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Abstract Tapestry [15], CAN [12]). P2P systems have proven to be
highly scalable and highly available which is indicated by
There has been significant effort to build high through- the popularity of such file sharing applications among the
put delivering computing systems out of distributed work- users. In this paper, we apply the P2P design principles in
stations. These systems are growing to accommodate largethe context of computation sharing environments to pro-
number of workstations with growing demand. Discovery vide scalable resource discovery service in large scale high
of available resources in such environments is a challeng- throughput systems.
ing problem. We present a completely distributed resource  Condor [8] and the computation grid [2] (such as
discovery solution which utilizes P2P design to provide a Globus [4]) are excellent examples of systems utiliz-
scalable service. Our design allows jobs to search for de- ing idle or dedicated cycles from distributed resources for
sired workstations, as well as, workstations to search for providing high throughput computing. Building such dis-
jobs that may run on them. tributed systems that provide high throughput computing
involve challenges likeresource discoverycheckpoint-
ing, andprocess migrationCheckpointing has been studied
in [1] in the context of Condor. A survey of process mi-
1. Introduction gration technigues appears in [9]. In this paper we will
be concentrating oresource discoveryhich is a funda-
Desktops and workstations are becoming more powerful mental problem in large scale distributed high throughput
and more ubiquitous. These powerful machines are usuallycomputing systems.
not utilized to their full capabilities and have enough idle  The problem of resource discovery is that given an appli-
cycles available for use. There has been significant effort tocation with a requirement specification of the types of com-
build high throughput delivering systems out of such work- puting resources, locate the machines out of the available
stations. These high throughput systems are gaining popumachines that meet the specified criteria. The problem of re-
larity among scientists who need to run large simulations. source discovery has been studied in [10, 11] in the context
The systems are growing to accommodate larger numbersf Condor [8]. Raman et al. [10] present a solution based
of workstations with growing demand. Discovery of avail- on classified ads for jobs and machines in the system. The
able resources in such environments is a challenging probjobs and machines submit ads describing their characteris-
lem. The Grid [2] is a large scale distributed computing tics and requirements to the matchmaking server which pe-
environment supporting scientific applications that require riodically runs the matching algorithm to find matches be-
high throughput computation. The computing resources intween jobs and machines. This is extended in [11] to match
the grid are workstations and supercomputers distributedmultiple entities. The solution is very good for small scale
across the Internet. The resources are contributed to the syssystems like across a LAN or within a single administra-
tem by a number of different autonomous entities. Applica- tive domain. The solution however will not scale to large
tions have different requirements for the number and ca-systems with thousands of machines and jobs because of
pabilities of the resources they need in order to completethe centralized matching process. Condor-G [3] employs a
their execution. File sharing applications in the wide-area user supplied list of resource management servers in the
Internet settings have successfully employed P2P designGrid for resource discovery. In this paper we use the Clas-
of applications (eg. Gnutella [5], KaZaA [7], Chord [14], sAds [10] in a completely distributed resource discovery
service. We extend the P2P approach for range queries as
x  This research was funded in parts by NSF Grants IS 02-20152, EIA described in [13] to provide distributed resource discovery
00-80134, and INT 00-95527. in Grid scenario.

t  Nowat Google Inc. lamnitchi et al. [6] discuss decentralized resource dis-




covery for grids. They use a Gnutella [5] like approach and
search for resources by guided flooding in an unstructured Admitted
overlay. Our solution for resource discovery is based on a \
P2P Distributed Hash Table implementation as described in QctiveSearch)
Content Addressable Network(CAN) [12]. CAN builds an
overlay network with a logical structure ofdadimensional
cartesian space. Each peer is responsible for a portion of the Required
space and needs to maintain information about its neigh- epet
boring peers (on average(2d)) in the logical space. The
searches are guided by the logical structure in the overlay
and the average number of hops in searche®die'/?).

The rest of the paper is organized as follows. Section 2 (a) Job states
presents the basic design of the resource discovery service.
Section 3 discusses some issues involved in the implemen- oin
tation of the service. Section 4 presents experimental results \ Found Compatible Job %
and finally Section 5 presents the conclusions.
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2. Distributed Resource Discovery

We present the design of a P2P resource discovery mech-
anism that allows:

¢ the jobs to actively search for compatible workstations
to run.

(b) Machine states

e the workstations to actively search for jobs that can be

run on them.
Figure 1. States from the perspective of Re-

¢ the jobs and workstations to get queued in the absence source Discovery

of a match, and be discovered by an active search.

