all its required
onne
tions and S
ribe 
onstru
ted the multi
ast tree. At that moment, the tree was set up.Next, the root node investigated the tree stru
ture, 
olle
ting information about depth andlaten
ies. Finally, it 
ould 
onta
t ea
h of the nodes in the tree to 
ompute time di�eren
es.36



The entire starting pro
ess was taking as mu
h as 20-30 minutes for the tree of 160 nodes.The Pastry phase was taking only a 
ouple of minutes. Then, S
ribe needed up to 15 minutesto stabilize the tree, sin
e it periodi
ally 
he
ks for the best known parent and needs toex
hange a few messages to optimize the tree stru
ture. Finally, the appli
ation needed 5 to10 minutes for 
al
ulating the laten
ies and time di�eren
es.For ea
h tree a series of tests was 
ondu
ted. We tested performan
e of our system forea
h approa
h (pull, push, and mixed) and several values of generators interval (400, 500, 600,700, 800, 900, 1000, 1500, 2000, 3000, 4000, and 5000). Every single test was programmed forone minute and was repeated three times, from whi
h the average performan
e was 
omputed.The results are presented in the next se
tions.5.3. Pull approa
hIn the pull approa
h no information 
a
he is maintained. Every query has to be answeredby 
olle
ting 
urrent measurement values from the entire tree. For detailed des
ription of thear
hite
ture see Se
tion 4.2.The tests were 
ondu
ted as follows. For ea
h tree size and ea
h interval three runs of testswere exe
uted. In ea
h run the root node was submitting queries asking for the minimumvalue in the tree. A single run 
onsisted of 30 queries submitted at the rate of 1 query per2 se
onds. The interval between queries was 
hosen high in order not to introdu
e too mu
hoverhead to the system and not to in�uen
e the performan
e. This de
ision was motivated bythe observation that the pull approa
h is most suitable for systems with relatively low queryrate.For ea
h answer returned by the system its staleness was 
omputed. Additionally, wetra
ked time the system needed to answer the query.5.3.1. Staleness and query timeFigure 5.8 presents the overview of the results. The graphs show the average stalenessand the average propagation time (log-s
aled Y-axes) in relation to generator intervals fordi�erent tree sizes.
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es in the quality of information between trees of 10 and40, as well as between 40 and 80 � see Figure 5.8(a). However, the di�eren
e between 80 and37



160 is noti
eable smaller. This 
an be explained by the fa
t that the di�eren
e in maximumpath-laten
y a
ts similarly.Furthermore, we observe that the average staleness tends to de
rease with the in
rease ofthe interval. It also seems to be relatively stable for larger (above 1000 ms) intervals. Wepresent detailed values of average staleness in Table 5.2.tree staleness for intervalssize 400-900 1000-500010 193 10240 716 47480 1314 1056160 1627 1394Table 5.2: The average staleness for pull approa
hThe results suggest that the larger our system grows the worse is the quality of servi
e itprovides and the less sensitive to generator intervals it is.Figure 5.8(b) depi
ts the query time. It 
on�rms the intuition that the query time doesnot depend on the interval. Furthermore, it shows that the query time in
reases with the sizeof the tree. This relation will be investigated in detail in the following se
tion.5.3.2. Tree sizeThe graphs in Figure 5.9 show the relation between the tree size (expressed in the numberof nodes and the maximum path-laten
y) and both the query time and the staleness. Fig-ure 5.9(a) shows the staleness averaged over all intervals for di�erent tree sizes. The graphsin Figure 5.9(b) show the query time in millise
onds (averaged over all generator intervals)for di�erent tree sizes.
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teristi
s vs. query time in pull approa
hWe 
an observe that our expe
tation expressed in Se
tion 4.2 is plausible. Indeed, thequality of information (measured with the staleness) is linearly proportional to the maximum38



