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ABSTRACT

Increasing scale, dynamism, and complexity of hybrid grids
make traditional grid resource scheduling approaches dif-
ficult. In such grids, where resource volatility and dy-
namism is common, self-organization is a key technique
for autonomous grid nodes to follow basic rules to mini-
mize human participation, and administrative bottlenecks.
This paper presents experimental results with a frame-
work for distributed grid resource scheduling. In particu-
lar, we study information dissemination, which distributes
information about dynamic grid resource states to remote
schedulers. The framework helps each autonomous grid
node self-organize by (1) self-configuring its operational
parameters based on dynamic grid characteristics, and (2)
self-adjusting its dissemination behavior by taking feed-
back from the system. The framework also helps dis-
tributed grid schedulers to find the tradeoff between two
important performance parameters: dissemination over-
head, and query satisfaction rates. We show by simulation
that autonomous grid nodes that self-organize into small
groups, and compare their local state to the states of other
peer nodes, can perform comparable to both (1) similar
dissemination protocols that are statically configured for
each specific case, and (2) a theoretical central metasched-
uler that operates on complete knowledge of available re-
source and offered load states.

1. INTRODUCTION

Existing grids can be classified as institutional and desk-
top grids. Current institutional grids such as TeraGrid [2]
and Open Science Grid (OSG) [1] impose administrative
overhead by requiring resources to be centrally managed
and coordinated. For example, resource scheduling in such
grids focuses on mapping requests to resources, using all
necessary information at a central location, such as the
metascheduler.

Desktop grids [20, 17] and public resource computing
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systems [3, 6] scavenge unused computing cycles from idle
desktop computers. They lower grid participation barriers
to the levels of peer-to-peer systems, and thus increase the
number of potential grid nodes from tens or hundreds of
clusters, to thousands or millions of individual machines.

Future “hybrid” grids will include resources with charac-
teristics of both desktop and institutional grid components.
The increasing scale, dynamism, and complexity of hybrid
grids make traditional grid resource scheduling approaches
difficult, and suggest self-organizing alternatives.

One of the requirements for self-organization in hybrid
grids is to minimize human participation such that soft-
ware systems self-organize their activities, and impose min-
imal, decentralized control over participating autonomous
agents [22]. Thus, hybrid grids require new approaches for
self-organization. For example, each node may adaptively
self-configure its operational parameters based on dynamic
characteristics of its environment. Moreover, each node
may self-adjust its behavior by taking some form of feed-
back from the system.

Earlier we proposed a scoring and adaptation frame-
work for autonomous grid nodes to evaluate how well the
scheduling policies of a particular grid system match the
local policies of each autonomous grid node, in terms of re-
source and load characteristics, such as available resources,
network topologies, and system saturation levels. We first
showed that adaptive information dissemination protocols
show promise in reducing the dissemination overhead com-
pared to statically configured dissemination protocols [14].
Moreover, we also showed that adaptive protocols can find
the balance between dissemination overhead and query sat-
isfaction rates under dynamic resource and load character-
istics in large-scale grids [13].

In this paper, we extend our work on the self-organizing
aspects of autonomous grid nodes that use our scoring and
adaptation framework. By simulation, we study the over-
head characteristics of self-organization alternatives. We
also compare the query satisfaction rates, and average dis-
tances of non-adaptive and adaptive dissemination proto-
cols to those of a theoretical central metascheduler with
complete knowledge of available resources and load on the
grid.

This scoring and adaptation framework presents an en-
abling mechanism for self-organization in hybrid grids: each
grid node takes basic adaptation steps based on local and
neighborhood score comparisons, and resulting grid re-
source scheduling behavior is comparable to the perfor-
mance of a hypothetical central metascheduler that (1) col-
lects all available resource and offered load information at
a central location, and (2) affects heuristically best sched-



ules.

2. RELATED WORK

Information dissemination is a technique to publish avail-
able resource states at remote locations. Distributed grid
schedulers can then use this information to match resources
with requests. Information dissemination can be struc-
tured or unstructured. Structured solutions impose some
form of organization for grid nodes (e.g., hierarchical), and
they provide better control of dissemination coverage and
overhead. However, in most cases they are not scalable.
Unstructured solutions on the other hand, have flat organi-
zation, where all grid nodes are peers. Unstructured solu-
tions are better for large systems, such as grids. Based on
coverage characteristics, information dissemination tech-
niques can also be categorized as uniform and non-uniform.
Uniform coverage is easier with structured approaches.

One example of structured information dissemination is
Condor flocking [11], where a Condor pool sends resource
information directly to all other pools, to form explicit
relationships. Legion [4] and Globus [7] also use struc-
tured and uniform information dissemination. In both
systems, nodes proactively publish, and periodically up-
date, information about available resources at distributed
information repositories. Yalagandula and Dahlin [23] pro-
pose Scalable Distributed Information Management Sys-
tems (SDIMS), for information dissemination, using dis-
tributed hash tables, and aggregation.