2.1. Overview of the Service executing the job and its state is Executing. When the job

Workstations can dynamically join or leave the system s done,_ the_ma_chine can again Se?‘“’h for another job. If no
and their availability may change based on the local work- compatible job is found during ActiveSearch, the worksta-

load at the machines. Application processes submitted tolon 1 Queued in the system, and it can be discovered by

the system for execution are referred tojalss Our dis-

tributed resource discovery solution allows jobs to searc
for workstations matching their requirements, as well as the ) . .
machines to look for jobs that can be executed on them.alble machine that can continue the execution.

Figure 1 describes the states that the jobs and machines When amatch between a job and a workstation is found,
go through, from the perspective of the resource discov- both the job and the workstation are notified of the match.

ery mechanism. Figure 1(a) shows the states of the jobs inThe job and the workstation can negotiate further details at

the system. When a job is submitted, it actively searchesthis po?nt _and ensure th_at all criterig are met and whe_n the

(ActiveSearch) for machines that match its requirements. If Match is final, the machine and the job can remove their en-

the job finds desired machines, it can start execution (Run-U'i€S Or queries from the system.

ning). If the job could not find needed machines, then it gets

gueued (Queued) in the system for the amount of specified2.2. Advertisements

time interval. During this interval a job can be discovered by

an available machine. Otherwise, after the specified timein-  The workstations available in the systems can be clas-

terval, the job again starts an active search for the machinessified according to their computational and storage capa-
The workstations participating in the computing system bilities and their network connectivity. Raman et al. [10]

can also actively search (ActiveSearch) for compatible jobsintroduced the notion of classified ads for resource discov-

that can run on the workstation (See Figure 1(b)). If a com- ery. We use a simplified form of classified ads for our re-

patible job is found during the search, the workstation startssource discovery service. The workstations are advertised

an active job searching for resources. When the worksta-
htion leaves the system, the job running on it will need to
be checkpointed [1]. This job needs to search for an avail-



with the following attributes:CPUName, CPUMHZz, even dimension of the attribute. Figure 2 shows an ex-
0OS, Memory_MB, Storage _GB, Network _Kbps, ample of the 2d-space corresponding to a single attribute
LoadAvg, TTL . The attributeOS describes the type of Memory_MB Initially the system starts with single peer that
operating system running on the machine as well as its ver-owns the complete logical space. As new peers join the sys-
sion.Network _Kbps is the available network bandwidth. tem, they contact an existing peer which divides its
LoadAvg is the estimated load average on the worksta- partition and hands over one portion to the new peer. There-
tion. TTL in seconds represents the time interval after fore, the space is partitioned among the peers participating
which this advertisement expires. Therefore, the worksta-in the service.

tion periodically sends out ads with BI'L and updated

estimates of load and network bandwidth. An exam- 5120MB

ple of a workstation ad is given below: 1 4
Workstation Ad
CPUName = Intel 5
Pentium 4 Job Ad 2
CPUMHz = 2650 CPUName = Intel 7
OS = Linux 2.4.20 CPUMHz >= 1000
Memory_ MB = 1024 OS = Linux 3 6
Storage _-GB = 76 Memory_MB >= 512
Network _Kbps = 700 OMB
LoadAvg = 0.01 OMB 5120MB
TTL = 120

Figure 2. Example logical space correspond-
Jobs may have specific requirements of the computational ing to a single attribute, Memory_MB
capabilities of the available machines that they can use for

execution purposes. A job searching for machines can spec-

ify an ad with acceptable ranges of values for various

attributes characterizing the desired machines. An exam-

ple of such an ad specification by a job is shown above, 5120MB
where the job is looking for machines that have Intel pro- e
cessors with CPU clock speeds higher than 1GHz running o ,
Linux operating system and have at least 512MB of avail- L7
able memory. o ..(

2.3. Advertisement Installation .

The machines participating in the resource discovery ser- &
vice form a P2P based Distributed Hash Table as described OMB L~
in CAN [12]. CAN was designed for exact match queries. OMB 5120MB
As the above example illustrates, job advertisements are
specified both in terms of exact match predicates as well as  Figure 3. Installation of Ads of workstations
range predicates, e. CPUMHz > 1000. Hence current and jobs
P2P systems are not expressively powerful enough for such
advertisements. In [13], Sahin et al. extended the exact-
match query CAN system to support range queries. In this
paper, we extend this approach to support diverse worksta- Job ads and workstation ads are mapped to points in this
tion and job advertisements and to efficiently match them space based on the attribute values specified in their ads. A
with each other. workstation adV = (vq, v, ..., v,) is mapped to the 2n-

