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Abstract

Resource discovery is of great importance in grid environments. Most of existing approaches treat all resources equally without a
categorizing mechanism. We propose, Resource Category Tree (RCT), which organizes resources based on their characteristics represent
primary attributes (PA). RCT adopts a structure of distributed AVL tree, with each node representing a speci c range of PA values. Though R(
adopts a hierarchical structure, it does not require nodes in higher levels maintain more information than those in lower levels, which makes R
highly scalable. RCT is featured by self-organization, load-aware self-adaptation and fault tolerance. Based on RCT, commonly used queries,
as range queries and multi-attribute queries, are well supported. We conduct performance evaluations through comprehensive simulations.

€ 2008 Elsevier B.V. All rights reserved.
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1. Introduction processing user jobs. Most of the existing GIS systems like
MDS [7] simply organize resources based on some overlay,
Grid computing 9] aims at wide-area resource sharing while information about all resources is treated equally without
and coordinated problem solving. Resource discovery is ofiny categorizing mechanisms. This leads to traversing the
paramount importance for achieving this goal. Grid informationwhole overlay in order to search for desired resources. If
service (GIS) 17] is proposed to address resource discoveryresources can be categorized by some characteristics, we
Due to the large-scale, highly distributed and heterogeneousan further organize resources with similar characteristics by
natures of grid environments, GIS faces many challengesarticular overlay. By this means, queries can be processed
During the past years, several popular GIS systems havgy searching a subset out of a large number of accessible
been designed, such as Globus MD& &nd Condor gang- resources. This is believed to be able to reduce the overhead
matchmaking 18]. P2P [L3] and semantic-based,23] search  greatly and improve resource discovery ef ciency. Second, in
are also introduced to deal with resource discovery. order to schedule user jobs to the most appropriate resources,
In this study, we consider two challenges faced by GIScomplex query mechanisms are required. Grid resources are
i.e. ef ciency and complex queries including range and multi-ysyally characterized by sets of attributes, and users query
attribute queries. First, as grid systems usually involve millionsesources by specifying the values of some resource attributes.
of resources including computing power, storage, devices, daig simple example is like “available memord 500 MB”,
and so on, it is very important and challenging to obtainpowever more complex queries than that are desirable in most
resource information in a short time so as to efciently cases. Among of them are range and multi-attribute queries
like “OS D linux and available memory>D 500 MB”.
" Corresponding author. Tel.: +86 10 8233 9063; fax: 86 10 8231 6796, | /1C'¢ Nas been a lot of research wok-$1014,29 on
E-mail addressessunhl@act.buaa.edu.¢d. Sun),huai@buaa.edu.cn range and multi-attribute queries. Most of the Wd3l6[1025j
(3. Huai),liu@cs.ust.hKY. Liu), raj@csse.unimelb.edu.&B. Buyya). assumes a DHT (Distributed Hash Table)-based infrastructure,
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however DHT itself destroys data locality, which increases ef ciency and we propose an effective overlay, RCT, to or-
the overhead to process a range query. Mercdhs{ipports ganize resources in a self-organizing, self-adaptive and fault-
multi-attribute range queries by creating routing hubs and tolerant manner.
organizing routing hubs into a circular overlay of nodes. Li We propose load-aware self-adaptation algorithms, through
et al. propose DPTred §l] to support various types of queries  which RCT nodes can achieve autonomic-access load
on multi-dimensional data in P2P systems based on balanced balancing:
tree indexes. Basing on RCT overlay, we propose algorithms to
In service grids that are widely accepted by research support four commonly-used resource queries and provide
and industry communities, grid resources can be generally corresponding complexity analysis.
categorized into computational resources and grid services We evaluate the performance of RCT through comprehen-
of system and application levels. Computational resources sive simulations.
provide runtime support for services in both system and
application levels. By computational resources, we mea
hardware resources with capacity of supporting computatio
such as clusters, storage, super computers and PCs.
the other hand, grid services provide certain processingn
functions like traditional software. And in our earlier
work [12,21] we have presented the advantages of separatin
underlying computational resources from services by ho
service deployment in a service grig|[With this separation, 5 Related work
underlying resources and services from different providers

