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1. Introduction

Grid computing, also called computational grid, was developed by computer scientists in the mid-1990s based on the inspiration of the electrical power Grid’s pervasiveness, ease of use, and reliability, to provide a computational power grid infrastructure for wide-area parallel and distributed computing. The motivation for computational Grids was initially driven by large-scale, resource (computational and data) intensive scientific applications that require more resource than a single computer (PC, workstation, supercomputer, or cluster) could provide in a single administrative domain. 
As the next generation computing infrastructure, a Grid enables the sharing, selection, and aggregation of a wide variety of geographically distributed resources owned by different organizations for solving large-scale resource intensive problems in various fields. In order to build a Grid, the development and deployment of a number of services is required. They include low-level services such as security, information, directory, resource management (resource trading, resource allocation, quality of services) and high-level services for application development, resource management and scheduling (resource discovery, access cost negotiation, resource selection, scheduling  strategies, quality of services, and execution management). Among them, the two most challenging aspects of Grid computing are resource management and scheduling. 
This report first presents a distributed economy-based grid computational framework, called the Grid Architecture for Computational Economy (GRACE) [1], for resource allocation and to regulate supply and demand of the available resources. A group of Quality-of-Service (QoS) driven algorithms are presented for the management of resources and scheduling of applications. Next, a computational economy-based global Grid resource management and scheduling system, named Nimrod-G, is presented. It supports deadline- and budget-constrained algorithms for scheduling parameter sweep (task and data parallel) applications on distributed resources [2]. It provides a simple parameter specification language for creating parameter-sweep applications. Finally, in order to demonstrate the effectiveness of resource brokers and associated scheduling algorithms, a powerful Grid simulation toolkit named GridSim is presented. It supports repeatable performance evaluation of scheduling strategies for a range of Grid scenarios.

2. Economic-based Grid Resource Management and Scheduling
Grid computing platform is designed for executing large-scale resource intensive applications. However, resource management and scheduling in the Grid environment is a non-trivial question as resources heterogeneous, geographically distributed, and owned by different individuals or organizations with their own policies, the underlining frameworks may have different access and cost models, and the loads and availability are dynamically changed. This introduces a number of challenging issues such as site autonomy, heterogeneous interaction, policy extensibility, resource allocation or coallocation, online control, scalability, transparency and resource brokering.
A number of Grid systems, such as Globus and Legion, have addressed many of these issues from various points of view. However, in order to create a real world scalable Grid, a computational economy is required to provide a mechanism for regulating the Grid resources demand and supply. It offers incentive for resource owners to be part of the Grid and encourages consumers to optimally utilize resources and balance timeframe and access costs. 
2.1. GRACE Framework—Leveraging Globus Tools

The proposed computational economy framework, called Grid Architecture for Computational Economy (GRACE) [1], builds on the existing Grid systems, such as Globus toolkit, and offers an infrastructure and provides new services for resource management and trading and aggregation depending on their availability, capability, cost, and users’ QoS requirements in the Grid environment. 
[image: image37.emf]
A generic GRACE architecture is showed in Figure 1. The key components of the Grid include,

· Grid User with Applications (sequential, parametric, parallel, or collaborative applications)

· User-Level Middleware—Higher Level Services and Tools

· Programming Environments

· Grid Resource Brokers

· Core Grid Middleware (services resource trading and coupling distributed wide area resources)

· Grid Service Providers

The most important roles in the economic-based computational Grids are Grid Service Providers (GSPs) and Grid Resource Brokers (GRBs) that acts as a consumer’s representative or software agent). Both have their own expectations and strategies for being part of the Grid. The Grid users interact with GRBs to express their requirements to the expected resources. For example, they provide the budget that they are willing to invest for solving a given problem and a deadline, a timeframe by which they need results to the GRBs. The GSPs express their pricing policies and mechanisms that help them to maximize the profit and resource utilization by utilizing the tools provided in the Grid architecture. Various economic models, such as commodity market and auction-based, can be adopted for resource trading in Grid computing environments.
In the GRACE environment, the resource providers can use the provided services to define their charging and access policies and the GRACE resource trader works according to those policies. The users interact with the Grid by defining their requirements through high level tools such as resource brokers, also known as Grid schedulers. The resource brokers work for the consumers and attempt to maximize user utility. They can use GRACE services for resource trading and identifying GSPs that meets its requirements.

The goal of GRACE is to implement Grid economy architecture by leveraging existing technologies such as Globus and develop new services that are not available in them. The layered architecture of GRACE framework realization within Globus context is shown in Figure 2.  The GRACE framework provides both low-level services that co-exist with Globus services and high-level services and tools such as the Nimrod-G resource broker, which uses economic models suitable for meeting the user requirements, can use these core services.

The following services are provided by GRACE to help Grid service providers to publish their resources and negotiate with resource consumers:
· Grid Market Directory: (GMD): It allows resource owners to publish their services in order to attract consumers.

· Grid Trade Server (GTS): This is a resource owner agent that negotiates with resource users and sells access to resources. It aims to maximize the resource utility and profit for its owner. It consults pricing policies during negotiation and directs the accounting system for recording resource consumption and billing the user according to the agreed pricing policy.

· Pricing Policies: These define the prices that resource owners would like to charge users. The pricing can be driven by demand and supply like in the real market environment. That is, in this commodity market model, pricing is essentially determined by objective functions of service providers and users. The pricing policy can also be based on auction. In this auction based economic model, pricing is driven by how much users value the service and the highest bidder wins the access to Grid services.

· Resource Accounting and Charging: These components (such as GBank along with QBank) are responsible for recording resource usage and bill the user as per the usage agreement between resource broker (a user agent) and trade server (resource owner agent).
[image: image1.emf]
Figure 2: GRACE framework realization within Globus context
The service providers publish their services through the GMD. They use the declarative language of GTS for defining cost specification and their objectives such as access price for various users for different times and durations, along with possibilities of offering discounts to attract users during off-peak hours. The GTS can employ different economic models in providing services. 