Epidemic protocols are common unstructured informa-
tion dissemination techniques. Kempe et al. present the-
oretical results for gossiping protocols based on resource
location and communication delay [18]. Haas et al. pro-
pose ad-hoc broadcast [21] to cover an entire network with
probabilistic forwarding. Kermarrec et. al. [19] propose
gossiping protocols where each node maintains a partial
view of the membership. A multicast source disseminates
a message that each infected node forwards to a random
node set of size O(log(n)). The message reaches all mem-
bers with high probability after O(log(n)) rounds.

Another epidemic protocol style is pairwise gossiping [8],
where nodes randomly select other grid nodes to exchange
limited subsets of information about potential resource
providers. Drost et al. use rumor-mongering to robustly
increase coverage of gossiping protocols in real grid set-
tings [10], which is better suited for uniform dissemination
coverage. For large-scale and dynamic grids with volatile
resource states, we previously proposed non-uniform pair-
wise gossiping protocols [12], where each disseminating
node covers a region of the grid, as opposed to entire
grid. This alternative approach reduces overhead drasti-
cally while achieving comparable query satisfaction rates.

3. IMPLEMENTATION

This section describes our implementation to simulate the
grid scheduling problem, and a corresponding solver that
mimics a centralized metascheduler. Nodes may join and
leave the grid at any time. Each node interacts as a re-
source provider, a resource requester, or both. Grid re-
source scheduling is distributed, i.e. each node has a sched-
uler component, and a query matching module that matches
local queries with available resources, using information
about remote providers that previously disseminate their
available resource states.

3.1 Resource matching

Providers disseminate available resource state information
on the grid, and each grid node keeps a subset of the dis-
seminated information in its local information repository,
which forms the potential providers list. Upon a local re-
source request, the query matching component sorts the
list of potential providers by employing resource ranking
criteria [9], and then iterates through the list, sending a
reservation request to providers, in turn, until receiving a
positive reservation reply.

Upon receiving the reservation request, a provider checks
to see whether it has sufficient resources to satisfy the
query, and responds accordingly. A positive reservation
reply packet marks a successful schedule. A negative reser-
vation reply causes the requester to reconsider the poten-
tial providers list, and contact the next potential provider.
This process continues until the requester exhausts its list
of potential providers. If all the potential providers re-
spond negatively, the query is deemed unsatisfied. Figure 1
gives an overview of this process.
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Figure 1: Decentralized query matching model in
autonomous grid nodes. Upon receiving resource
requests, the query matching component sorts the
potential providers list, which is cached at a local
information repository based on previously dissem-
inated state information packets. The providers on
the list are contacted in sorted order until either
a provider confirms resource availability (success-
ful schedule) or the list is exhausted (unsuccessful
schedule).

3.2 Neighborhoods and self-organization

Nodes self-organize into neighborhoods: groups of nodes
that share common interests, such as those that provide
the same resource type. When a node joins the grid, it op-
erates individually for a predefined period of time. During
this period, it receives several marker packets (i.e., invita-
tions to join a neighborhood) from nearby neighborhood
leaders. If the node desires to join a neighborhood, it sends
a response to the neighborhood leader to start the neigh-
borhood membership process.

Alternatively, a node may form its own neighborhood by
sending marker packets of its own. If it cannot attract the
minimum number of members, N.,in, after a predefined pe-
riod of time, t, it simply gives up and destroys the neigh-
borhood, releasing any new members it has recently at-
tracted. After reaching the maximum number of neighbor-
hood members, ny,q4., the neighborhood leader continues
to send marker packets, but less frequently. Each neigh-
borhood leader inspects marker packets of other similar
neighborhoods, and may decide to merge its neighborhood
with another neighborhood, by sending a merge request
to the other neighborhood leader. A neighborhood leader
may also decide to split the neighborhood into two smaller



neighborhoods, by electing a new neighborhood leader for
the new neighborhood.

Moreover, neighborhoods can be relaxed or strict. In
relaxed neighborhoods, nodes continue their autonomous
operation on the grid, but compare their local scores to
the neighborhood score to better adjust their behavior. In
strict neighborhoods, the neighborhood leader keeps ag-
gregate available resource state, and disseminates the ag-
gregate state accordingly. Strict neighborhoods are most
useful for dissemination proxies [15]. Figure 2 shows re-
laxed and strict neighborhoods.
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Figure 2: Relaxed and strict neighborhoods on the
grid. In relaxed neighborhoods, nodes continue their
autonomous operation on the grid, but compare their
local scores to their neighborhood scores. Neighbor-
hoods A and B have multiple disseminating links to
other grid nodes. In strict neighborhoods, nodes elect a
neighborhood leader, which then keeps aggregate avail-
able resource states, and disseminates the aggregate
states accordingly.