are discovered and provisioned dynamically to meet specic Resource discovery is an important issue in grid environ-
nonfunctional requirements, such as low costs or high resourGgents. Two protocols (GRIP and GRRP) and two components
usage. This work is devoted to addressing the ef cient resourcgs||s and GRIS) are proposed in Globus MD& fo construct
discovery in service grids. In the rest of the paper, we willy hierarchical grid information service. Condd#] leverages
take the computational resource discovery as an example {lassAd language to describe both queries and resources, and
introduce our proposed solution, and explain how the solutioyang-matchmaking is proposed to match user queries with ap-
can be applied to service discovery. propriate resources. I24], a thorough performance evaluation
In CROWN project 1], we developed many applications of MDS and Condor is provided. P2P search technologies have
based on CROWN middleware. One of them is developedyiso been adopted to address resource discovery in digjs [
to factorize huge integers, which can be categorized as @5 22]. The above-mentioned approaches mainly focus on how
computing intensive, one because powerful CPU resources afg route user requests to target nodes, and the characteristics of
urgently required while storage requirement is trivial. Anotherapplication resource requirement are not considered. An over-
one is DSS (Digital Sky Surveyp] that retrieves data from a |ay SOG is proposed inlf] to organize resources based on
space telescope and provides a GUI interface for end users &nijlarities of speci ¢ resource characteristics, using a hybrid
query the star graph of a speci ed region. DSS needs at leagipp structure. A group is formed by a collection of nodes with
60 GB storage to store the data from the space telescope whil@me similarities in their characteristics and a leader is elected
processing of user queries does not require powerful computinﬁhrough gossip protocol. A group in SOG is similar to an RCT,
power. With this experience, we observe that applicationg,yt they are different in that resources in an RCT are further
can be characterized by their requirements for computationgjrganized according to the value of primary attributes. Addi-
resources. Intuitively the resource discovery ef ciency will tionally, RCT considers application resource requirement when
be improved if we can organize resources according tgje ning an RCT.
the characteristics of application resource requirements. For Through mapping resource key to resource locations, DHT
example, resources with powerful CPU capacity are Orga”ize(bistributed Hash Table) technologies, such as Chaiidnd
as a category to serve computing intensive applications. This i§AN [19], can effectively address target resource by searching
how our idea is motivated. _ ) a limited number of nodes. But to support range and multi-
Resources are usually described by a set of attribute-valugripyte queries, additional efforts are needed. Many resource-
pairs. Among _aII attributes of a resource, we choose OnGliscovery mechanisms based on DH[5[6,10,25] have been
or se\{eral attrlbut_es that can best characterize _the resourt@oposed over the past few years to address range and/or multi-
capacity of meeting application resource requirements agribute queries. For example, the study B] presents a
primary attributes (PA). We propose an overlay, RCT (Resourcgy-pased peer-to-peer approach for computational-resource
Category Tree), to organize computational resources based efiscovery. The static and dynamic parts of resource attributes
PAs. With RCT, data locality is well preserved, which makes itare combined into a Resource ID that serves as a key in a Pastry-
possible to support ef cient range queries. based system. The resources are represented as overlapping arcs
Our major contributions are as follows: on a Pastry ring. The beginning of an arc represents the static
We identify the need to organize resources using cateattribute set and the length represents the spectrum of dynamic
gorizing mechanism so as to improve resource discovergtates. However, no mechanisms of load-aware adaptation are

The rest of this paper is organized as follows. Secfion
resents related work. We give an overview of RCT de nition
nd resource organization based on RCT in Section

ctiord presents the design details. We describe the evaluation
ethodology and results in Sectién Section6 presents how
RCT can be applied to service discovery, and we conclude this
aper in SectiofT.
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provided to eliminate possible bottlenecks caused by hot spot A [500,800)
query. The authors inlp] propose a logical binary tree RST
(Range Search Tree) on the basis of DHT infrastructure to
support range queries. One advantage of RST is that it does
not need to maintain the tree structure dynamically because the
domain of an attribute is split intd'Zub ranges beforehand and
each node can deduct the tree structure locally. The dynamic
RST is adaptive to the query and registration load. However,
RST requires resources to register with many nodes whose€¢1 [0,100)
responsible ranges cover the resource attribute value, incurring

B1[100,300) B2 [800,1000]

@

C21[300,500)

huge overhead in dynamic grid systems where resources neec N .- ..
to frequently update status. In practice, as DHT itself destroys
data locality due to the use of randomizing hash functions, it Fig. 1. An example of RCT.

will generate manyookup (key)operations to process a range i . . .
query in DHT-based solutions, which is believed to be increas&€SOUrce discovery is performed on speci ¢ resource categories

much overhead compared to data locality-preserving solution€f Ciently. For example, we know that resources with huge
There also has been research wodlf] on range and storage can better serve a data-intensive application, thus we
multi-attribute query that is not based on DHT. Mercudy [ can organize them together based on an overlay structure.
supports multi-attribute range queries by creating routing hubs T Urthermore, we observe that values of most resource
and organizing routing hubs into a circular overlay of nodesattrlbutes are numerical, e.g. values of disk size. And attributes
A routing hub is a logical collection of node sin the systemWhose values are not numerical can be converted to be
and responsible for a speci ¢ attribute in the overall schemalumerical through certain mathematical methods. Based on

When there are a large number of attributes, the overla%q,iS consideration, RCT adopts an AVL tree (balanced

maintenance overhead is very large. Different from MercuryPinary search trepoverlay structure to organize resources with

RCT organizes resources on the basis of selected attributél ilar characteristics. The attribute that can best describe the

(i.e. primary attributes), not every attribute. Li et al. proposeC _aracteristip of resources organized by an RCT is named a
primary attribute or PA. Fig. 1 is an example of RCT. The

DPTree [L4] to support various types of queries on multi- , i i .
dimensional data in P2P systems based on balanced tree indes9S€N PA isavailable memory sizend the value domain of
ailable memory ranges from 0 to 1000 MB.

(R-Tree). DPTree adopts a skip graph-based overlay and ma6¥ o
a logical R-Tree to the overlay network in a distributed Compared to traditional AVL, each node of RCT manages a

manner. RCT adopts a balanced binary search tree structufange of values, instead of a single value. Each node only needs
o0 maintain its connection with direct child nodes and parent,

and corresponding overlay network, and RCT provides a load- . - ; . .
aware self-adaptation mechanism. and operations Ilkg re_glstrat_pn, updating and query can start
from any node. Unlike in traditional AVL structure, higher-level

nodes of RCT are not required to maintain more information or
bear more load than those in lower levels, which provides the
basis for RCT to scale easily.