2.2. Commodity Market Models in the GRACE Framework
In the commodity market model, GRP specify their service price and charge users according to the amount of resource they consume. The pricing policy can be derived from various parameters and can be flat or variable depending on the resource supply and demand. Pricing schemes in a Commodity Market Model can be based on:

· Flat fee

· Usage Duration (Time)

· Subscription

· Demand and Supply-based 

The resource owners publish their prices and rules in the GMD service just like publishing advertises on the yellow pages. This is accomplished by defining the price specification that GTS can use for publishing service access price in the market directory. A simple price specification may contain the following parameters.

· consumer_id, which is the as same Grid-ID

· peak_time_price (say, between 9am-6pm: office hours on working days)

· lunch_time_price

· offpeak_time_price

· discount_when_lightly_loaded (i.e., if the load is less than 50% at any time)

· raise_price_high_demand (i.e., raise in price if the average load is above 50%)

· price_holiday_time (i.e., during holidays and week ends)

The resource value in a market oriented Grid environment is evaluated by the following parameters: Resource strength, Cost of physical resources, Service overhead, Demand Value perceived by the user and Preferences.
Consumers can be charged for access to various resources including CPU cycles, storage, software, and network. The users compose their application using higher-level Grid programming languages. For example, Nimrod problem-solving environment provides a declarative programming language for composing parameter sweep applications and defining application and user requirements such as deadline and budget. The resource broker (working for the user) can carry out the following steps for executing applications:

a. The broker identifies service providers.

b. It identifies suitable resources and establishes their prices by interacting with GMD and GTS.

c. It selects resources that meet its utility function and objectives. It uses heuristics and/or historical knowledge base while choosing resources and mapping jobs to them.

d. It uses resource services for job processing and issues payments as agreed.

3. The Nimrod-G Resource Broker: An Economic based Grid Scheduler
Nimrod-G is a tool for automated modeling and execution of parameter sweep applications over global computational Grids [2]. It provides a simple declarative parametric modeling language for expressing parametric experiments. It uses economic-based resource management and scheduling algorithms and supports user-defined deadline and budget constraints for schedule optimizations and manages supply and demand of resources in the Grid using a set of resource trading services [2]

The modular and layered architecture of Nimrod-G system is shown in Figure 3. As the grid resource broker based on the GRACE framework, Nimrod-G leverages services provided by Grid middleware systems such as Globus, Legion, and the GRACE trading mechanisms. 
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Figure 3: A layered architecture of Nimrod-G system
3.1. Components of Nimrod-G Grid Resource Broker
The Nimrod-G Resource broker is responsible for determining the specific requirements that an experiment places on the Grid and performing resource discovery, scheduling, dispatching jobs to remote Grid nodes, starting and managing job execution, and gathering results back to the home node. The components of the resource broker are, 
· The task farming engine (TFE): The TFE is a persistent and programmable job control agent that manages and controls an experiment. The farming engine is responsible for managing the execution of parameterized application jobs. It takes care of the actual creation of jobs, the maintenance of job status, and providing a means for interaction between the clients, the schedule advisor, and the dispatcher.
· The scheduler: The scheduler is responsible for resource discovery, resource trading, resource selection, and job assignment. The resource discovery algorithm interacts with an information service identifies the list of authorized and available machines, trades for resource access cost, and keeps track of resource status information. The resource selection algorithm is responsible for selecting those resources that meet the deadline and budget constraints along with optimization requirements.
· The Dispatcher and Actuators: The dispatcher triggers appropriate actuators to deploy agents on Grid resources and assign one of the resource-mapped jobs for execution. Even though the schedule advisor creates a schedule for the entire duration based on user requirements, the dispatcher deploys jobs on resources periodically, depending on the load and the number of free CPUs available.
· Agents: The agent is submitted as a job to the resource process server, which then submits to the local resource manager for starting its execution. The agent is responsible for setting up the execution environment on a given resource for a user job. It is responsible for transporting the code and data to the machine; starting the execution of the task on the assigned resource and sending results back to the TFE.
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Figure 4: The Flow actions in the Nimrod-G runtime environment
Figure 4 shows the interaction between components of the Nimrod-G runtime machinery and Grid services during runtime. The machine on which the broker runs is called the root node, the machine that acts as a front-end to a grid resource and forwards the user jobs to queuing system or forks them for execution is called the gatekeeper node, and the machine that executes the user job is called the computational node.

3.2. Scheduling Algorithms
The parameter sweep applications, created using a combination of task and data parallel models, contain a large number of independent jobs operating different data sets. A range of scenarios and parameters to be explored are applied to the program input values to generate different data sets. The execution model essentially involves processing N independent jobs (each with the same task specification, but a different dataset) on M distributed computers where N is, typically, much larger than M. When the user submits a parameter sweep application containing N tasks along with quality of service requirements, the broker performs the following activities:

1. Resource Discovery: Identifying resources and their properties and then selecting resources capable of executing user jobs.

2. Resource Trading: Negotiating and establishing service access cost using a suitable economic model.

3. Scheduling: Select resources that fit user requirements using scheduling heuristic/algorithm and map jobs to them.

4. Deploy jobs on resources Dispatcher.

5. Monitor and Steer computations

6. Perform load profiling for future usage

7. When the job execution is finished, gather results back to the user home machine Dispatcher.

8. Record all resource usage details for payment processing purpose.

9. Perform rescheduling: Repeat steps 3-8 until all jobs are processed and the experiment is within the deadline and budget limit.