path-laten
y in the tree. The query time reveals the same relation to the maximum path-laten
y. Multiplying the maximum path-laten
y by the fa
tor of 2 most probably results indoubling the query time and the staleness.We 
an also note that the number of nodes itself has rather indire
t in�uen
e on the querytime and the staleness. The relation does not seem to be linearly proportional.5.4. Push approa
hNodes in the push approa
h 
a
he information about the minimum value in the subtreesrepresented by their 
hildren. Therefore, the minimum queries 
an be answered immediately.For the detailed des
ription of this approa
h see Se
tion 4.3.The tests of this approa
h were 
ondu
ted by running the system for 60 se
onds, 3 times forea
h tree size and interval. During ea
h run, the nodes were 
onstantly ex
hanging informationin order to update their 
a
hes. For the test period, we measured the staleness of informationin the root node at every millise
ond. The question we wanted to answer was `what qualityof information 
an be expe
ted by users submitting queries at random points in time'.Additionally, we tried to investigate the overhead that our system introdu
es by measuringthe number of messages per se
ond. We also measured the average propagation time ofinformation through the tree. We start, however, with investigating the delivery of events tothe root node.5.4.1. Event deliveryFigure 5.10 presents the fragment of one of the test runs on the tree of 160 nodes for the1500 ms generator interval.
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hFigure 5.10(a) visualizes the real values (global minima) and the values reported by thesystem to the root node (observed values). Ar
s with numbers mark the most interesting errorsthe system makes. Figure 5.10(b) presents staleness of information for the same period. Inboth �gures, lines with arrows split the period into several periods.In the �rst period the system reports an in
orre
t value to the user. It has its re�e
tionin the staleness of this information. Sin
e this information was never 
orre
t, its staleness inthe beginning of period 1 is non-zero. Naturally, it grows throughout the period.39



Ar
 a denotes a simple delay in the event delivery to the root node. The real minimumneeded approximately 200 ms to be delivered to the root node and to be 
onsidered an observedvalue. Thus, in period 2, the staleness equals 0.At the beginning of period 3, the real value 
hanged. The system, however, still served thesame value. Again, throughout the entire period the staleness grows with ea
h millise
ondstarting with 0.Ar
 b marks an interesting event reordering. The value of 1400 was 
onsidered observedminimum after the value of 1050. The real values 
ame in reversed order. Consequently, theobserved minimum of 1400 was stale from the very beginning, i.e. from the moment it was
onsidered as the answer.Period 5 begins with a late delivery of the value of 600, denoted by ar
 
. The systemstarted to serve this as an observed value when it stopped being the real minimum. Conse-quently, its staleness is non zero throughout the entire period.Period 6 is the time of system serving a

urate information, thus staleness is 0. However,the next period is the time needed by the root node to be informed about a 
hange in thereal minimum. Throughout this period, the system serves an ina

urate information. Thus,the staleness grows.5.4.2. Staleness and propagation timeThe staleness and propagation time for ea
h interval and tree size is depi
ted in Figure 5.11.Y-axes for the staleness and the propagation time are log-s
aled.
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hIn Figure 5.11(a), we observe relatively low di�eren
es in staleness between di�erent treesizes for intervals above 1000 ms. For lower intervals, however, the staleness tends to in
reasedramati
ally with the de
rease of the interval. We present detailed values of average stalenessin Table 5.3. tree staleness for intervalssize 400-900 1000-500010 31 1840 70 3580 75 64160 10389 140Table 5.3: The average staleness for push approa
h40



The staleness for generator interval of 500 ms for our largest tree was as high as 22 se
onds.This extreme value was 
aused by the tremendous amount of events in the tree. The systembe
ame overloaded by all the messages it had to pro
ess. Our system was not able to handlethe overwhelming amount of events for the interval of 400 ms. Therefore, we do not presentresults for this interval for the largest tree.Figure 5.11(b) reveals the extreme propagation time for events in the tree of 160-nodes.For all other trees, this value is relatively stable independently of the interval. For the largesttree, however, it grows extremely, rea
hing the value of 42 se
onds for the interval of 500 ms.5.4.3. Communi
ation overheadIn order to thoroughly investigate the impa
t of the 
ommuni
ation overhead on thesystem, we present the number of messages per se
ond rate for the root node and average forthe entire tree. The results are depi
ted in Figure 5.12.
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(b) maximum msgs-inFigure 5.12: Messages per se
ond in push approa
hFigure 5.12(a) presents the average number of messages per se
ond. The average is 
om-puted over all nodes in the network and presented in two graphs: in
oming and outgoingmessages separately. Interestingly, this number depends only on the interval, not on the sizeof the tree. This 
an be explained by the fa
t that adding a 
hild to the tree in
reases messagesper se
ond rate at its parent and grandparents, but 
ontributes a value of 0 to the average atthe same time.The graphs reveal that the number of messages is inversely proportional to the interval.In
reasing the interval by the fa
tor of 2, de
reases the number of messages per se
ond by thesame fa
tor.The more interesting observation 
ome from Figure 5.12(b). First of all, we observe thatthe maximum number of in
oming messages per se
ond grows with the tree size. Se
ondly,41