SupposeD is the value domain of the PA of an RCT. Each
node n of an RCT is responsible for a subrangeDqf or
Dn. All resources with PA values belonging 1, register
themselves to node. We name each RCT node an HR (Head

The attribute-based approach is widely adopted fo°f @ subrange). And terms of “HR” and “noden” will be
describing resources in grid-computing environments. In thi¢!S€d interchangeably in the rest of this paperFig. 1, the
paper, we also choose this approach to describe computatior%[des de_note HRs, while the squares below an HR denote
resources. Each computational resource is characterized byc@mputational resources registered with an HR.
set of attribute-value pairs. In practice, we are mainly concerned SUPPOSEN is the total number of HRs in an RCIE(n) and
about dynamic attributes (e.g. CPU load) of a resource in &(n) are the left and right child nodes of HRrespectively.
real computing environment because dynamic status represertd'ce an RCT is a binary search tree, we have the following

3. RCT overview

In this section, we describe RCT de nition and the
architecture of resource organization based on RCT.

3.1. Resource description

available capacity of a resource. observations:
[N
3.2. RCT-resource category tree Di DD (1)
iDL
Grid applipations can be characterized_ by _their r_equirement@i \' DjD ; 8i;j2TLNU 2)
for computational resources, e.g. computing intensive and dat 5.1/ < Di < Dyei/: 8 2 TL NU 3)

intensive applications. In turn, we can categorize computational
resources based on certain resource characteristics théie sayD; < D; if the upper bound oD; is less than the lower
can meet application resource requirements. By doing sdjound ofDj, e.g.Tl; 2U< T3; 4U
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RCTZ: {PA=Disk} H ;
!\ RCT:{PA=Mem} /

/ RCTL: {PA=CPU}
RIS: RCT Index Service
RP: Resource Provider

Fig. 2. Resource organization with RCT.

If the ranges of nodé and nodej, i.e. Dj and Dj, are  necessary to improve the availability and scalability when load
adjacent, node is referred to as a neighbour of nogeand  of registration, query and updating is not balanced among
vice versa. If node is a neighbor of nod¢ andDj < Dj,node HR nodes. (3)fault-tolerance which is critical to handle
i is called left neighbour of nodg (denoted by -neighbor(j); unexpected failures of RCT nodes. In this section, we present
node j is called right neighbour of node (denoted byR-  how the design of RCT achieves these three goals. Following
neighbour(i). Note there are two exceptions: the leftmost HRthat, we describe the resource searching algorithm based on
and the rightmost HR, the former has no left neighbor and th&kCT.
latter has no right neighbour.

As shown inFig. 1, C2 and B2 are neighbours of A, while C2 4.1. Bootstrapping an RCT
is L-neighbour of A and B2 is R-neighbour of A. Note that C1
does not have a left neighbour and B2 has no right neighbour. ~ As an RCT consists of a set of HRs, before building an RCT

we need to consider how an HR is set up. To make RCT a self-
3.3. Organizing resources with RCT organizing system, we require HRs to be chosen automatically
from resources themselves.

As resources are owned and managed by different resource At rst thought, it is a simple way to choose an HR randomly
providers, providers may dene different PAs for their from resources. Nevertheless, if the chosen HRs are unstable or
resources, which results in constructing multiple RCTs. Inweak in capacity, the instability will affect the availability of
Fig. 2 we present a 2-layer architecture for organizingRCT, and the weak capacity will lead to bottlenecks. Hence, we
resources across resource providers by using RCT. In the loweeed to consider botvailability andcapacitywhen choosing
layer, each resource provider de nes a set of PAs that cam quali ed HR. A resource with long online time means that it
best describe their resources. Based on PAs, resources as&nuch more stable and available. Additionally, a resource with
organized through a certain number of RCTs. To enable widgowerful capacity can ensure that it is capable of serving as an
area resource discovery across different providers, an RCHR to manage a set of resources. The availability of a resource
index service (RIS) is deployed by each service provider ins de ned as its online probabilityp. p D ton=.ton C toff/; ton/
the upper layer. RIS is a basic service that stores informatioandte are the online and of ine time during a past period of
about PAs of a provider and entry points of RCTs. RISs canime respectively); the capacity is measured by the computing
be implemented, e.g. as web services or grid services, and ngowerc (e.g.c D CPU Frequency).
each other using services like UDDI. At the beginning of the initialization stage, no RCTs or

In practice, a resource may have many attributes, but only fRs exist in a grid environment. An RCT index service (RIS)
few of them are chosen as primary attributes. So there will nofs con gured and deployed to maintain the RCT information
be too many RCTs. When a query request cannot be satis eghcluding primary attributes, their value domains, and entry
by a resource provider, the RIS will contact other RISs topoints of at least one HR. The procedure of building an RCT
recommend another resource provider for further discoverys as follows:

operations. (1) A resource queries RIS to get information about RCT
4. Design of RCT con gurations of PAs.
(2) The resource checks whether it can satisfy the condition of
Three goals are considered in RCT design: €BIf- being an HR of an RCT. If yes, go to step (3); else, the
organization which is very important for dynamic grid resource is not quali ed to be organized.

environment. Manual operations should be as few as possib@) The resource sends an HR-application request to RIS. The
so as to allow resources to join or leave freely and keep the ~request contains information about which RCT it aims to
system scale easily. (2pad-aware self-adaptatignwhich is build and data of itavailability andcapacity
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(4) TheRISstores the data of the candidate resources. WheNgorithm 1: Balance an overloaded HR
the candidates for an RCT reach a certain number, RIS wil|.
compare the data @vailability and capacityto select the
most quali ed one as the rst HR of the relevant RCT. Then3; /IRetrieve neighbors' load information
the RIS noti es other candidate resources to register with. loachy D getLoad (L-neighbor (n)):

the selected HR. 5. loacy D getLoad (R-neighbour (n)):