10. Perform cleanup and post-processing, if required.
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Figure 5: High level steps for adaptive scheduling used in the Nimrod-G broker
In a geographically distributed Grid environment, the scheduling of the execution of parameter sweep applications is complicated when users place QoS constraints like deadline (execution completion time) and computation cost (budget) limitations. Such a guarantee of service is hard to provide in a Grid environment since its resources are shared, heterogeneous, distributed in nature, and owned by different organizations having their own policies and charging mechanisms. In addition, scheduling algorithms need to adapt to the changing load and resource availability conditions in the Grid in order to achieve performance and at the same time meet the deadline and budget constraints. In the Nimrod-G application level resource broker for the Grid, two adaptive algorithms for deadline and budget constrained (DBC) scheduling are adapted:

· Cost Optimization, within time and budget constraints
· Time Optimization, within time and budget constraints
The Time Optimization scheduling algorithm attempts to complete the experiment as quickly as possible, within the budget available. A brief description of the core algorithm is as follows:

1. For each resource, calculate the next completion time for an assigned job, taking into account previously assigned jobs and job consumption rate.

2. Sort resources by next completion time.

3. Assign one job to the first resource for which the cost per job is less than or equal to the remaining budget per job.

4. Repeat the above steps until all jobs are assigned.

The Cost Optimization scheduling algorithm attempts to complete the experiment as economically as possible within the deadline.

1. Sort resources by increasing cost.

2. For each resource in order, assign as many jobs as possible to the resource, without exceeding the deadline.

3.3. Scheduling Experiments on the World-Wide Grid
The following section presents a number of deadline and budget constrained (DBC) scheduling experiments with different requirements at different times by selecting different sets of resources available in the World Wide Grid (WWG) testbed. They can be categorised into the following scenarios:

· Cost optimisation scheduling during Australian peak times and off peak times
· Cost and time optimisation scheduling using cheap local and expensive remote resources 
3.3.1 The World-Wide Grid (WWG) Testbed

World-Wide Grid (WWG) is a testbed which contains collaborations with colleagues from numerous organizations around the globe. The organizations whose resources have been used in scheduling experiments are: Monash University (Melbourne, Australia), Victorian Partnership for Advanced Computing (Melbourne, Australia), Argonne

National Laboratories (Chicago, USA), University of Southern California’s Information Sciences Institute (Los Angeles, USA), Tokyo Institute of Technology (Tokyo, Japan), National Institute of Advanced Industrial Science and Technology (Tsukuba, Japan), University of Lecce (Italy), and CNUCE-Institute of the Italian National Research Council (Pisa, Italy), Zuse Institute Berlin (Berlin, Germany), Charles University, (Prague, Czech Republic), University of Portsmouth (UK), and University of Manchester (UK).
In Nimrod-G, these resources are represented using their Internet hostnames.

The WWG testbed contains numerous computers with different architecture, capability, and configuration. They include PCs, workstations, SMPs, clusters, and vector supercomputers running operating systems such as Linux, Sun Solaris, IBM AIX, SGI IRIX, and Compaq Tru64. Further, the systems use a variety of job management systems such as OS-Fork, NQS, Condor, RMS, PBS, and LSF. These system characteristics can be identified by accessing the GIS (Grid Information Service) provided by middleware systems such as Globus running on each resource. 

3.3.2 Cost Optimisation Scheduling – Australian Peak and Off-peak Times

In an economic-based Grid environment, the resources are priced differently at different times based on the supply and demand. For example, they are priced higher during peak hours and lower during off-peak hours. This experiment explore their impact on the processing cost, by scheduling a resource intensive parameter-sweep application containing a large number of jobs on the WWG resources, during Australian peak and off-peak hours.

WWG Computational Resources

The World-Wide Grid testbed resources selected for use in this experiment and their properties is shown in Figure 6. To test the trading services provided by GTS (Grid Trade Server), an experiment was run entirely during peak time and the same experiment entirely during off-peak time. It is important to note access price variations during peak and off-peak times and also time difference between Australia and US. The access price is expressed in Grid units (G$) per CPU second.
	Resource Type & Size (No. of nodes)
	Organization & Location
	Price @ AU peak time
	Price @ AU off peak time

	Linux Cluster (10 nodes)
	Monash, Australia
	20
	5

	IBM SP2 (80 nodes)
	ANL, Chicago, USA
	5
	10

	Sun (8 nodes)
	ANL, Chicago, USA
	5
	10

	SGI (96 nodes)
	ANL, Chicago, USA
	15
	15

	SGI (10 nodes)
	ISI, Los Angeles, USA
	10
	20


Figure 6: World-Wide Grid testbed resources used in the experiment. Price is G$ per CPU sec
Parameter Sweep Application

The hypothetical parameter sweep application (PSA) executes a CPU intensive program with 165 different parameter scenarios or values. The program calc takes two input parameters and saves results into a file named “output”. The first input parameter angle_degree represents the value of angle in degree for processing trigonometric functions. The program calc needs to be explored for angular values from 1 to 165 degrees. The second parameter time_base_value indicates the expected calculation complexity in minutes plus 0 to 60 seconds positive deviation. That means the program calc is expected to run for anywhere between 5 to 6 minutes on resources with some variation depending on resource capability. Figure 7 is a plan file which is used to model this application as a parameter sweep application using the Nimrod-G parameter specification language. The first part defines parameters and the second part defines the task that needs to be performed for each job. As the parameter angle_degree is defined as a range parameter type with values varying from 1 to 165 in step of 1, it leads to the creation of 165 jobs with 165 different input parameter values. To execute each job on a Grid resource, the Nimrod-G resource broker, depending on its scheduling strategy, first copies the program executable(s) and necessary data to a Grid node, then executes the program, and finally copies results back to the user home node and stores output with job number as file extension.
[image: image5.emf]
Figure 7: Nimrod-G parameter sweep processing specification
Scheduling Experiments

The experiments were run twice, once during the Australian peak time, when the US machines were in their off-peak times, and again during the US peak, when the Australian machine was off-peak. The experiments were configured to minimise the cost, within one-hour deadline. This requirement instructs the Nimrod-G broker to use “Cost-Optimization Scheduling” algorithm in scheduling jobs for processing on the Grid.