for ea
h tree size the interval is inversely proportional to the maximum number of messages,with ex
eption of the largest tree.As we 
an see, the relation between the interval and the message rate for the tree of 160nodes is not proportional below the interval of 1000 ms. For intervals in the range 500-1000 msit behaves very strangely. Most probably this is 
aused by too large 
ommuni
ation overhead,as a relatively steep in
rease in message rate between intervals of 1000 and 900 ms maysuggest. As we 
ould see in Figure 5.11(b), this resulted in a signi�
ant delays in messagesdelivery.5.4.4. Tree sizeThe �nal evaluation of the push approa
h is investigating the relation between the tree sizeand both the propagation time and the staleness. The results are presented in Figure 5.13. Thestaleness and the propagation time is averaged over intervals within the range 1000-5000 ms,as those 
ould be 
onsidered as representative for the stable system.
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hara
teristi
s vs. propagation time in push approa
hThe relation between path-laten
y (both average and maximum) seems to be nearly lin-early proportional. As in the previous approa
h, this relation is weaker in 
ase of the treesize.The staleness shows exponential relation with the tree size expressed in average and max-imum path-laten
y. A
quired data, however, do not provide us with su�
ient information tosupport or reje
t the expe
tation from Se
tion 4.3 that the quality of information is propor-tional to the average and not maximum path-laten
y.Surprisingly, the relation between the number of nodes and the staleness seems to benearly linear.5.5. Mixed approa
hThe mixed approa
h merges 
on
epts of the push and pull models. Leaf nodes work inthe push mode, the others remain in the pull model. For detailed des
ription of this approa
h42



see Se
tion 4.4.Tests of this model were 
ondu
ted similarly to the pull approa
h. The root node wassubmitting minimum queries at a �xed interval of 2 se
onds. The answers were re
orded,together with their staleness and time the system needed to answer them.In this series of tests, however, we skip the tree of 10 nodes. Sin
e its depth was 1, themixed approa
h in this 
ase was redu
ed to the push mode. Simply, ea
h node in su
h a treeis a leaf node of the root node. Consequently, the push area spans over the entire tree.5.5.1. Push and pull zonesThe 
ru
ial observation for tests are sizes of the pull and push areas in our trees. Their
hara
teristi
s are shown in Tables 5.4 and 5.5.tree push hop-laten
ynodes nodes avg max σ40 35 (88%) 93 242 6580 66 (80%) 63 304 63160 146 (91%) 87 348 79Table 5.4: Push area in mixed approa
htree pull path-laten
y depthsize nodes avg max σ avg max40 5 (12%) 88 156 65 1.0 180 16 (20%) 131 267 58 1.1 2160 14 (9%) 108 302 72 1.0 1Table 5.5: Pull area in mixed approa
hAn interesting observation is that the largest (in terms of the average depth, the numberof nodes, and the average path-laten
y) pull area belongs to the middle-sized tree.5.5.2. Staleness and query timeFigure 5.14 summarizes the tests results. It presents the staleness and the query time onthe log-s
aled Y-axes in relation to generator intervals.
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Again, as in the previous approa
h, both the staleness and the propagation time seemto be relatively stable a
ross di�erent intervals. The only ex
eption is our largest tree. Forintervals from the range 400-1000 ms the staleness grows rapidly to the value of 1.8 se
ondsfor the interval of 400 ms. The similar rapid growth 
an be observed for the query time,rea
hing the value of 4.1 se
onds for the same interval.We present detailed values of average staleness in Table 5.6.tree staleness for intervalssize 400-900 1000-500040 82 3680 339 253160 1238 82Table 5.6: The average staleness for mixed approa
hAs in the push approa
h, there are some di�eren
es between low and high generatorintervals. They are signi�
ant for the largest tree size.We 
an also observe in Figure 5.14(a) that the tree of size 80 behaves surprisingly bad andthe largest tree a
ts surprisingly good for the intervals greater than 1000 ms. The possibleexplanation for that is the size of the push area.As the previous se
tions showed, the pull approa
h seems to give more balan
ed resultsfor di�erent intervals, whereas the push approa
h tends to show signi�
ant di�eren
es in thequality of information between lower and higher intervals.The pull area for the tree of 80 nodes (20%) is remarkably larger than for the tree of 160nodes (9%). This might be the reason for worse yet more stable results for the 80-nodes tree.On the other hand, the wide push zone in the largest tree is the rapid de
rease in thequality of information for lower intervals (below 1000 ms), typi
al for the push approa
h.5.5.3. Communi
ation overheadAs in the push approa
h, the maximum in
oming messages per se
ond rate a
ts strangelyfor low intervals and large trees. Figure 5.15 presents the relation between the message rateand intervals for di�erent trees.
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ond in mixed approa
hAs we 
an see, the maximum messages per se
ond rate is signi�
antly larger for the 160-nodes tree. As in the push approa
h, the system probably be
omes �ooded by the number ofmessages it has to pro
ess and 
onsequently, the quality of servi
e de
reases.44