The RIS serves as the bootstrapping service for building & if loachs <D lwarning AND loachz <D lwarningthen
RCT. After an RCT is built, resources can get an entry point:  // split Dy into 3 subranges
to the RCT from RIS, but this is not the only approach. The8:  split (Dn, D1, D2, policy);
information can be cached locally for later use, and a resouré  // transfer resources in Pfrom n to ri
may get this information from other resources. Note that RIS i$0:  transferLoad, n1, Dy);
only responsible for building the rst HR of an RCT, and thell:  /ftransfer resources in Pfromn to r2
building of other HRs leaves to the RCT itself, which will be 12:  transferLoadf, n2, Dy);

/lInitialize splitting policy
policy D AVS;

introduced in next section. 13: else ifloadhy <D lwaringhen
14: I split Dy, into 2 subranges
4.2. Load-aware self-adaptation 15:  split (Dy, DS policy);
16: /I transfer resources in Brom n to nl
Resource maintenancédue to the dynamic nature of 17:  transferLoadi, ni, DY;
resources, we need to address resource joining, leaving ahg: ©!S€ ifloaths <D lwamingdhen
status changing. 19: /I split Dy into 2 subranges

split (D, DY policy);
/] transfer resources in Bfrom n to r2
transferLoadf, n2, D9;

else
split (Dy, DY, policy):
select an HR%from resources iD°
Insert HRn?into current RCT:

When a computational resource connects to a grid system,%P:
will rsttry to nd an RCT to register itself. This can be done 4+
through RCT index service. Eventually a resource will kno
the address of at least one HR, then sends its joining requ
to the HR. According to the PA value of the resource, th
HR checks if it should manage the incoming resource. If ye§5:
the resource is registered with the HR; otherwise, the HR wil?-&
traverse RCT to nd the HR that the resource should registet /-~ PalanceTree();
with. After registration, a resource will periodically update its? end if

status including PA value to the corresponding HR. However, if | oad-aware adaptatiorThere are several cases in which an
the PA value of an incoming resource lies out of the ranges ofjr can be overloaded. For example, if an HR is responsible
all HRs in an RCT, this means the current RCT cannot acceggbr a big range of PA values or the range of an HR is
the registration of the resource. Then the incoming resource caq “hot spot”, a large number of messages of registration,
nd another appropriate RCT to register with. updating and query will overwhelm the relevant HR. Therefore
A resource can leave without any noti cation. An HR should if no appropriate measures are taken, the overloaded HRs
recognize the leaving of a resource as early as possible. Fgjill become the bottlenecks. On the one hand, when an HR
this purpose, a resource is required to send updating messagegdooverloaded, its subrange should be split, which results in
its HR periodically even its status is unchanged. The updatingew HRs being chosen or some resources are transferred to
message is empty in case of unchanged resource status. On #tBers. On the other hand, when an HR is light loaded and no
other side, an HR will remove the related resource informatiorother HRs transfer resources to it as well, we should consider
if it has not received updating message from a resource for éeleting it and merging its range with other HRs responsible
period of time. for adjacent ranges. Deleting a light-loaded HR and merging
An HR only manages resources whose PA values belong toorresponding subranges can reduce the average search length.
the HR's responsible range. When the PA value of a resourci all, RCT must have the ability to adapt according to load
is out of an HR's range due to dynamic changes, the HR willstate.
traverse RCT to nd a proper HR to transfer the resource to. For Before going further, a metric should be de ned to represent
the transferred resources, this is similar to a re-registration toan HR's loadl. As the data for describing a resource is
new HR. only a few attribute-value pairs, managing resources will not
Note that the resource status of an HR itself also changesonsume much storage of an HR. We use CPU load to represent
dynamically. One interesting question: when an HR's PA valuean HR's load. Light-loaded thresholtigh: and overloaded
no longer belongs to the subrange it is responsible for, will thehreshold o.er are de ned respectively. Additionally, a warning
HR be degraded to be a common computational resource? Thigreshold lwaring is de ned .lignt < lwaming < loved tO
answer is no, otherwise it will cause RCT to be unstable. Aavoid oscillation problems, i.e. a node easily may become
resource that serves as an HR also serves as a common resoureerloaded after receiving load from others. When the load
as well. Therefore, as a resource, an HR is also managed lof an HR is aboveywaminggnd belowlgyer, it indicates that
another HR that is not necessary to be itself. the HR is near to be overloaded and cannot accept new load
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transferred from other HRs. For example, wHeis greater Algorithm 3: Complete load-aware adaptation for HR
than 90% lover D 90%), an HR is considered as oyerlqaded‘i: while (true)do
when | is Iesg than 10%l(gh: D 10%), an HR is light 2 J/Retrieve HR n's load information
loaded wheri is less than 80%l\{aming D 80%) and greater 3. loach D getLoad.n/;
than 10%; an HR is ready to help its neighbours to balancg: if load, > D loyethen
load. . . 5: balance the load of HR n; //Algorithm 1
Note that an HR |s'also a computational resource that '8: elseifload, <D lightthen
us_ed to process user jobs._To ensure the user job processing resign HRn: //Algorithm 2
will not affect an HR's organizing resources in RCT, a resourcg. .4 if
reservation mechanism is needed. For example, if a resourge
acts as an HR, 20% of CPU time will be reserved for its
responsibility in RCT. This will rely on resource manager's Algorithm 1 is designed to balance an overloaded HR. We
reservation functionality. Hence the de nitions bint, lover rst initialize the splitting policy as AVS (Line 2); then the load
andlwaming are based on the reserved capacity for organizingf two neighbours is obtained (Lines 4-5); according to the load
resources. status of neighbours, the range is split and load is transferred to
SupposeDy, is the range an HR is responsible for and HR relevant neighbours (Lines 6—22); in case both neighbours are
n becomes overloaded. According to the above analyjs, not available, a new HR is selected to balance the load, and
will be split to balance the load. We design two policies for RCT itself needs to be balanced (Lines 24-27).
splitting a rangeAverage Spli{AS) andAnalysis of Variance- In contrast to the overloaded case, whentiRlight loaded,
based SplifAVS). With AS, D, is split evenly into two or three it will try to merge itself with its neighbours and resign the HR
subranges; AVS considers load distribution acidgdased on  post so as to reduce the average search length. As the average
analysis of variance. For example, suppose [10,100] is a rangeearch length of RCT has great impact on searching ef ciency,
and load is mainly distributed in [80,100]. With AS, the rangethe merge of light-loaded HRs will lead to higher ef ciency of
may be split into [10,55) and [55,100]; while with AVS, the resource discovery. This procedure is shown in Algorithm 2.
splitting results can be [10,90) and [90,100]. In order to be Here the splitting policy is set as AS (Line 2), because the
consistent with the three observations presented in Segtipn whole range of current HR has light load; then the neighbours'
an HR only transfers load to two neighbours, which melaps load is obtained (Lines 4-5); if both of neighbours' load are
is split at most into three subranges for each time. above warning threshold, it has to wait for next period to try
again (Lines 6-7); the load is transferred to left neighbour