The number of jobs in execution/queued on resources during the Australian peak and off-peak time scheduling experimentations is shown in Figure 8 and Figure 9 respectively. The results for the Australian peak experiment show the expected typical results. After an initial calibration phase, the jobs were distributed to the cheapest machines for the remainder of the experiment. This characteristic of the scheduler is clearly visible in both experiments. In the Australian peak experiment, after calibration period, the scheduler excluded the usage of Australian resources as they were expensive and the scheduler predicted that it could still meet the deadline using cheaper resources from US resources, which were in off-peak time phase. However, in the Australian off-peak experiment, the scheduler never excluded the usage of Australian resources and excluded the usage of some of the US resources, as they were expensive comparatively at that time (US in peak-time phase). The results for the US peak experiment are somewhat more interesting (see Figure 9). When the Sun-ANL machine becomes temporarily unavailable, the SP2, at the same cost, was also busy, so a more expensive SGI is used to keep the experiment on track to complete before the deadline.
[image: image6.emf]
Figure 8: Computational scheduling during Australian peak time (US off-peak time)
[image: image7.emf]
Figure 9: Computational scheduling during Australian off-peak time (US peak time)
The number of computational nodes (CPUs) in use at different times during the execution of scheduling experimentation at Australian peak-time is shown in Figure 10. It can be observed that in the beginning of the experiment (calibration phase), the scheduler had no precise information related to job consumption rate for resources, hence it tried to use as many resources as possible to ensure that it can meet deadline. After calibration phase, scheduler predicted that it could meet the deadline with fewer resources and stopped using more expensive nodes. However, whenever scheduler senses difficulty in meeting the deadline by using the resources currently in use, it includes additional resources. This process continues until deadline is met and at the same time it ensures that the cost of computation is within a given budget.
[image: image8.emf]
Figure 10: Number of resources in use during Australian peak time scheduling experiment
The total cost of resources (sum of the access price for all resources) in use at different times during the execution of scheduling experimentation at Australian peak-time is shown in Figure 11. It can be observed that the pattern of variation of cost during calibration phase is similar to that of number of resources in use. However, this is not the same as the experiment progresses and in fact the cost of resources decreased almost linearly although the number of resources in use did not decline at the same rate. The reason for this behavior is that a large number of resources that the scheduler selected were from off-peak time zone (i.e., US was in off-peak time when Australia was in peak hours) as they were cheaper. Another reason is that the number of resources used in these experiments contains more US resources compared to Australian resources.

[image: image9.emf]
Figure 11: Cost of resources in use at Australian peak time scheduling experiment
[image: image10.emf]
Figure 12: Number of resources in use at Australian off-peak time scheduling experiment
[image: image11.emf]
Figure 13: Cost of resources in use at Australian off-peak time scheduling experiment
Figure 4.16 and Figure 4.17 show the scheduling experiments conducted during Australian off-peak time. Although the scheduler has used Australian resources throughout the experiment, the scheduler had to depend on US resources to ensure that the deadline is met even if resources were expensive.

3.3.3. Cost and Time Optimization Scheduling using Local and Remote Resources

This experiment demonstrates the use of cheap local resources and expensive remote resources together for processing the same parameter sweep application used in the previous scheduling experiment.
A deadline of 2 hours (120 minutes) and budget of 396000 (G$ or tokens) have been set and conducted experiments for two different optimization strategies:

· Optimize for Time

· Optimize for Cost
The access price varies for local and remote users: users are encouraged to use local resources since they are available at cheaper price. Depending on the deadline and the specified budget, the broker develops a plan for assigning jobs to resources. 
Figure 14 shows resources details such as architecture, location, and access price. These are shared resources and hence they were not fully available to us. 

	Resource Type & Size (No. of nodes)
	Organization & Location
	Price (G$/CPU sec.)
	Jobs Executed on Resources

	
	
	
	Time_Opt 
	Cost_Opt

	Linux cluster (60 nodes)
	Monash, Australia
	2
	64
	153

	Solaris (Ultra-2)
	Tokyo Institute of

Technology, Japan
	3
	9
	1

	Linux PC (Prosecco)
	CNUCE, Pisa, Italy
	3
	7
	1

	Linux PC (Barbera)
	CNUCE, Pisa, Italy
	4
	6
	1

	Sun (8 nodes)
	ANL, Chicago, USA
	7
	42
	4

	SGI (10 nodes)
	ISI, Los Angeles, USA
	8
	37
	5

	
	Total Experiment Cost(G$)
	237000
	115200

	
	Time to Complete Experiment(Min.)
	70
	119


Figure 14: The WWG testbed resources used in scheduling experiments, job execution and costing
The first experiment is based on time optimization strategy. In this experiment, he broker selected resources in such a way that the whole application execution is completed at the earliest time for a given budget. It completed execution of all jobs within 70 minutes and spent 237000 G$. The second experiment is based on cost optimization strategy. The broker selected cheap resources as much as possible to minimize the execution cost whilst still trying to meet the deadline. It completed in 119 minutes and spent 115200 G$.

After the initial calibration phase, the jobs were distributed to the cheapest machines for the remainder of the experiment. The processing expense of the time-optimization scheduling experiment is much larger than the cost-optimization scheduling experiment due to the use of expensive resources to complete the experiment early. The results show that the Grid brokering system can take advantage of economic models and user input parameters to meet their requirements.

[image: image12.emf]
Figure 15: Resource selection in deadline and budget constrained time optimization scheduling

[image: image13.emf]
Figure 16: Resource selection in deadline and budget constrained cost optimization scheduling
4. GridSim: A Grid Scheduling System Simulation Tool
The designers of resource management and scheduling systems and algorithms for large-scale distributed computing systems need a simple framework for deterministic modeling and simulation of resources and applications to evaluate their design strategies and algorithms. When access to ready-to-use testbed infrastructure is not available, building it is expensive and time consuming. Also, even if the testbed is available, it is limited to a few resources and domains; and testing scheduling algorithms for scalability and adaptability, and evaluating scheduler performance for various applications and resource scenarios is harder to trace and resource intensive. Researchers and educators in Grid computing have also recognized the importance and the need for such a toolkit for modeling and simulation environments.

