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Abstract 

Grid computing is a high performance computing environment consisting of thousands of 

computers, sensors and other resources which are geographically distributed or globally 

located. To get a work done by these grids, workflow scheduling is an important task to be 

considered. Workflow is concerned with the automation of procedures whereby files and data 

are passed between participants nodes, according to some defined rules to achieve the goals. 

Grid application scenarios require means for composing and executing complex workflows. 

This paper gives taxonomy of workflow scheduling in Grids. 
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1.  Introduction  

Grids [1] have emerged as a global cyber-infrastructure for the next generation of e-science 

applications by integrating large-scale, distributed and heterogeneous resources. Scientific 

communities, such as high-energy physics, gravitational-wave physics, geophysics, 

astronomy and bioinformatics, are utilizing Grids to share, manage and process large data 

sets. To achieve the potentials of computational grids, job scheduling is an important issue to 

be considered. The first paper on the critical path was published by Kelley Walker in March 

1959 who defined the science of scheduling using critical path analysis. The evolution of 

scheduling was then applied in the development of computers, earlier in mainframes and 

latter 1980‟s the personal computers and now to the clusters and the grids. The grid 

applications which contain many tasks that may take several days or weeks to complete 

whose completion time is affected by task scheduling. The delay in single tasks can affect the 

completion time of the entire application [2]. In order to support complex scientific 

experiments, distributed resources such as computational devices, data, applications needs to 

be orchestrated while managing the application workflow operations within Grid 

environments. The main goal of scheduling is to minimize the job completion time and 

wastage of CPU cycles [3] but scheduling jobs in heterogeneous grid environment is different 

compared to parallel architectures. Scheduling is highly complicated by the distributed 

ownership of the grid resources as consumers of providers of the grid resources have their 

own access policy, scheduling strategy and optimization objectives [4]. Grid Schedulers 

should also support advanced features such as (i) user requested job priority (ii) advanced 

reservation of resources (iii) resource usage limits enforced by administrators (iv) user 

specifiable resource requirements etc.  

      In the grid system, user submits the jobs that have to be executed with some constraints 

like job execution deadline, cost of execution and the time required for the execution, 
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resource discovery. Grid resource manager estimates the resource requirements and provides 

the functionality for discovery and publishing of resources as well as scheduling, submission 

and monitoring of jobs [5]. Thus different performance goals also play great impact on the 

design of scheduling systems. Workflow is concerned with the automation of procedures 

whereby files and data are passed between participants according to a defined set of rules to 

achieve an overall goal [32]. 

 

2.  Taxonomy of Workflow Scheduling in Grids 
 

Casavant et. Al. [6] categorized task scheduling in distributed computing systems into „local‟ 

task scheduling and „global‟ task scheduling. Local scheduling involves handling the 

assignment of tasks to time-slices of single resources whereas global scheduling involves 

deciding where to execute a task. According to this definition, workflow scheduling is a kind 

of global task scheduling as it focuses on mapping and managing the execution of inter-

dependent tasks on shared resources that are not directly under its control. 

 

The workflow scheduler needs to coordinate with diverse local management systems as Grid 

resources are heterogeneous in terms of local configuration and policies. Taking into account 

users‟ Quality of Service (QoS) constraints is also important in the scheduling process so as 

to satisfy user requirements. In this section, we discuss workflow scheduling taxonomy from 

the view of (i) scheduling architecture, (ii) decision making, (iii) planning scheme, (iv) 

scheduling strategy and (v) performance estimation as shown in the figure #1 below: 

 
                                                                    Architecture 

 

Workflow Scheduling                                 Decision Making 

                                                                     

                                                                    Planning Scheme                      

                                                                     

                                                                    Strategies     

                                                                    

                                                                    Performance Estimation                                        

 

Fig#1: Workflow Scheduling Taxonomy 

 
 

2.1 Scheduling Architecture 
 

The architecture of the scheduling infrastructure is very important for scalability, autonomy, 

quality and performance of the system [7].  Three major categories of workflow scheduling 

architecture as shown in the fig#2 below are centralized, hierarchical and decentralized 

scheduling schemes. 
 