5.6. ComparisonIn this se
tion, we present the 
omparison of di�erent approa
hes at the per-tree basis.We do not present the tree of 10 nodes, sin
e the mixed approa
h was not evaluated for thattree.5.6.1. Quality of informationAt �rst, we look at the quality of information for di�erent tree sizes and intervals. Itsvalues are visualized in Figure 5.16.
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) 160 nodesFigure 5.16: Staleness in three approa
hesFor the 40-nodes tree (see Figure 5.16(a)), we observe that results of the mixed and pushapproa
hes are very 
lose to ea
h other. This was 
aused by the fa
t that in that 
ase thetree in the mixed approa
h was pra
ti
ally redu
ed to the push approa
h, sin
e the push area
overed 88% of the nodes.The results in Figure 5.16(b) are 
losest to our expe
tations. The quality of informationfor the mixed approa
h is 
learly worse than in the push approa
h and signi�
antly betterthan in the pull model.Figure 5.16(
) presents the problems both push and mixed approa
hes had with low gener-ator intervals. The staleness grows massively for intervals within the range 400-1000 ms. We
an also observe that in this 
ase, as in the 
ase of 40 nodes, the push and mixed approa
hesgive similar results. The push area in the mixed approa
h was as large as 91%, whi
h mighthave been the 
ause.The largest tree shows an interesting feature of the mixed approa
h. It allowed the systemnot to get over�ooded by 
ommuni
ation in lower intervals. The mixed approa
h returnedsimilar results to the pull approa
h and the quality of information did not de
rease as ex-tremely as in the push approa
h. For intervals above 1000 ms, in turn, the mixed approa
hwas as good as the push approa
h.5.6.2. Query timeThe query time for di�erent trees is depi
ted in Figure 5.17. Naturally, its value for thepush approa
h is 0, sin
e the system is always 
apable of returning the immediate answer.The query time in the mixed approa
h for all trees is signi�
antly smaller than in the pullmodel. Moreover, the query time depends strongly on the size and the 
hara
teristi
s of thepull area, whi
h is only a fra
tion of the entire tree in the 
ase of the mixed model.Figure 5.17(
) 
on�rms that the mixed approa
h behaves oddly when the interval issmaller. It inherits the weakness of the push approa
h and is not able to handle huge eventtra�
 e�
iently. 45
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) 160 nodesFigure 5.17: Query time in three approa
hesFigures 5.16 and 5.17 together show that the staleness and the query time are bound.De
reasing the query time (by using a di�erent approa
h) results in a better quality of infor-mation.5.6.3. Communi
ation overheadTo see the trade-o� between the quality of information and the 
ommuni
ation overhead,we will now 
ompare the maximum in
oming messages per se
ond rate for the mixed andpush approa
hes � see Figure 5.18. Naturally, there is no 
ommuni
ation overhead for thepull approa
h.
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ond in three approa
hesThe tree of 80 nodes shows that the smaller the interval is, the larger the di�eren
ebetween messages rates for the mixed and pull approa
hes. The value of 123 messages perse
ond for the push approa
h at the interval of 400 ms is signi�
ant. It results in a messagebeing delivered to the root node every 8 ms. Pro
essing 
apabilities of the node might be aserious limitation.Nevertheless, the relation between maximum messages per se
ond rate and the intervalseems to be a