GridSim is java-based discrete-event Grid simulation toolkit. It provides a comprehensive facility for simulation of different classes of heterogeneous resources, users, applications, resource brokers, and schedulers. It can be used to simulate application schedulers for single or multiple administrative domain(s) distributed computing systems such as clusters and Grids.

4.1 GridSim Entities

GridSim supports entities for simulation of single processor and multiprocessor, heterogeneous resources that can be configured as time or space shared systems. It allows setting their clock to different time zones to simulate geographic distribution of resources. It supports entities that simulate networks used for communication among resources. During simulation, GridSim creates a number of multi-threaded entities, each of which runs in parallel in its own thread. 
[image: image14.emf]
Figure 17: A flow diagram in GridSim based simulations
A simulation environment needs to abstract all the entities and their time dependent interactions in the real system. It needs to support the creation of user-defined time dependent response functions for the interacting entities. The response function can be a function of the past, current, or both states of entities. GridSim based simulations contain entities for the users, brokers, resources, information service, statistics, and network based I/O as shown in Figure 17. The design and implementation issues of these GridSim entities are discussed below:

· User – Each instance of the User entity represents a Grid user. 

· Broker – Each user is connected to an instance of the Broker entity. Every job of a user is first submitted to its broker and the broker then schedules the parametric tasks according to the user’s scheduling policy. Before scheduling the tasks, the broker dynamically gets a list of available resources from the global directory entity. Every broker tries to optimize the policy of its user and therefore, brokers are expected to face extreme competition while gaining access to resources. 

· Resource – Each instance of the Resource entity represents a Grid resource. The resource speed and the job execution time can be defined in terms of the ratings of standard benchmarks such as MIPS and SPEC. They can also be defined with respect to the standard machine. Upon obtaining the resource contact details from the Grid information service, brokers can query resources directly for their static and dynamic properties.

· Grid Information Service – It provides resource registration services and maintains a list of resources available in the Grid. This service can be used by brokers to discover resource contact, configuration, and status information.

· Input and Output –The flow of information among the GridSim entities happen via their Input and Output entities. Every networked GridSim entity has I/O channels, which are used for establishing a link between the entity and its own Input and Output entities. 

4.2 Application Model
In GridSim, each independent task may require varying processing time and input files size. Such tasks can be created and their requirements are defined through Gridlet objects. A Gridlet is a package that contains all the information related to the job and its execution management details such as the job length expressed in MI (million instructions), disk I/O operations, the size of input and output files, and the job originator. These basic parameters help in determining execution time, the time required to transport input and output files between users and remote resources, and returning the processed Gridlets back to the originator along with the results. The GridSim toolkit supports a wide range of Gridlet management protocols and services that allow schedulers to map a Gridlet to a resource and manage it through out the life cycle.

4.3 Interaction Protocols Model
The protocols for interaction between GridSim entities are implemented using events. In GridSim, entities use events for both service requests and service deliveries. Basically, there are four kinds of events:

· internal event: This is an event that are originated from the same entity.

· external event: This is an event that are originated from the external entities. 
· synchronous event: An event is called synchronous when the event source entity waits until the event destination entity performs all the actions associated with the event (i.e., the delivery of full service). 
· asynchronous event: An event is called asynchronous when the event source entity raises an event and continues with other activities without waiting for its completion. 
A complete set of entities in a typical GridSim simulation and the use of events for simulating interaction between them are shown in Figure 18 and Figure 19. 

[image: image15.emf]
Figure 18: An event diagram for interaction between a time-shared resource and other entities
[image: image16.emf]
Figure 19: An event diagram for interaction between a space-shared resource and other entities
When GridSim starts, the resource entities register themselves with the Grid Information Service (GIS) entity, by sending events. Depending on the user entity’s request, the broker entity sends an event to the GIS entity, to signify a query for resource discovery. The GIS entity returns a list of registered resources and their contact details. The broker entity sends events to resources with request for resource configuration and properties. They respond with dynamic information such as resources cost, capability, availability, load, and other configuration parameters. These events involving the GIS entity are synchronous in nature.
Depending on the resource selection and scheduling strategy, the broker entity places asynchronous events for resource entities in order to dispatch Gridlets for execution—the broker need not wait for a resource to complete the assigned work. When the Gridlet processing is finished, the resource entity updates the Gridlet status and processing time and sends it back to the broker by raising an event to signify its completion.

4.4 Resource Model – Simulating Multitasking and Multiprocessing

Multitasking and multiprocessing systems allow concurrently running tasks to share system resources such as processors, memory, storage, I/O, and network by scheduling their use for very short time intervals. In the GridSim toolkit, we can create Processing Elements (PEs) with different speeds (measured in either MIPS or SPEC-like ratings). Then, one or more PEs can be put together to create a machine. Similarly, one or more machines can be put together to create a Grid resource. Thus, the resulting Grid resource can be a single processor, shared memory multiprocessors (SMP), or a distributed memory cluster of computers. These Grid resources can simulate time- or space-shared scheduling depending on the allocation policy. A single PE or SMP type Grid resource is typically managed by time-shared operating systems that use round-robin scheduling policy for multitasking. The distributed memory multiprocessing systems (such as clusters) are managed by queuing systems, called space-shared schedulers, that execute a Gridlet by running it on a dedicated PE when allocated. The space-shared systems use resource allocation policies such as first-come-first-served (FCFS), back filling, shortest-job-first served (SJFS), and so on.
Let us consider the following scenario to illustrate the simulation of Gridlets execution and scheduling within a GridSim resource. A resource consists of two shared or distributed memory PEs each with MIPS rating of 1, for simplicity. Three Gridlets that represent jobs with processing requirements equivalent to 10, 8.5, and 9.5 MI (million instructions) arrive in simulation times 0, 4, and 7 respectively. The way GridSim schedules jobs to PEs is shown schematically in Figure 20 for time-shared resources and Figure 21 for space-shared resources.
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Figure 20: Modeling time-shared multitasking and multiprocessing based on an event scheme
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Figure 21: Modeling space-shared multiprocessing based on an event scheme
5. Economic Grid Resource Broker Simulation
We used the GridSim toolkit to simulate a Grid environment and a Nimrod-G like deadline and budget constrained scheduling system called economic Grid resource broker. The simulated Grid environment contains multiple resources and user entities with different requirements. The users create an experiment that contains an application specification (a set of Gridlets that represent application jobs with different processing) and quality of service requirements (deadline and budget constraints with optimization strategy). We created two entities that simulate users and the brokers by extending the GridSim class. When simulated, each user entity having its own application and quality of service requirements creates its own instance of the broker entity for scheduling Gridlets on resources.
5.1. Broker Architecture