sleep (t);

Algorithm 2 : Resign a light-loaded HR n

and/or right neighbour (Lines 8-24); eventually the HR resigns

1: /nitialize splitting policy and operation is performed to balance RCT (Line 25-26).

2: policy D AS; Based on Algorithms 1 and 2, we have the complete load-
3: //Retrieve neighbours' load information aware adaptation algorithm, as shown in Algorithm 3. The
4: loadh1 D getLoad (L-neighboum()); algorithm runs periodically at each HR to ensure the HR works
5: load,, D getLoad (R-neighboumn); in a normal load state.

6:  while (loachy > lwaming AND loachz > lwaming do HR failures.The leaving of an HR can be categorized as normal
7 sleep (t); leaving and abrupt failures without noti cation.

8: if loathy <D lwarning AND loadh2 <D lwamingthen If an HR leaves normally, it will choose a new HR from

9: I/ splitDpinto 2 sub ranges:P< D> resources it manages to replace itself. However, the unexpected
10: split(Dn, D1, policy); failure of an HR is much more complicated, which makes the
11: D, D Dq; D1 D Dy; child trees of the failed HR disconnected with the other HRs
12: /I transfer resources inbfrom nto nl of the relevant RCT. Therefore, it is desirable to have a fault-
13: transferLoad g, n1, Dj); tolerant design to handle such failures. In practice, the HR
14: /Itransfer resources inpfrom n to n2 failures can be caused by software or hardware breakdown
15: transferLoadr, n2, Dy); (e.g. memory over ow), or network disconnection.

16: elseifloach <D lwamingthen We detect an HR's failure by sending keep-alive messages
17: D1 D Dp; periodically between a node and its parent. As a result, the
18: /I transfer resources inpfrom n to nl parent node or direct child nodes of a failed HR will rst notice
19: transferLoadif, n1, D1); the failure of an HR. One straightforward way of recovering
20: else ifloathy <D lwarningthen RCT is to locate the disconnected child trees and assign new
21: D> D Dg; parent HRs for them. This procedure is much more complex
22: /I transfer resources inPfrom n to n2 if several HRs fail simultaneously. In that case, an HR is
23: transferLoadr, n2, Dy); required to maintain information of either all of predecessors
24: endif or offspring, which means an HR's leaving or joining has to be
25: resign q); noti ed to many other HRs. In case of frequent HRs joining or
26: balanceTree(); leaving, this will de nitely add a large overhead to the whole

system.
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4

Instead we choose a rather simple but effective approach
that is based on redundancy. Note that the online time is an
important factor in de ning the criteria for selecting an HR.
Therefore, an HR has better availability than other resources.
And the probability of the simultaneous failure of multiple HRs
will be small. Based on the above analysis, we require each HR
to have an alternate backup. When the primary HR crashes, the
backup HR will be activated to work as primary HR and anew  pgint Q1 Q3 Number of
backup is selected at the same time. Even in case that both HRs attribute
fail, the disconnected resources can join the RCT again later
after they realize this.

Range of query

Range Q2

Single Multiple

Fig. 3. Four types of commonly used queries.

4.3. Searching with RCT ) ) ) )

With the Q2-search algorithm, Q1-search is much simpler
The ultimate goal of RCT design is to process resourc% tre]gaeleZ(reneint-search Is indeed a Q2-search wittbthef only
queries and return resources that best meet users' query . .
requirements. Given the resource organization de ned by RCT, Q4-search is the most complicated among the four types

q ’ 9 y of searches. Based on Q2 search, it can be dealt with in the

we present Fhe sgarch mechanisms in this section. . following three steps. (1) We rst identify a PA in query

F'r.St’ we_ldent|fyfourtype_s of commonly use_d queries fromconstraints. (2) Then based on Algorithm 4, searching is
two dimensions, as shown mg'.a Here we pr?"'de examples performed with the query range of selected PA. (3) If a node
for the”se fou“r types of quene::s: Ql:” Ayallable storaBe  4tis es the constraints on selected PA, further search will be
90 GB"; Q2: "CPU lo{.id< 50%,,; Qs: “Aval_lable storagd performed at current node on constraints of other attributes.
100 GB AND OSD WindowsXP"; ?4: Availablememory For example, if a query is “Available storage70 G AND
256 MB AND CPU load < 80%. We_ refer to searches CPU Load< 20%” and “Available storage” is identi ed as PA,
corresponding to the four types of querle§ as Ql-search, QZc“'earch will be performed on an RCT whose PA is “Available
search, Q3-search and Q4-search respectlve_ly. . storage”. If HRn satis es the constraint of “Available storage