urate � it is inversely proportional, as for the 40-nodes tree in Figure 5.18(a)and the mixed approa
h in Figure 5.18(b). It suggests, that although the system was seriouslyloaded, it was still 
apable of pro
essing all the messages on time. Consequently, we donot observe any staleness breakdown for low intervals in the 
ase of 80 nodes as we see for160 nodes. It might suggest that implementing a method of dealing with the overwhelmingnetwork tra�
 (e.g. dropping some messages) 
ould make the system resilient to large treesizes and low intervals without loosing too mu
h of the quality of information.Sin
e our system does not 
ontrol the 
ommuni
ation amount, we observe a breakdownof the maximum messages per se
ond rate for low intervals for the 160-nodes tree � see Fig-ure 5.18(
). This behavior was already dis
ussed in Se
tion 4.3. Most probably it was 
ausedby the overwhelming 
ommuni
ation overhead. The TCP/IP queues be
ame overloaded andmessages were signi�
antly delayed. 46



Chapter 6Con
lusions and future work6.1. Con
lusionsThis thesis presents the ar
hite
ture and evaluation of a peer-to-peer Grid monitoringsystem. The 
on
ept of P2P network has been in
orporated into the system in order toassure s
alability, robustness, and manageability.The ar
hite
ture proposal has been pre
eded by a thorough study of existing Grid mon-itoring systems and other relevant systems. As a result, we have identi�ed and 
lassi�edpossible types of queries a Grid user may want to submit. We have proposed two 
ategoriesof queries: dire
t measurements and resour
e dis
overy. The latter en
ompasses advan
edqueries with resour
e sele
tion and rankings. We have also 
on
luded that a de
ent Gridmonitoring system should 
on
entrate on the e�
ient and 
onvenient support of advan
edresour
e dis
overy queries and regard dire
t measurements as a supplementary information.Furthermore, we have 
lassi�ed types of information Grid monitoring system has to pro
essin order to answer user queries. We have identi�ed node measurements, job queues, andnetwork measurements.The proposed system ar
hite
ture emphasizes resour
e dis
overy queries. It uses P2P todeal with the environment instability, as well as to assure s
alability of the system. Addition-ally, P2P overlays the network with an a
y
li
 graph, whi
h our system exploits. We haveproposed three approa
hes to answering queries: push, pull, and mixed. The push approa
hmaintains a 
a
he, thereby allowing for immediate answers. The pull model does not requireadditional 
ommuni
ation and answers queries by 
olle
ting information from the entire tree.The mixed approa
h joins the two 
on
epts by splitting the network into two 
ollaboratingareas: the push zone and the pull zone.In order to evaluate the ar
hite
ture, we have introdu
ed the de�nition of staleness asan indi
ator of the quality of information returned by the Grid monitoring system. We haveprototyped the ar
hite
ture to test the proposed approa
hes. The implementation uses S
ribe� the appli
ation level multi
ast proto
ol. We have established a testbed using PlanetLabresour
es and tested our system on the networks of 10, 40, 80, and 160 nodes. During theexperiments, we have tried to relate the quality of information to the tree size and the interval,at whi
h new measurements are delivered to the system.The pull approa
h has shown a noti
eable trade-o� between the staleness and the interval.Additionally, this approa
h has revealed a linearly proportional relation between the stalenessand the maximum path-laten
y in the tree.The push model, in turn, has shown that the staleness depends on the interval. For lowervalues of the interval, the staleness grows signi�
antly. For larger values, it behaves relatively47



stable. Additionally, we have noti
ed that the 
ommuni
ation overhead be
omes an importantproblem for low intervals and large tree sizes.Finally, the e�
ien
y and the quality of information in the mixed approa
h stronglydepend on the size of pull and push zones. The larger the pull area is, the more stable andless a