                                                                   Centralized 

 

Scheduling Architecture                             Hierarchical 

                                                                   

                                                                   Decentralized 
 

Fig#2: Taxonomy of Scheduling Architecture 
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In a centralized workflow enactment environment, one central workflow scheduler makes 

scheduling decisions for all tasks in the workflow. The scheduler has the information about 

the entire workflow and collects information of all available processing resources. It is 

believed that the centralized scheme can produce efficient schedules because it has all 

necessary information [7]. However, it is not scalable with respect to the number of tasks, the 

classes and number of Grid resources. It is thus only suitable for a small scale workflow or a 

large scale workflow in which every task has the same objective (example – same class of 

resources). 
 

Unlike centralized scheduling, both hierarchical and decentralized scheduling allows tasks to 

be scheduled by multiple schedulers. Therefore, one scheduler only maintains the information 

related to a sub-workflow. Thus, compared to centralize scheduling, they are more scalable 

since they limit the number of tasks managed by one scheduler. However, the best decision 

made for a partial workflow may lead to sub-optimal performance for the overall workflow 

execution. Moreover, conflict problems are more severe [8]. One example of conflict is that 

tasks from different sub-workflows scheduled by different schedulers may compete for the 

same resource. 

 

For hierarchical scheduling, there is a central manager and multiple lower-level sub-

workflow schedulers. This central manager is responsible for controlling the workflow 

execution and assigning the sub-workflows to the low-level schedulers. For example, in 

GridFlow project [9], there is one workflow manager and multiple lower-level schedulers.  

The workflow manager schedules sub-workflows onto corresponding lower-level schedulers. 

Each lower-level scheduler is responsible for scheduling tasks in a sub-workflow onto 

resources owned by one organization. The major advantage of using the hierarchical 

architecture is that the different scheduling policies can be deployed in the central manager 

and lower-level schedulers [7]. However, the failure of the central manager will result in 

entire system failure. 

 

In contrast, there are multiple schedulers without a central controller in decentralized 

scheduling. Every scheduler can communicate with each other and schedule a sub-workflow 

to another scheduler with lower load. Compared to hierarchical scheduling, decentralized 

scheduling is more scalable but faces more challenges to generate optimal solutions for 

overall workflow performance and minimize conflict problems. 
 

2.2 Decision Making 
 

There is no single best solution for mapping workflows onto resources for all workflow 

operations, since the applications can have very different characteristics. It depends to some 

degree on the application models to be scheduled. In general, decisions about mapping tasks 

in a workflow onto resources can be based on the information of the current tasks or of the 

entire workflow can be of two types, namely local decision and global decision [10] as shown 

in figure #3 below. 
 

                                                    Local 
 
Decision Making  

                                                               

 

                                                              Global 

 

Fig# 3 Decision making taxonomy 
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Scheduling decisions made with reference to just the task or sub-workflow at hand are called 

local decisions whereas scheduling decisions made with reference to the whole workflows are 

called global decisions. 

Local decision based scheduling only tasks one task or sub-workflow into account, so it may 

produce the best schedule for the current task or sub-workflow but could also reduce the 

entire workflow performance. An example given by Deelman et al. [10] assumes that there is 

a data-intensive application where the overall run-time is driven by data transfer costs. 

Consider a situation where the output of a task is very large. If the selection of a resource for 

a task is based on a local decision without consideration of data transfer between other 

resources, when selection of a resource for child tasks need to be made, the initial selection 

may be found to be a poor choice if latency between the nodes is very high.  This would lead 

to higher data transfer costs for this child task and hence the entire workflow. 

 

Scheduling workflows tasks using global decision improves the performance of entire 

workflow. There are some algorithms for scheduling task graph in parallel systems that could 

be applied to Grid workflow scheduling. Li et al. [11] developed the Forward-Looking 

Analysis Method (FLAM). It analyses dependencies of the entire graph to resolve the 

conflicts of parallel tasks which compete for the same resource. It is believed that global 

decision based scheduling can provide a better overall result. However, it may take much 

more time in scheduling decision making. Thus, the overhead produced by global scheduling 

could reduce the overall benefit and may even exceed the benefits it will produce [10]. 

Therefore, the choice of decision making for workflow scheduling should not be made 

without considering balance between the overall execution time and scheduling time. 