3.3 Scoring and adaptation

One main property of the autonomous nodes is that they
can adapt to dynamic grid conditions by adjusting their in-
formation dissemination behavior. This capability in turn,
will yield better grid scheduling performance in terms of
lower overhead, higher query satisfaction rates, or both. To
adjust their behavior based on dynamic grid resource char-
acteristics, nodes use two additional components: adapta-
tion, and scoring.

Setting the level of dissemination to appropriate values
is a difficult task for autonomous nodes, when the outside
environment is dynamic. The main scoring intuition is
that nodes should have a reference point, or a metric, that
measures how well resource matching policies, and system
resource distribution are meeting the particular local poli-
cies and goals of each autonomous node. In other words, a
grid node score serves a purpose similar to that of a load
index in classical distributed systems scheduling.

To adjust dissemination protocol behavior based on dy-
namic grid resource states, nodes calculate a local score:
an integer number between 1 (lowest) and 100 (highest).
A higher score is better. Each node calculates, and peri-
odically updates, a local score, and compares it with an
“outside” score. Based on the score comparisons, nodes
take actions that are specified in the adaptation policies.
Thus, scoring is the main enabling mechanism for adapta-
tion.

Local score is different for provides and requesters. A
provider score at the local level incorporates parameters
such as local resource utilization, and incoming grid of-
fered load. A requester score at the local level uses either
query satisfaction rates, or yield, which is defined as the
number of successful resource matches per each reserva-

tion attempt. Neighborhood score is the arithmetic mean
of the neighborhood members’ local scores.

Nodes further define score ranges, and three operating
regions: low, normal, and high. More details of the scor-
ing algorithm and the adaptation framework are described
elsewhere [13].

3.4 Solver study

Another contribution of this research is a higher level mod-
elling of grid resource matching. The grid resource schedul-
ing problem is a specific case of the bi-partite matching
problem. Thus, we modified the solver code for Goldberg’s
heuristic minimum-cost maximum-flow algorithm [16] for
the bi-partite matching problem. We have also written
general-purpose wrapper scripts for the solver and run the
simulator and the solver in parallel with the same config-
urations and input parameters. This comparison helps us
learn about the upper bounds for performance and thus
better optimize our adaptive protocols. In particular, the
solver helps us study the resource matching problem with
complete scheduling knowledge under different resource
characteristics, which shows the best possible (heuristic)
answers.

4. RESULTS

Scalable Simulation Network Framework (SSF) [5] simu-
lates the system, Goldberg’s heuristic solver for the mini-
mum-cost maximum-flow bipartite matching problem mim-
ics the central metascheduler, and GT-ITM [24] generates
network topologies. We use a 600-node transit-stub topol-
ogy. All simulations execute for 100 cycles; each data point
represents the average of 40 runs with different random
seeds. Similarly, the solver runs 100 times, in parallel (i.e.
with the same configuration parameters) with the simu-
lator. Since a mapping between a resource and a request
may last for multiple cycles (up to n), the solver input files
for the next n runs are adjusted accordingly after each run,
based on the results of the solver, where n is the maximum
duration of provider-requester matches, in simulation cy-
cles.

We vary the ratio of available resources (AR) versus of-
fered load (OL), and study three resource saturation lev-
els:

e over-saturated, where AR = OL/3,

e saturated, where AR = OL, and

e under-saturated, where AR = OL * 3.

We report dissemination overhead in terms of the total
number of hops travelled by information packets, query
satisfaction rates as the ratio of satisfied queries over the
total number of queries generated, and average distances
as the number of hops between provider-requester pairs in
terms of the number of hops on the overlay network.

4.1 Neighborhoods and Packet Overhead

This section compares the dissemination overhead of re-
laxed and strict neighborhoods explained in Section 3.2 in
two different resource and load configurations, and three
different resource saturation levels.

The first test places a total of 40 grid nodes into four
neighborhoods, in groups of ten, where each neighborhood
represents a different resource class (e.g., different CPU
types). Thus, each grid node is preconfigured to join the
neighborhood for its resource type, with a known neighbor-
hood leader. Figure 3 shows that relaxed and strict neigh-
borhoods have comparable dissemination overhead. Both
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Figure 3: Packet overhead of relaxed and strict
neighborhoods for over-saturated, saturated, and
under-saturated systems. Isolated test cases. 600
total, 40 active grid nodes: 20 providers and 20
requesters self-organize into four neighborhoods of
size ten each. Each neighborhood represents a dif-
ferent resource class, and thus each grid node joins
the neighborhood for its resource class.
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Figure 4: Packet overhead of relaxed and strict
neighborhoods for over-saturated, saturated, and
under-saturated systems. Random test cases. 600
total, 100 active grid nodes: 50 providers and 50
requesters self-organize into ten neighborhoods of
size ten each. All grid nodes and neighborhoods
are of the same resource class, and each grid node
joins a random neighborhood.

self-organization methods result in the largest amount of
overhead when the resource level is under-saturated, where
nodes disseminate more aggressively to attract remote re-
quests. This case also results in the biggest difference be-
tween the two alternatives.