The broker entity architecture along with its interaction flow diagram with other entities is shown in Figure 22. The following high-level steps describe functionality of the broker components and their interaction:

1. The user entity creates an experiment that contains an application description (a list of Gridlets to be processed) and user requirements to the broker via the experiment interface.

2. The broker resource discovery and trading module interacts with the GridSim GIS entity to identify contact information of resources and then interacts with resources to establish their configuration and access cost. It creates a Broker Resource list that acts as placeholder for maintaining resource properties, a list of Gridlets committed for execution on the resource, and the resource performance data as predicted through the measurement and extrapolation methodology.

3. The scheduling flow manager selects an appropriate scheduling algorithm for mapping Gridlets to resources depending on the user requirements (deadline and budget limits; and optimization strategy—cost, cost-time, time, or time variant). Gridlets that are mapped to a specific resource are added to the Gridlets list in the Broker Resource.

4. For each of the resources, the dispatcher selects the number of Gridlets that can be staged for execution according to the usage policy to avoid overloading resources with single user jobs.

5. The dispatcher then submits Gridlets to resources using the GridSim’s asynchronous service.

6. When the Gridlet processing completes, the resource returns it to the broker’s Gridlet receptor module, which then measures and updates the runtime parameter, resource share available to the user. It aids in predicting the job consumption rate for making scheduling decisions.

7. The steps, 3–6, continue until all the Gridlets are processed or the broker exceeds deadline or budget limits. The broker then returns the updated experiment data along with processed Gridlets back to the user entity.
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Figure 22: Economic Grid resource broker architecture and its interaction with other entities
5.2. Simulation Experiment Setup
To simulate application scheduling in GridSim environment using the economic Grid broker requires the modeling and creation of GridSim resources and applications that model jobs as Gridlets. 

	Resource Name in Simulation
	Simulated Resource Characteristics
	Equivalent Resource in WWG
	Resource Manager Type
	Price (G$/PE time unit)

	R0
	Compaq, AlphaServer, CPU, OSF1, 4
	Grendel.vpac.org, VPAC, Australia
	Time-shared
	8

	R1
	Sun, Ultra, Solaris, 4
	Hpc420.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	4

	R2
	Sun, Ultra, Solaris, 4
	hpc420-1.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	3

	R3
	Sun, Ultra, Solaris, 2
	hpc420-2.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	3

	R4
	Intel, Pentium/VC820, Linux, 2
	barbera.cnuce.cnr.it,

CNR, Pisa, Italy
	Time-shared
	2

	R5
	SGI, Origin 3200, IRIX, 6
	onyx1.zib.de,

ZIB, Berlin, Germany
	Time-shared
	5

	R6
	SGI, Origin 3200, IRIX,16
	Onyx3.zib.de,

ZIB, Berlin, Germany
	Time-shared
	5

	R7
	SGI, Origin 3200, IRIX,16
	mat.ruk.cuni.cz,

Charles U., Prague,

Czech Republic
	Space-shared
	4

	R8
	Intel, Pentium/VC820,

Linux, 2
	marge.csm.port.ac.uk,

Portsmouth, UK
	Time-shared
	1

	R9
	SGI, Origin 3200, IRIX, 4
	green.cfs.ac.uk,

Manchester, UK
	Time-shared
	6

	R10
	Sun, Ultra, Solaris, 8
	pitcairn.mcs.anl.gov,

ANL, Chicago, USA
	Time-shared
	3


Figure 23: WWG testbed resources simulated using GridSim
Figure 23 shows characteristics of resources simulated and their PE cost per time unit in G$ (Grid dollar). These simulated resources resemble the WWG testbed resources used in processing a parameter sweep application using the Nimrod-G broker.
5.3. Deadline and Budget Constrained Cost Optimization Scheduling
We have modeled a task farming application that consists of 200 jobs and implemented the DBC cost-optimization scheduling algorithm within economic broker simulator. In this experiment, we perform scheduling experiments with different values of deadline and budget constraints (DBC) for a single user. The deadline is varied in simulation time from 100 to 3600 in steps of 500. The budget is varied from G$ 5000 to 22000 in steps of 1000. From Figure 24, it can be observed that for a tight deadline (e.g., 100 time unit), the number of Gridlets processed increased with the increase in budget value. Because, when a higher budget is available, the broker leases expensive resources to process more jobs within the deadline.