However, for some applications such as data analysis application where the outputs of tasks 

in the workflow are always smaller than the inputs, using local decision based scheduling is 

sufficient. 

 

2.3 Planning Scheme 
 

A planning scheme is a method for translating abstract workflows to concrete workflows. As 

shown in figure #4 below, schemes for the schedule planning of workflow applications can 

be categorized into either static scheme or dynamic scheme [12]. In a static scheme, concrete 

models have to be generated before the execution according to current information about the 

execution environment and the dynamically changing state of the resources is not taken into 

account. In contrast, a dynamic scheme uses both dynamic information and static information 

about resources to make scheduling decisions at run-time. 
 

Planning Scheme 
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           User-directed                  Simulation-based                             Prediction-based                        Just in-time 
 

Fig.#4. Planning Scheme Taxonomy 
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Static schemes, also known as full-ahead planning, include user-directed and simulation-

based scheduling. In user-defined scheduling, users emulate the scheduling process and make 

resource mapping decisions according to their knowledge, preference and / or performance 

criteria. For example, users prefer to map tasks to resources on which they have not 

experienced failures. In simulation-based scheduling, the „best‟ scheduling is achieved by 

simulating task execution on a given set of resources before a workflow starts execution. The 

simulation can be processed based on static information or the result of performance 

estimation. For example, in GridFlow [9], the „best‟ resource selected for scheduling a task is 

based on the predictive task execution time that resource provides. 

 

Dynamic schemes include prediction-based and just in-time scheduling. Prediction-based 

dynamic scheduling uses dynamic information in conjunction with some results based on 

prediction. It is similar to simulation-based static scheduling, in which the scheduler is 

required to predict the performance of task execution on resources and generate a near 

optimal schedule for the task before it starts execution. However, it changes the initial 

schedule dynamically during the execution. For example, GrADS [13] generates preliminary 

mapping by using prediction results, but it migrates a task execution to another resource 

when its initial contract is broken or a better resource is found for execution.  Sakellariou et. 

Al [14] developed a low-cost rescheduling policy for the mapping of workflows on Grids. It 

considers rescheduling workflow tasks at a few carefully selected points during execution in 

a dynamically changing Grid environment, since the initial schedule built using inaccurate 

predictions can affect performance significantly. 

 

Rather than making a schedule ahead, just in-time scheduling [15] only makes scheduling 

decision at the time of task execution. Planning ahead in Grid environments may produce a 

poor schedule, since it is a dynamic environment where utilization and availability of 

resources varies over time and a better resource can join at any time. Moreover, it is not easy 

to accurately predict the execution time of all application components on Grid resources. 

However, as the technology of advance reservation [16] for various resources improves, it is 

believed that the role of static and prediction-based planning will increase [10]. 
 

2.4 Scheduling Strategy 
 

In general, scheduling workflow applications in a distributed system is an NP-complete 

problem [17]. Therefore, many heuristics have been developed to obtain near-optimal 

solutions to match users QoS constraints. As shown in figure #5 below, we categorize 

strategies of major scheduling approaches into performance-driven, market-driven and trust-

driven. 
 

Scheduling Strategy 

 

        Performance-driven                                         Market driven                                      Trust-driven 

 

Fig # 5: Scheduling Strategy Taxonomy 

 

Performance-driven strategies try to find a mapping of workflow tasks onto resources that 

achieves optimal execution performance such as minimize overall execution time. Most of 

Grid workflow scheduling systems falls in this category. GrADS  [13] optimizes DAG-based 

workflows using Min-Min, Max-Min and Suffrage heuristics, hoping to obtain minimum 

completion times. Prodan et al. [18] use classical genetic algorithms with cycle elimination 

techniques to minimize non-DAG based workflow execution on Grids. 
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Market-driven strategies employ market models to manage resource allocation for processing 

workflow tasks. They apply computational economy principle and establish an open 

electronic marketplace between workflow management systems and participating resource 

providers. Workflow schedulers act as consumers buying services from the resource 

providers and pay some notion of electronic currency for executing tasks in the workflow. 

The tasks in the workflow are dynamically scheduled at run-time depending on resource cost, 

quality and availability, to achieve the desired level of quality for deadline and budget. 