The resource discovery service has a logical carte-dimensional point(vy, vy, va, v, ..., v, v,). Notice that
sian space witl2n dimensions where: is the number of  all workstation ads get mapped to the points on the diagonal
attributes describing a workstation. Each attribute corre- hyperplane of the 2n dimensional cartesian space since they
sponds to 2 dimensions. The start value of a range overdo not contain ranges. For example in Figure 3 the worksta-
an attribute is mapped to the odd dimension for the at- tion ads are shown as filled dots on the diagonal. The work-
tribute and the end value of the range is mapped to thestation ads are installed at the peer whose zone contains the




point corresponding to the ads. The Job ads specify ranges 5120MB

of acceptable values for various attributes and they are rep- (1024, 4096)
resented as points in the same 2n dimensional space. A job o A - (4096, 4096)
adv; < Ay < w03 < Ay < vy, ..., v2p-1 < Ay <02y o '
is mapped to the poif., va, vs, V4, . . . , Van—1, V2, ) iN the . ..,
2n-dimensional space. Since the coordinates of the points o o

corresponding to the job ads are determined by the ranges /.‘

over the attributes, the odd dimensional values in the point o ®

are always less than or equal to the corresponding even di- .’I

mensional values. Therefore, the job ads are mapped to the o~

points in the upper left region of the cartesian space as OMB L L

shown in Figure 3 by circles. If the ad specifies an exact OMB (102'4] 1024) 5120MB

value for an attribute then the range over that attribute is de-
generate and the start and end of the range are equal to the Figure 4. Job J can find needed machines in
specified value. If the ad specifies an open ended range, i.e., the shaded region.

only a lower limit on an attribute, then the range is bounded
by the upper boundary of the domain of the attribute. For ex-
ample the predicatelemory_MB > 1024MB will be con-
verted to the point (1024, 5120) in the logical space repre- 5120MB S
sented in Figure 3. An ad is installed at the peer which main- .
tains the partition of the coordinate space that contains the
point corresponding to the ad. ,

2.4. Matching Ads o

»
O
Given a job advertisement, we need to identify all peers o v

|

|

|

/

with qualifying workstation ads. Figure 4 shows the region o®
of the logical cartesian space that can contain any worksta- OMB L~ ‘

tion ads that can match a Job J's requirements. Job J is re- OMB (1024, 1024) 5120MB
questing workstations with available memory greater than

1024MB and less than 4096MB. All workstations in this Figure 5. Workstation W needs to search the
range are represented by points on the diagonal between the ghaded region in upper left for matching jobs.
points (1024, 1024) and (4096, 4096). Therefore the work-
stations matching a job’s requirement are in the intersection
of the diagonal hyperplane with the shaded region. This is

the case because for any point in the intersection region, the*€' left region of the workstation ad point as shown in Fig-

attribute values are contained in the acceptable ranges of thelr® SH In thls';examla!e, v¥orkstat|.orl1jw: as 1024Mb of m?m-
job’s requirements. When a job needs to actively search for®MY, NENce, 1t qualiies for any Job Whose range specitica-
on for memory requirements can be satisfied by 1024MB.

machines, it can start the search at the peer that contains the™". : : .
b his corresponds to the upper left region of point W, which

job’s ad point and forward the search message towards the L )
peers intersecting with the lower right region of the point. 's shaded in Figure 5. The search message is forwarded to

The search message is forwarded via neighboring peers unt—he peers in the upper left region via neighboring peers. Any

til it reaches the peers containing the diagonal region which 'piertly? tthe p?tE of_:E?hsearchch?pks f(()jr ?l_?]y mSt?"E.d a(_jsgor
can search their local store for workstation ads that matchiOPS that match wi € workstation ad. The matching Jobs

the search criteria. At this point, both the matching worksta- &€ informed of the match and they can communicate with

tions and the job can be informed of the match, after which the workstation to claim the resource.
they can communicate with each other for claiming.

Alternatively, given an available workstation, we need to 3. Load Balancing
identify all peers with qualifying job ads. When a worksta-
tion is actively looking for jobs that can run on it, it routes The process of discovery is dependent upon the forward-
the search message towards the point corresponding to its athg mechanism of the P2P system to efficiently forward a
using the routing procedure described in CAN [12]. After job or workstation advertisement to all peers that can po-
reaching the ad point, the search needs to proceed in the uptentially contain a matching advertisement. The implemen-




tation of such a P2P system has to ensure a good balance dhe properties of load distribution among the participating
load among the participating peers in order to provide scal- peers, because the distribution of load is crucial for the scal-
ability. A centralized matching scheme can get overloadedability of the system.
in the presence of a large number of job and workstation  The workstation advertisements for the simulations
advertisements. The P2P system should allow new joiningwere generated using template specifications of some ma-
peers to contact loaded peers and share the workload witiehines in our lab. These included Intel Pentium, AMD
them, thus preventing any single participant from becom- Athlon, and SUN SPARC machines. We used 5 tem-
ing the bottleneck. plates, which were characterized with the above CPU
We now briefly describe the load balancing schemes names and the clock speeds, memory size and other
used by our design. Each peer maintairiead threshold  characteristics of these machines. The ads were gen-
L, which determines the maximum sustainable load thaterated by picking a template at random and then us-
the peer can handle. The peers choose individual values ofng a Gaussian distribution for each of the attributes
L based on their computational and network capabilities. Memory_MB Storage _GB and Network _Kbps. The

In addition, each peer maintains a runniogd averagel,, load for each workstation ad was chosen uniformly at ran-
which is the ratio of its current load to its load threshéld dom. TheOSwas again used from templates of the ma-
Thus the load average is O if the peer has no load and 1 ifchines and was one dfinux-2.4.20 , Solaris-9

the load has reached the threshold. andWindows-XP .