[image: image20.emf]
Figure 24: No. of Gridlets processed for different budget and deadline limits
Three diagrams (Figure 25–Figure 27) show the selection of resources for processing Gridlets for different budget values with a fixed deadline of 100, 1100, and 3100 (short, medium, and long deadline value) respectively. It can be observed that when the deadline is low, the economic broker also leases expensive resources to process Gridlets whenever the budget permits (see Figure 25). In this, all resources have been used depending on the budget availability. When the deadline is increased to a high value (a medium deadline of 1100), the broker processes as many Gridlets as possible on cheaper resources by the deadline (see Figure 26) and utilizes expensive resources if required. When the deadline is highly relaxed (a long deadline of 3100), the broker allocates Gridlets to the cheapest resource since it was able to process all Gridlets within this deadline (see Figure 27). 
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Figure 25: Gridlets processed on resources for different budget values with short deadline
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Figure 26: Gridlets processed on resources for different budget values with medium deadline
[image: image23.emf]
Figure 27: Gridlets processed on resources for different budget values with long deadline
Let us now take a microscopic look at the allocation of resources at different times during the scheduling experimentation. The three graphs (Figure 28, Figure 29, and Figure 30) show a trace of leasing resources at different times during the scheduling experiment for processing Gridlets for different budget values with a fixed deadline of 100, 1100, and 3100 (short, medium, and long deadline values) respectively. It can be observed that when the deadline value is low, the economic broker also leases expensive resources

to process Gridlets whenever the budget permits. The broker had to allocate powerful resources even if they are expensive since the deadline is too tight (see Figure 28). But this is not the case when the deadline is highly relaxed (see Figure 30)—the broker leased just one resource, which happened to process all Gridlets within the given deadline.
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Figure 28: Trace of No. of Gridlets processed for a short deadline and high budget constraints
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Figure 29: Trace of No. of Gridlets processed for a medium deadline and low budget constraints
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Figure 30: Trace of No. of Gridlets processed for a long deadline and low budget constraints
It can be observed the broker committed Gridlets to expensive resources only when it is required. This ability of economic Grid broker to select resources dynamically at runtime demonstrates its adaptive capability driven by the user’s quality of service requirements.

5.4. Deadline and Budget Constrained Time Optimization Scheduling
In this experiment, we perform scheduling experiments with different values of deadline and budget constraints (DBC) for a single user using the DBC constrained time-optimization scheduling algorithm. The deadline is varied in simulation time from 100 to 3600 in steps of 500. The budget is varied from G$ 5000 to 22000 in steps of 1000. The number of Gridlets processed for different scheduling scenario is shown in Figure 31. The number of Gridlets processed increased with the increase in budget or deadline value (see Figure 31 for a tight deadline value say 100). This is because, when a higher budget is available, the broker is able to select expensive resources to process more jobs as quickly as possible. The increase in budget has impact not only on the number of Gridlets completed; it also has impact on the completion time. The application processing completion time decreases with the increase in budget value (see Figure 32). When a higher budget is available, the broker schedules jobs on even expensive resources depending on their capability and availability (e.g., resources R6 and R7) to complete the processing at the earliest possible time (see Figure 33). This also means that as the application processing completion time decreases, the processing cost increases as powerful and expensive resources are used in processing jobs (see Figure 34).
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Figure 31: No. of Gridlets processed for different budget and deadline limits
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Figure 32: The time spent in processing Gridlets using the DBC time optimisation
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Figure 33: Selection of different resources for processing Gridlets for different budget limits
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Figure 34: The budget spent in processing Gridlets on different resources for different budgets
5.5. Comparing the Cost and Time Optimization Scheduling
The completion time and the budget spent for processing application jobs scheduled using the cost and the time optimization strategies is shown in Figure 35 and Figure 36. In both scheduling optimization scenarios, the deadline value is set to 3100 time units and budget value is varied from 5000 to 22000 in steps of 1000. In general, as the budget value increases, the completion time decreases and the processing cost increases when the time-optimization scheduling strategy is used; whereas, the completion time remains closer to the deadline and processing cost decreases when the cost-optimization scheduling is used.
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Figure 35: The time spent in processing application jobs using time cost and time optimisation
[image: image32.emf]
Figure 36: The budget spent in processing application jobs using time cost and time optimisation
The time-optimization scheduling algorithm uses as many resources as it can in parallel as long as the budget is available since minimizing the completion time is a major goal. Whereas, the cost-optimization scheduling algorithm uses resources, giving the first preference to cheaper resources, as long as the deadline can be met, since minimizing the processing cost is a major goal. That means, the users can choose a scheduling strategy that meets their quality of service requirements. When the work is urgent and the results are needed as quickly as possible, they can choose the time optimization strategy and place a limit on the processing expenses. If they do not have immediate requirement for results, they can choose the cost-optimization scheduling strategy and minimize the processing cost.

5.6. DBC Cost-Time Optimization Scheduling
The DBC cost-time optimization scheduling algorithm extends the cost-optimization algorithm to optimize the time without incurring additional processing expenses. This is accomplished by applying the time-optimization algorithm to schedule jobs on resources having the same processing cost.

The resources used in evaluating the performance of cost-time optimization scheduling are show in Figure 37. The characteristics of resources is same as those used in previous experiment except that the price of resource R4 is set to the same value as the resource R8 to demonstrate the superior ability of cost-time optimization scheduling algorithm over the cost optimization scheduling algorithm. 

A task farming application containing 200 jobs used in this scheduling experiment is the same as the one used in previous experiments.

	Resource Name in Simulation
	Simulated Resource Characteristics
	Equivalent Resource in WWG
	Resource Manager Type
	Price (G$/PE time unit)

	R0
	Compaq, AlphaServer, CPU, OSF1, 4
	Grendel.vpac.org, VPAC, Australia
	Time-shared
	8

	R1
	Sun, Ultra, Solaris, 4
	Hpc420.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	4

	R2
	Sun, Ultra, Solaris, 4
	hpc420-1.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	3