Unlike the performance-driven strategy, market-driven schedulers may choose a resource 

with later deadline if its usage price is cheaper. Market-driven strategies have been applied to 

several Grid systems such as Nimrod-G [19] and Gridbus data resource broker [20]. One 

example of the market-driven workflow scheduling proposed by Geppert et al. [23] utilizes 

market mechanisms during the task assignment. In the system, bids are collected from 

eligible resource providers for each task. The optimal bid is selected by computing the 

amount of time and cost saved or overdrawn up to the point. If the execution time has been 

minimized at the expense of an overdrawn cost, a bid with lower price will be chosen as the 

optimal bid. Consequently, scheduler assigns the task to the resource whose provider offers 

the optimal bid. Cost-based scheduling of workflow tasks on Grids is reported in [24]. 

 

Trust-driven scheduling approach example – CCOF Project in [21] and GridSec project in 

[22] in distributed systems are emerging. Trust-driven schedulers select resources based on 

their trust levels. For example, within GridSec, the scheduler accesses the trust level of Grid 

sites. It maps tasks onto resources whose trust level is higher than users‟ demand. Trust 

model of resources is based on attributes such as security policy, accumulated reputation, 

self-defense capability, attack history, and site vulnerability. By using trust-driven 

approaches, workflow management systems can reduce the chance of selecting malicious 

hosts, and non-reputable resources [21]. Therefore, overall accuracy and reliability of 

workflow execution will be increased. 

 

2.4 Performance Estimation 
 

In order to produce a good schedule, estimating the performance of tasks on resources is 

crucial, especially for constructing a preliminary workflow schedule. By using performance 

estimation techniques, it is possible for workflow schedulers to predict how tasks in a 

workflow or sub-workflow will behave on distributed heterogeneous resources and thus make 

decisions on how and where to run them. As indicated in figure #6 below, there are several 

performance estimation approaches: simulation, analytical modeling, historical data, on-line 

learning, and hybrid. 
 

                                                                       Performance Estimation 

 

 

 

     Simulation     Analytical- Modeling   Historical-Data   On-line Learning    Hybrid 

                                   

                                                 Fig #6: Performance Estimation Taxonomy 

 

Simulation approaches [25][26] provides resource simulation environments to emulate the 

execution of tasks in the workflow prior to its actual execution. In analytical modeling 

[13][27][28], a scheduler predicts the performance of tasks in workflow on a given set of 

resources based on an analytic metric. For example, in GrADS [13], two types of 

performance models are developed, namely memory hierarchy performance model and 

computational model. By using these models, one can predict memory requirements and the 



 
 

Page 74 
 

INTERNATIONAL JOURNAL OF COMPUTER APPLICATION 
 

ISSUE2, VOLUME 1 (FEBRUARY 2012)                                                                                                        ISSN: 2250-1797                                                                                                                                                                                                                                                            

execution time of an application component for a resource according to the associated 

problem size. The historical data related to a particular user‟s application performance or 

experience can also be used in predicting the share of available of resources for that user 

while making scheduling decisions based on QoS constraints. The on-line learning approach 

predicts task execution performance from on-line experience without prior knowledge of the 

environment‟s dynamics. For example, Buyya et. al. [29] and Galstyan et al. [30] map a job 

onto a „best‟ Grid resource by learning the completion time of most recent jobs submitted to 

resources. As historical and on-line learning approaches use experimental data, they can be 

broadly termed as empirical modeling approaches for performance estimation. 

In certain conditions, these approaches could be used together in a hybrid approach for 

generating performance evaluation of workflows tasks. For instance, Bacigalupo et al. [31] 

use both layered queuing modeling and historical performance data to predict the 

performance of dynamic e-Commerce systems on heterogeneous servers. In addition, GrADS 

constructs computational models semi-automatically by emulating the execution of workflow 

components on small data sets. That is, it uses a combination of historical and analytical 

approaches for performance estimation. 

 

3. Conclusion 
 

We have presented taxonomy of workflow scheduling in Grids from the view of (i) 

scheduling architecture, (ii) decision making, (iii) planning-scheme, (iv) scheduling strategy 

and (v) performance estimation. This paper thus helps to understand key workflow 

scheduling approaches from the above viewpoints.  
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