The peers communicate their load average to their neigh- - The job advertisements were generated using five tem-
bors at regular intervals. Each peer maintains the load av-pjate specifications. Two of these templates search for
erage information about its neighboring peers in the over- workstations of specific architectures and operating sys-
lay along with other routing information. When a new peer tems with desired CPU clock speed. These templates rep-
joins the system, it sends a request to an existing peer in thg@esent jobs that can only run on specific machine types.
system, the request is forwarded to the most loaded neigh-another two templates are designed to search for worksta-
bor. The peers keep forwarding the request to the most heavtions belonging to any architecture but with restrictions on
ily loaded neighbor until it reaches a peer which is more the minimum clock speeds and minimum available mem-
heavily loaded than any of its neighbors. This peer is re- ory and load average of the workstations. These two
ferred to as a local hill. The peer at the local hill decides temp'ates represent jobs that are portab'e and are look-
to either split its zone or replicate it based on its load con- jng for machines with high computational capabilities.
ditions. If the local hill peer is overloaded due to storage The fifth template is designed to search for all ma-
constraints, it can split its zone and hand over one portionchines that have a restriction on the minimum storage
to the new peer. On the other hand, if the local hill peer space and network bandwidth. This temp|ate repre-

is overloaded due to network communication constraints, sents jobs that are data intensive and need to transfer and
it can replicate its zone at the new peer. The new peer'sstore a lot of data.

zone in this case becomes a replica and can share the mes- \ye ;sed two event sets for the simulations. In the first

sages coming to this zone, thus relieving the local hill peer go1 ) the workstations ads are inserted into the system
of commumcgﬂon load. o ) ) _first, and then are followed by the job ads. This is a com-
An mteres_tmg observation is that job advertisements will pletely synthetic scenario, but it was used to isolate any ef-
usually specify only the lower bounds on the types of re- fects due to the two different types of ads. This set has a
sources that will suit their requirements. This means that theiqia) of 19876 workstation ads followed by 25038 job ads.
range specifications in the job advertisements will be open|p, the second set, the job ads and the workstation ads were
ended. For example, a job looking for machines with atleastinserted concurrently. This is a realistic scenario for the ap-

512MB of memory will resultin an ad with arangd2 < plication. This set has 25917 workstation ads and 14974 job
Memory_MB In such cases, the range is bounded by the 54

maximum memory in the schema definition of the space.
The job advertisements with open ranges will get mapped
to points on the boundaries of the logical space, because th
end of the range is the boundary of the space.

The results of the experiments are shown in Figure 6
where the number of peers in the system is 400. The y-axis
f the graphs represents the load average on the peers partic-
ipating in the system. Recall that the load average of a peer
is the ratio of its current load to its load threshold, hence,
4. Experimental Results 1 refers to a peer that has load identical to its load thresh-

old. The x-axis is the rank of the peer in decreasing order

We have conducted preliminary experimental studies of of its load after the simulation ended, and this does not re-
the behavior of this system. We developed a simulator of flect the order in which the peers join the system. From the
the system in C++. The experiments were designed to tesgraphs in Figures 6(a) and 6(b), we can see that the load is
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fairly distributed among the participating peers. Almost all [10]
the peers have a load average within their specified thresh-
old. There are a small number of peers which have a load
average higher than 1, which means that they have a load
higher than they are willing. But this is due to the fact that [11]
the P2P system is a dynamic application which runs over
a time much longer than the simulation itself. The results
only represent a snapshot of the system at the time the sim-[lz]
ulation ended. If the system keeps running longer, the churn
(joining and leaving) of peers will cause the loaded peers to
share their load with new peers. The fact that there is a very
small number of peers that have high load at the time the[q3)
snapshot of the system is taken shows that the load distribu-
tion is working well.

5. Conclusions (14]

The growing scale of shared resource communities like
the Grid dictates that the resource discovery services in such
environments should scale well. Centralized approaches to
resource discovery have limited scalability. In this paper, we [15]
have presented a design of a distributed resource discovery
service based on P2P design. Our preliminary experiments
have shown that the design can effectively use the peers in
the system with good load distribution among the peers. In
the future, we will explore the scalability of this design to
larger systems with thousands of peers.
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