RCT supports all these four types of queries while we only,, 70G", the resources managed by HRwill be searched
present searching algorithm for Q2-search and give descripti%rther, based on “CPU Load 20%”.

to show how Q2-search can be extended easily to support the Ang 53-search, which is multi-attribute and point search, is
other three. In order to balance the query load, the algorithm ig simpli ed version of Q4-search.
designed to allow a query starting from any node of an RCT, As a query can start from any node, the search length of a

instead of only from the root node. point query will be 2logN at most. For the range query, the

The Algorithm 4 is designed for Q2-seardDyq is supposed  compjexity is highly dependent on the length of a query range,
to be the range of a user query for a primary attribute (PA), and 4 we will study this in Sectio.

Dy, is the range that HR is responsible forD; chigT.v @and

Dr childT.n/ are ranges that the left child tree and right child treeAlgorithm 4: Q2-search from HR n

of n are responsible for respectively. The algorithm is designeql. ¢ .- search Dq. n) : ResultSet

as a recursive function. The query results will be aggregatesl ResultSet s rs, rss, rsa;

in a data structure callelesultSetwWe rst split Dy into three . Do D Dg\ Dp;

subrangesDg, D1 and D, (Line 4). Dg is the intersection of splitDg Do into D; andD; (D1 < Dy);

Dn and Dq; Dy and D, are subranges ddq that are adjacent if DoW D then rs, D perform local search fobo;
to the left and right ends dDg respectively. IfDg is not empty, if D;W D then rs, D search D° Ic(n));

search is performed locally for the ranged§ (Line 5); if D1 : if D,W D then DOD D\ DychidT rv:

is not empty, search is performed in the left child tree (Ling. if DA D then rsz D search DO rc. h/);

6); if D2 is not empty, search is performed in the right childg. if D, DWW D AND parentn/! D null then

Noahkow

tree and/or at parent node depending on the relationshijy of ' rs D searchD, DO parentn/);
and Dy chigr.n/ (Lines 7-9); Finally, the complete result set . return rsy [ rsp[ rss[ rs
containing the results from all the search processes is returngq: end func
(Lines 10).
To implement the above algorithm, each HRs required One thing to note is that an incentive mechanism is

to know the total range that its child tree is responsible forintroduced to the HR's local search. Considering that HRs
With this information, D; chigr.v @nd Dy chilgT.y can be  contribute their capacity for RCT, we increase their priority
calculated. To achieve this, when load is transferred to/from 40 be searched. That means if two resources including an HR
node, the node will not only update range information of itsmeet user query requirements and the user only need a limited
child trees but also notify relevant child nodes to update rang8Umber of resources, the HR will be returned to a user with a
information of their respective child trees. higher priority.



638 H. Sun et al. / Future Generation Computer Systems 24 (2008) 631-643

4.4, Parallel search
O

AS each HR is responsible for a different range of value
domain of a PA, the bigger length of a query range means more¢
hops are needed for processing a query. Thus Algorithm 4 coulc
be inef cient if the length of a query range is very large. If the
ranges of all HRs are known beforehand, we can split the queny
range into multiple subranges so that each subrange matches i
HR exactly. Thus searches can be performed in parallel for eac
subrange. In Sectiof.2, we mention that in order to maintain
parent-child relationship of HRs, a child is required to send
keep-alive message to its parent periodically. An HR can utilize
this message to piggyback information about the HRs and thei
responsible ranges. In this way, each HR will know others'
ranges, and parallel search can be implemented. When th
range of an HR changes due to self-adaptation, the change wi
be known to all HRs after at most lgd keep-alive periods.
Before receiving noti cation about range changes, using stale Fig. 4. Searching from a node in thth level.
information can cause some parallel searches to fail. In such @ase 3:
case, Algorithm 4 will be used for searching.

path(nodex, rﬁ‘la!)

For all nodegarget in the subtree with ak( 1)th level

4.5. Complexity analysis node on pathnodg;root/ as its parent, i.enodgarget 2
subtreesiblingNodg/, the TSL fromnode to all the nodes

In this section, we analyse the complexity of searchingwithin the subtree is

algorithms with RCT. From Sectiof.3, we can see that range ) .

search and multi-attribute search are just variations of Q2'_I'SL.nodek,hSLliBtlreembllngNodq;// h kel

search. And Q2-search can be reduced to Q1-search if parallelD 2 .2 vc.h ki 2 cL

search introduced in Sectiof.4 is adopted. Thus we only Similarly, for all nodgarger in the subtree with & 1

analyse the complexity of Ql-seach that is a random searqgq| node orpath node; root/ as its parent, i.enod@arger 2

against RCT. , _ subtreesiblingNodg ,/, the TSL fromnodg to all the nodes
We start from a complete BST (Binary Search Tree) with | win the subtree is

nodes and the height bt

Suppose the entrance of searchingdslg (k > 2) that lies ~ TSL.nodg; subtreesiblingNodg 4/
in th(_e kth level of _the BST, then the target aneanrget is D3 2" kK2 gy cpn kcy 2" k2ci
possible to locate in the 3 shaded areas shoviaign4. We use
TSL(M, subtree(N)) to denote the total search length when the It can be seen thatifodgargetis in the subtree with &( i)th
searching starts from node M and traverse all the nodes in tHevel node orpath node; root/ as its parent, i.enodearget 2
subtree rooted at node N, and ASL (Average Search Length) tgubtreesiblingNodg ¢4/, the TSL fromnode to all the nodes
denote the average number of nodes that are traversed when thi#hin the subtree is

target node is randomly chosen with equal probability. TSL.node; subtreesiblingNodg ./
. ’ i