urate the results are, the less 
ommuni
ation overhead is introdu
ed, and the longerthe query time is.Our tests have 
on�rmed the intuition that the immediate answers and the high qualityof information 
ome at the pri
e of 
ommuni
ation overhead.We 
on
lude that the mixed approa
h is the most promising one. A system of desiredquality of information and the 
ommuni
ation overhead 
an be built by appropriately splittingthe network into push and pull zones. Therefore, the system 
an be easily 
ustomized to meetthe spe
i�
 requirements of the given environment.6.2. Future workFor future work we propose two paths: further evaluation and/or implementation.As for evaluation, simpli�
ations made by our work 
an be relaxed and tested. In parti
-ular, relaxing the assumption that only the root node 
an submit queries should be furtherinvestigated. Additionally, testing the e�
ien
y of tree pruning for queries with 
onstraintsmight give interesting results.Extending the prototype into the 
omplete appli
ation would require designing sensormodules, predi
tion library, and implementing all types of queries and aggregation.However, most interesting and tempting dire
tion is 
onsidering the self-adaptive Gridmonitoring system. Su
h a system 
ould have two levels of adaptation: queries and theenvironment.The self-adaptive Grid monitoring system might 
hoose the query answering strategy(push, pull, or mixed) a

ordingly to the 
urrent query load. Implementing this behavior inthe distributed manner seems to be 
hallenging.The environmental self-adaptation, in turn, would involve the network de
iding whi
hstrategy to use (push or pull). The de
ision would be made lo
ally (by single nodes or groupof nodes) and be based on e.g. the quality of network 
onne
tions with other nodes. The nodewould then swit
h from the push to the pull approa
h when it dis
overs that the laten
y toa given node has signi�
antly de
reased.

48



Appendix ASoftware ar
hiveThis appendix des
ribes the 
ontent of the software ar
hive being an atta
hment to thisthesis and gives instru
tions on how to 
ompile and run the appli
ation and how to performtests.Ar
hiveThe 
ontent of p2pgms.tgz is as follows:1. 
ompile � a s
ript to 
ompile the sour
e 
ode and build the jar �le.2. freepastry.params � a 
on�guration �le for the Pastry.3. MANIFEST.MF � a manifest �le de�ning `main-
lass' of the proje
t.4. p2pgms.jar � the 
ompiled and ready to run proje
t.5. pastry.jar � Pastry library (ver. 1.4.4) required to run the proje
t.6. run � a s
ript for running the proje
t.7. sr
/ � the dire
tory with the sour
e 
ode of the proje
t. The 
lass 
ontaining themain method is d.Main, the most important S
ribe 
lass is d.MyS
ribeClient. Theremaining 
lasses are organized in the following pa
kages:
• d.
a
he � 
lasses responsible for maintaining the 
a
he in the push approa
h,
• d.msg � all the message 
lasses in the proje
t,
• d.pullQueries � 
lasses responsible for query pro
essing in the pull and mixedapproa
hes,
• d.tools � 
lasses for laten
y and time di�eren
es 
omputations,
• tests � generator as well as tests logi
 for the root node.CompilingThe proje
t requires pastry.jar for 
ompilation. The s
ript 
ompile invokes the Java
ompiler with the proper 
lasspath. Additionally, it builds the proje
t jar �le (p2pgms.jar).49



RunningFor starting the appli
ation, run 
an be used. It simply invokes java -jar p2pgms.jar.The appli
ation retrieves the bootstrap group from the DNS. It uses pastry.mejdys.glo-bule.org domain name, whi
h 
an be 
on�gured in the attribute DNS_NAME of the 
lassd.Config. The appli
ation tries to 
onta
t any of the hosts in the retrieved list. If none 
anbe 
onta
ted, and the host determines it belongs to the bootstrap group (its name is simplein the list), a new Pastry ring is started.It is important to start the nodes in the proper order, i.e. to �rst start one of the bootstrapnodes. Then, preferably, the rest of them should be started, and �nally, the remaining nodes.This will assure e�
ient network joining pro
edure.Ea
h node, after the su

essfull start, allows for giving 
ommands to it. Only the rootnode's 
onsole should be used. It a

epts the following 
ommands:
• m � 
olle
ts time di�eren
es with all nodes in the tree,
• s � starts tests in the push mode,
• l � starts tests in the pull mode,
• p � starts tests in the mixed mode,
• t � 
olle
ts information about the tree,
• ? � prints help.The testing s
enario is as follows:1. Start all the nodes and wait till the tree stabilizes. Mind, that sin
e the appli
ation wasprepared to the tests only, it does not handle the 
hanges in the tree stru
ture properly.Thus, during the early stage of initialization, when lots of nodes are joining the network,some 
ommands may fail.2. Colle
t the tree information (option t).3. Colle
t the time di�eren
es information (m).4. Perform tests. This step 
an be repeated many times.5. Finish the appli
ation by killing it at ea
h node.
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