	R3
	Sun, Ultra, Solaris, 2
	hpc420-2.hpcc.jp, AIST, Tokyo, Japan
	Time-shared
	3

	R4
	Intel, Pentium/VC820, Linux, 2
	barbera.cnuce.cnr.it,

CNR, Pisa, Italy
	Time-shared
	2

	R5
	SGI, Origin 3200, IRIX, 6
	onyx1.zib.de,

ZIB, Berlin, Germany
	Time-shared
	5

	R6
	SGI, Origin 3200, IRIX,16
	Onyx3.zib.de,

ZIB, Berlin, Germany
	Time-shared
	5

	R7
	SGI, Origin 3200, IRIX,16
	mat.ruk.cuni.cz,

Charles U., Prague,

Czech Republic
	Space-shared
	4

	R8
	Intel, Pentium/VC820,

Linux, 2
	marge.csm.port.ac.uk,

Portsmouth, UK
	Time-shared
	1

	R9
	SGI, Origin 3200, IRIX, 4
	green.cfs.ac.uk,

Manchester, UK
	Time-shared
	6

	R10
	Sun, Ultra, Solaris, 8
	pitcairn.mcs.anl.gov,

ANL, Chicago, USA
	Time-shared
	3


Figure 37: Resources used in Cost-Time scheduling simulation
We perform both cost and cost-time optimization scheduling experiments with different values of deadline and budget constraints (DBC) for a single user. The deadline is varied in simulation time from 100 to 3600 in steps of 500. The budget is varied from G$ 5000 to 22000 in steps of 1000. The number of Gridlets processed, deadline utilized, and budget spent for the DBC cost-optimization scheduling strategy is shown in Figure 38a, Figure 38c, and Figure 38e, and for the cost-time optimization scheduling strategy is shown in Figure 38b, Figure 38d, and Figure 38f. In both cases, when the deadline is low (e.g., 100 time unit), the number of Gridlets processed increases as the budget value increases. When a higher budget is available, the broker leases expensive resources to process more jobs within the deadline. Alternatively, when scheduling with a low budget value, the number of Gridlets processed increases as the deadline is relaxed. The impact of budget for different values of deadline is shown in Figure 38e and Figure 38f for cost and cost-time strategies. For a larger deadline value (see the time utilization for deadline of 3600), the increase in budget value does not have much impact on resource selection. When the deadline is too tight (e.g., 100), it is likely that the complete budget is spent for processing Gridlets within the deadline. 
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Figure 38: The number of Gridlets processed, time, and budget spent for different deadline and time limits when scheduled using the cost and cost-time optimisation algorithms
It can be observed that the number of Gridlets processed and the budget-spending pattern is similar for both scheduling strategies. However, the time spent for the completion of all the jobs is significantly different (see Figure 38c and Figure 38d), as the deadline becomes relaxed. For deadline values from 100 to 1100, the completion time for both cases is similar, but as the deadline increases (e.g., 1600 to 3600), the experiment completion time for cost-time scheduling optimization strategy is much less than the cost optimization scheduling strategy. This is because when there are many resources with the same price, the cost-time optimization scheduling strategy allocates jobs to them using the time-optimization strategy for the entire deadline duration since there is no need to spent extra budget for doing so. This does not happen in case of cost-optimization strategy—it allocates as many jobs that the first cheapest resource can complete by the deadline and then allocates the remaining jobs to the next cheapest resources.

As the deadline increases, the cost optimization algorithm predominantly scheduled jobs on the resource R4 (see Figure 39a) whereas, the cost-time optimization algorithm scheduled jobs on resources R4 and R8 (see Figure 39b), the first two cheapest resources with the same cost. Therefore, the application scheduling using the cost-time optimization algorithm is able to finish earlier compared to the one scheduled using the cost optimization algorithm (see Figure 40) and both strategies have spent the same amount of budget for processing its jobs (see Figure 41). The completion time for cost optimization scheduling continued to increase with increase of the deadline as the broker allocated more jobs to the resource R4 and less to the resource R8. However, the completion time for deadline values 3100 and 3660 is the same as the previous one since the broker allocated jobs to only resource R4. This is not the case with the cost-time optimization scheduling since jobs are allocated proportionally to both resources R4 and R8 and thus minimizing the completion time without spending any extra budget.
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Figure 39: The number of Gridlets processed and resources selected for different deadline values with a large budget when scheduled using the cost and cost-time optimisation algorithms
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Figure 40: The time spent for processing application jobs for different deadline constraints with a large budget when scheduled using the cost and cost-time optimisation algorithms
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Figure 41: The budget spent for processing application jobs for different deadline constraints with a large budget when scheduled using the cost and cost-time optimisation algorithms
In summary, when there are multiple resources with the same cost and capability, the cost-time optimization algorithm schedules jobs on them using the time-optimization strategy for the deadline period. The results of scheduling experiments for many scenarios with a different combination of the deadline and budget constraints, we observe that applications scheduled using the cost-time optimization are able to complete earlier than those scheduled using the cost optimization algorithm without incurring any extra expenses. This proves the superiority of the new deadline and budget constrained cost-time optimization algorithm in scheduling jobs on global Grids.

6. Summary and Conclusion
Grids are emerging as the infrastructure for next generation computing. In Grid environments, the resources are heterogeneous and geographically distributed with varying availability and a variety of usage and cost policies for diverse users at different times and, priorities as well as goals that vary with time. We first discussed an architectural framework called the Grid Architecture for Computational Economy (GRACE). Then, we discussed the Nimrod-G resource broker which supports the deadline and budget constrained algorithms for scheduling task-farming applications on large-scale distributed systems. Finally, we discussed the use of computational economy as a metaphor for devising scheduling strategies for large scale applications on distributed resources. We used the GridSim toolkit in simulating an economic-based Grid resource broker that supports deadline and budget-based scheduling. We simulated and evaluated performance of scheduling algorithms with cost, time, and cost-time optimization strategies for a variety of scenarios. The broker is able allocate resources depending on the users’ quality of service requirements such as the deadline, budget, and optimization strategy. The performance evaluation results at microscopic level reveal their impact on the application processing cost and time; and demonstrate the usefulness of allowing uses to trade-off between the timeframe and processing cost depending on their QoS requirements. Also, these extensive simulation studies demonstrate the suitability of GridSim for developing simulators for scheduling in parallel and distributed systems.
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