Case 1: . - h kCi , h KCi

For all nod@aget in the subtree rooted amnodg, D.icy .2 vc.h kCi 1 2 C1
i.e. nodearget 2 subtree(nodg), the depth of the subtree is D .h kC 2/ on kG g
h kC1. he TSL f Il th ithin th -
subtre(é is So the TSL fromode to all the nodes within the Thus, the TSL from node to all the nodes within the

neighbouring subtrees is
TSL.nodeg; subtreenode//

TSL.nodg; siblingSubtreenode//
D.h kci 1 2hkicq % SIDINg=U &

K1

D.h k 2"tcr D  TSLsubtreesiblingNodg ;cy/
Case 2: ;(Di

For all nodeaget On the path fromnode to root, . h kCi
i.enodearget 2 pathnode; root/, given that there ar& 1 D _DlTh kcal 2 [
nodes on the path, the TSL fronodgto all the nodes on the ! h oK " h kel
path is D.h kI 2 28 2/Cc2

kC2.k 1
TSL.node; pathnode; root/ D2C3C4C  C k Tk 2 2*ca ——
1
D X ic1D w Hence, from the results of Cases 1-3, we can obtain the TSL

iD1 2 from node to all the nodes within the BST as follows:
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TSLotal
ASL D—7M—
total SearchTimastal
™" .h 4Ccw 2" yc2 T.h U 2"ciauch ¢t
D 2h 2
h 4Ch 1D2h 5
Box I.
X
ASLiotal D Tp.node/ ASL.node&/U
kD1
¢ 2 2 hck 4c2*ci
h h
kD1 21 2" 1
™" .h 4cCciw 2" yc2 T.h U 2"Cciuch 2t
2h 2
h 4Ch 1D2h 5
Box II.
TSL. node; subtreeroot// It can be easily calculated that whan<D 2, the ASL is
D TSL.node; subtreenode// one. Thus we have the conclusion that the average length of
C TSL node- path node.: root/ random search with complete BST is roughly equaltio 25.
-Nod&; p & Here, we give an estimation of average length of random search
C TSL.nodg; siblingSubtreenode// with AVL.
Dh K 2"Klcic kC2.k U The difference between a complete BST and an AVL is that
' 2 the number of leaf nodes in an AVL can ranges from 1012
C.h kI 2"k ok o/ cohkCl Therefore, the average search length will be less than that of
‘ kC2.k U complete BST with the same depth. Furthermore, the average
Tk 27 2°C2U - 2 search length should be larger than that of complete BST with

D" hCk 4/C2" k2¢ 1 h 1 depth. Then, we can conclude

ASLav. 2.2h 7;2h 5U h 3

Then the total TSL from each node within the BST to all the ASLaL DL h 2 4)

nodes within the BST is:
For example, the average search length of an AVL with 100

TSLootal nodes is larger than seven and less than/equal to nine.

xh
D TNumberOfnode/ TSL.node; subtreeroot// U
kD1

5. Performance evaluation

xh : .
D~ f2%1 T2" hck 4 c2"k2c1ug 5.1. Simulation methodology

kD1

The RCT algorithms are simulated through an event-driven
h h h

D12" .h 4 Ch: .2 Uhglz approach with Java codes. The simulated RCT has 100 nodes

T.h 1 2°Ciluch 2™= (HRs). The value domain D of selected PA is [0,100], and D is
. . . evenly split across the HRs, which means the length of an HR's
With our three assumptions mentioned above, we have thgubrange is one. The query arrival is modelled as a Poisson
average search length ASL: SBex | distribution
The above result can also be obtained through the following e met'rics we use are as follows: (dumber of queries

approach, wher@ (nodg) is the probability of the presence of per node This metric is used to evaluate the average query

all thekth-level nodes in a BST: load of an HR in different situations. With this metric, we can
TSL. nodeg; subtreeroot// know the overhead of RCT when facing different numbers of
ASL.node/ D oh 1 simultaneous queries. (Bverage Search Length (ASIASL
oh  hck 4/c2h k2o indicates Fhe average number o_f HRS that a request is passed
o1 : before being processed. Combining metr{gé$ and (2), we

can evaluate the ef ciency of resource discovery. $&ndard
Thus, we have the following result Box Il: deviation of query loadAs RCT has the ability of load-aware
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200 2 00 —66—6————6—0
=== RCT =& RCT
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Fig. 5. Query rate vs. Query load per HR. Fig. 6. Query rate vs. ASL.

adaptation, this metric is used to evaluate how a load is balanced  sggo

across HRs. The smaller value of this metric indicates a better -8 5000q/s
B 4500 | =@~ 2000q/s
balancing effect. -6~ 1000q/s
4000 || —¢= 100g/s

5.2. Evaluation results 3500 |

3000 f

We design three experiments to evaluate RCT based on the
three metrics de ned above.