The second test places a total of 100 grid nodes into
ten neighborhoods in groups of ten. In this test, all grid
nodes are of the same resource class (e.g., the same CPU
type). Thus, each grid node joins a random neighbor-
hood. Figure 4 shows that when nodes self-organize into
random neighborhoods, relaxed neighborhoods result in
more dissemination overhead compared to strict neighbor-
hoods, due to individual dissemination of state informa-
tion packets by each grid node. Similar to the previous
configuration, the largest amount of overhead occurs in
the under-saturated case. The overhead ratios of strict to
relaxed neighborhoods in the under-saturated, saturated,
and over-saturated cases are: 2.03, 2.33, and 2.17, respec-
tively.

4.2 Dissemination Protocols
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Figure 5: Packet overhead for over-saturated, sat-
urated, and under-saturated systems. 600 total
grid nodes: 300 providers and 300 requesters self-
organize into 60 neighborhoods of size ten each.

This section compares the adaptive information dissemi-
nation protocol performance to (1) three separate dissem-
ination protocols that are statically configured, and (2)
a theoretical central metascheduler with complete knowl-
edge of available resources and offered load on the grid.
Two types of grid nodes: providers and requesters, self-
organize into neighborhoods in the tests. Providers dissem-
inate available resource state information to attract remote
requesters. Upon local job requests, query matching com-
ponents at requesters contact potential resource providers
to match available resources with offered load. Results of
three different system saturation levels are reported.

Tests report results for three epidemic gossiping proto-
cols that are statically configured with gossiping probabil-
ities of 0.2, 0.5, and 0.8, respectively. We also report re-
sults for the adaptive information dissemination protocol
that uses the same epidemic gossiping protocol but adjusts
its gossiping probability based on the score comparisons as
described in Section 3, and for the heuristic solver for the
bipartite matching problem.

Figure 5 reports the packet overhead for the three sys-
tem saturation levels. Since the solver does not have a
notion of overhead, it only report results for the epidemic
gossiping protocols. Static epidemic protocol with gossip-
ing probability P = 0.8 has the highest overhead across
all the cases. The adaptive information dissemination pro-
tocol generates packet overhead comparable to the static
protocol with P = 0.5 in the over-saturated system, and
approximately half of the packet overhead in the saturated
and under-saturated cases. Although the static dissemina-
tion protocol with P = 0.2 has the lowest packet overhead,
its corresponding query satisfaction rates are also lower
than other protocols.

Figure 6 reports the query satisfaction rates for the same
three system saturation levels. The solver has the high-
est query satisfaction rates, since it has complete infor-
mation. The static dissemination protocol with P = 0.8
has the next highest query satisfaction rates, but com-
pared to its packet overhead, P = 0.5 is a better choice in
all three saturation levels. The adaptive information dis-
semination protocol performs comparable to P = 0.5, but
results in slightly lower query satisfaction rates. However,
each adaptive grid node compares its local score with the
neighborhood score, and adjusts its behavior accordingly,
without previous knowledge of the system that it operates
in.

Figure 7 reports the average distances for the same three
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Figure 6: Query satisfaction rates (percent) for
over-saturated, saturated, and under-saturated
systems. 600 total grid nodes: 300 providers and
300 requesters self-organize into 60 neighborhoods
of size ten each.
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Figure 7: Average distances between any provider-
requester pairs for over-saturated, saturated, and
under-saturated systems. 600 total grid nodes: 300
providers and 300 requesters self-organize into 60
neighborhoods of size ten each.

system saturation levels. The solver, with complete knowl-
edge, results in the lowest average distances. However, epi-
demic gossiping protocols also result in average distances
that are close to those of the solver.

5. SUMMARY

In this paper, we present further experimental evaluation
of a scoring and adaptation framework we previously in-
troduce as an enabling mechanism for self-organization
in hybrid grids. We show by simulation that those au-
tonomous nodes that self-organize into neighborhoods, and
elect a neighborhood leader to disseminate aggregate in-
formation, may reduce dissemination overhead by up to
50% compared to nodes that self-organize into neighbor-
hoods but still disseminate individually. Moreover, we also
show that resource provider nodes that disseminate avail-
able resource states based on the scoring and adaptation
framework presented can help distributed grid schedulers
achieve query satisfaction rates, and average distances that
are comparable to both (1) similar dissemination protocols
that are statically configured, and (2) a theoretical central
metascheduler with complete knowledge.
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