In rst experiment, we evaluate RCT performance in terms
of metric (1) and (2) through varying query rate. The query 1500 f
rate varies from 500 per second to 10,000 per second, and 1000 |
gueries are distributed equally to 100 HRs. The queries in
this experiment are Q1 queries that are single attribute and

2500

2000

Number of queries per HR

500 |

P

point queries. We compare RCT performance with hierarchical o3 20 40 60 80 100
scheme. Globus MDST is a hierarchical scheme, but it allows Length of query range

data replication across levels, and here we do not consider )

replication. FromFig. 4, we observe that RCT incurs less Fig. 7. Length of query range vs. Query load per HR.

overhead to each node than hierarchical scheme. To show
results better, the query load of an hierarchical scheme is
reduced by 50 times ifrig. 5 Fig. 6 shows that a query

is processed with smaller ASL than an hierarchical scheme
under different query rates. From the conclusion drawn from

Section4.5, we know the ASL with RCT is between 8.5 and

9. We can say RCT outperforms an hierarchical scheme (no
replication) in all cases.

As range query is widely used in grids, our second
experiment is to evaluate how RCT performs with different
lengths of query ranges. The lengths of query range vary from
1 to 100. Fig. 7 shows the results in terms of metr{d)
using Algorithm 4. As the length of query range increases, 10
the average load of an HR increases linearly. This is because 0
query ranges are split into more subranges in the process of
searching across RCT when the length of query range increases.

Fig. 8 plots the comparison of parallel search with Algorithm Fig. 8. Length of query range vs. ASL.

4 in terms of metric(2). The ASL with Algorithm 4 and

parallel search increases linearly along with the length ofind range queries, the results are similar with multi-attribute
query range, although parallel search can reduce ASL to sormand range queries. This is because multi-attribute queries are
extent. Indeed, parallel search can reduce the total search tinmst processed by performing search against the PA attribute
greatly by performing subsearches simultaneously. Note thatontained in the given query constraints, and the constraints for
although the second experiment is designed for single attributether attributes will be processed locally in an HR node.

=
(=)
S

=8~ Algoithm 4
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w
t=3
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25

' 6. Application to service discovery

Bl after adaptation
20 J In the previous sections, we have taken computational
resource discovery as an example to introduce an RCT scheme.
Note grid services are another important category of resources

s 1 in servicing grid systems. This section is devoted to explaining
how RCT can be applied to service discovery.
10 J For the metadata description of services, attribute-value

pair is a simple and effective method though more complex
approaches like ontology technologies exist. We make use of
a set of attribute-value pairs to describe grid services. Among
the attributes describing a service, there should be an attribute

Standard deviation of query load

w

0 for describing which application domain the service belongs to,
15 10 15 20 30 40 50 60 70 80 100 120 e.g. tModels in UDDI. Thus we can categorize services based
Query rate of the selected 10 HRs (q/s) on their application domain and organizing services of the same

application domain into one RCT tree.

However, different from computational resources, most of
the attributes of grid services are not numerical, which makes
it unsuitable to distribute services of an application domain
across tree nodes of an RCT. Therefore in order to apply
RCT to service discovery, we need to convert nonnumerical
attributes to be numerical ones. This can be done by adoption
of Hash functions as DHT-based peer-to-peer technologies
do. Compared to DHT schemes, our solution is featured
by a categorizing mechanism before routing user request to
destination nodes, which results a shorter routing path.

With the above two steps, service discovery can be supported
ef ciently using RCT scheme. Therefore, we can say RCT can
be adopted to build a complete grid information service for
service grids.

Fig. 9. Standard deviation of query load.

130

Total number of HRs
ry N
o o

iy
o
[=]

90 il L L L L
0 20 40 60 80 100 120

Query rate of the selected 10 HRs (q/s) 7. Conclusion

Fig. 10. Number of HRs during adaptation. In this paper, we propose an overlay RCT for effective
resource discovery in grid. RCT leverages application resource

Since RCT is designed to be adaptive based on its loafauirement to organize resources based on AVL tree. Although

status, we design the third experiment to evaluate how RC1RCT is hierarchical, nodes in higher levels need not maintain

adapt in overloaded and light-loaded situations. In praCticer,nore|nformat|on than those in lower levels, which makes RCT

the aforementioned thresholds Rfer, light and lwarming can very scalable. RCT is designed to be self-organizing, self-

be de ned as number of quires to process per second. In thl%daptwe and fault-tolerant. Commonly used queries such as

experiment, they are set to be 50, 25 and 40 respectively. We |EFNge gqueres and muIn-aFtnbute gueries are well su_pportc_ad by
: ; CT. We conduct extensive evaluations through simulations.
90 HRs work normally with a load of 40 queries per second,

The load of other 10 HRs varies from 1 to 120. which is aFmaIIy, with thorough explanation that RCT can also support

process of being light-loaded, normal and overloadgd. 9 :Elrl:/;%enofl(ljsrc;r\i/grr)gsvgﬁrcéznc;:ilsucdo?/gr\;t RCT provides a complete
shows that the load-aware adaptation mechanism of RCT can Currently, we mainly focus on computational resource
balance the query load effectively in both overloaded and "ght'discovery and present the basic ideas to apply RCT to service
loaded cases and greatly reduces the risk of system bottleneckscovery. We will further complete the design of RCT to
Fig. 10 plots the total number of HRs during adaptation yroyide an integrated solution to grid resource discovery. Then
according to the changing load of the selected 10 HRs. Whee plan to implement the corresponding scheme and deploy the
the selected 10 HRs are light-loaded, they will merge with othefesyitant system in real grids like our CROWN grid.

HRs, and the number of HRs reduces. While in overloaded

situation of the 10 selected HRs, new HRs are born to SharAcknowIedgements

the load, resulting in an increase of HR number. Fieigs. 9

and10, we can observe that not only load of each HR but also This work was supported in part by the 863 programme
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