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Abstract \/0

Cloud computing can provide the dynamic and elastic virtual resources sers to
execute the large-scale computing tasks. It has become the hot spot in the'ac ic and
industry fields. Task scheduling is one of the most imp %wes i d In the
Cloud systems, the goal of the tasks scheduling is to the worklgdd among the
computing nodes and maximize the utilization while=th al execut e is within the
specific delay bound. At present, almost scheduli @ gorith gy on the single task
dispatch in the Cloud. Unfortunately, there js little research the associate tasks
scheduling considering the deadline bound. @is pape hierarchical task models
were discussed and the correspondmg as @ d task s%e uling algorithms based on
delay-bound constraint (ATS-DB and DB) W osed The associated tasks and
the task execution order were représented by ed acyclic graph (DAG). The
proposed hierarchical task mode ﬁﬁmprove t sk execution concurrency. Extensive
experimental results demon;;&J at the sed scheduling algorithms, ATS-DB and
SAH-DB, can reduce the execution co prove the resource utilization within the
user-expected delay bou

Keywords: Clm@)utl ﬁ%y bound, associated task scheduling, hierarchical
graph model Q \b
n

1. Introd

Cloud computinQMNs emerging as a new paradigm of large-scale distributed
computing, p@ port convenient and on-demand network access to a shared
0

pool of com resources. Cloud computing can many advantages, including
transpar f resources, flexibility, location independence, reliability, and so on
[1]. To ide these facilities, the tasks should be scheduled to the appropriate
order to achieve maximum performance in minimum time.

T scheduling is one of most important issues in the cloud computing
@onments. In the cloud systems, the goal of the scheduling algorithms is to
spread the workload among the computing nodes and maximize the utilization while
minimizing the total task execution time. The task scheduling process is performed
in two stages. In the first stage, the scheduler allocates resources to the cloud as
requested by an application. In the second stage, the incoming tasks are assigned to
the appropriate virtual nodes in an effort to balance loads within the virtual nodes
[2]. To minimize the total execution time of all incoming tasks, the scheduling
algorithm should reduce the amount of transferred data and ensure the load balance

[3].
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At present, the existing task scheduling algorithms have been proposed to meet
the different goals considering the different constraints. For example, First Come
First Served algorithm (FCFS), Round Robin algorithm (RR), Min-Min algorithm
and Max-Min algorithm can achieve good scheduling performance for non-
associated tasks. Concerning the delay of the associated tasks scheduling in cloud
computing, two hierarchical task models were discussed and the two corresponding
associated task scheduling algorithms based on delay-bound constraint were
proposed.

The contribution of this paper are as follows:

1) At present, almost research on task scheduling in cloud computing focus on the
single and independent task scheduling in order to reduce the complexity of scheduling
problem. In this paper, we proposed two associated task models for the associated task
scheduling considering the real application requirements in cloud computing.

2) Based on the dependency of associated tasks, a directed acyclic graph (DAG) was*

presented to describe the execution order for the associated tasks. Also, consi e
parallel structure of sub-DAG, we proposed the hierarchical task graph to ose the
associated tasks, which can improve the tasks execution concurrency,aRd ‘retluce the
execution cost. %’

3) In order to execute all of the associated tasks 'Qh\bhe

method, and further established the mapping be ssing capacity and
execution time.

The rest of the paper is organized as @/s: Se'e:%'k addresses the existing
a eth task

pecific y-bound, we
proposed the concept of tasks processing capacity=a e corr&w&iing calculation
the taw

task scheduling algorithms. In section ssociat s scheduling model is
defined. The CPM-based (Critica M‘ sed) scheduling method is
presented in Section 4. The dﬁ] of associated tasks scheduling

Section Structured-based tasks hierarchy

algorithm, ATS-DB, is disc s@

method and the correspomﬁ edul.in@gorithm, SAH-DB, were proposed in
Section 6. Extensive experifents \ e presented in Section 7. Section 8
concludes the paper and@cussed s@lure work.

2. Related WoN’QQ \Q%

2.1. Indep Tasks S uling
Indepen task s uling has been investigated both in theory and practice
with applications [ e most commonly deployed scheduling algorithm is First-

Come-First-Ser FS) or variations. FCFS suffers from head of queue blocking

e total resource capability. Fair scheduler [13] allow jobs to obtain the
irly with the passage of time. The dynamic priority parallel task

e r for Hadoop was presented [14]. It allows users to control their allocated
%ity by adjusting their spending over time. But their work don’t consider the
us€r’s QoS requirements. Next, Dong et al. proposed a mixed real-time task
scheduler [15]. They try to meet users’ QoS demands, but only consider the time
factor. Another model used to estimate the individual task completion times given a
particular resource allocation was presented in [16]. They uses these estimated
values as the task’s performance evaluation. K. K¢ presented a scheduler to meet the
deadlines of tasks in Hadoop [17]. A load-aware scheduler for heterogeneous
environments with dynamic loading was proposed, which can modify slot number
based on the task execution environment [18].
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In fact, the real application, there exist a large of number of associated tasks.
These tasks have dependency and the execution order. If one of the associated tasks
has delayed beyond the execution time bound, the execution of its successors will
result in the delay affected by its predecessors [4].

2.2. Associated Task Scheduling

Because the cloud computing environment is a heterogeneous system, and the
computing performance of each node are quite different, the online scheduling
algorithms are more appropriate for the cloud computing. However, the existing
research online mode algorithms pay little attention on the associated tasks
scheduling. There has been some recent research on the time-bound constraint for
various scheduling strategies for parallel tasks. This work fall in two categories. In
decomposition-based strategies, the parallel tasks is decomposed into a et of
sequential tasks and they are scheduled using existing sequential s
algorithms. In general, decomposition-based strategies require explicit kno%ge
the structure of the DAG off-line. In non-decomposition based s@ s, the

program can unfold dynamically since no advent knowlédge is req’éi u et al.
adopted the directed Acyclic Graph to represent epen ygamong the

thexfe‘s; ce searching
cost, and furthermore, shorten the execution ti Il of &t} S [5]. Wilmer et
al. presented the scheduling algorithm to select\hs approp esource, by setting

associated tasks, and applying cluster algorithm t
the completion time in each tasks layer w&decomp ion-based method [6].

In this paper, a structure-analysis hier, al task s was discussed and the
associated task scheduling algorlthms on d und constraint (SAH-DB)

was proposed. The proposed h| cal dels can improve the task
execution concurrency, and th osed ing algorithms can reduce the
botind

execution cost within the LQ ted d

3. Task Hierarchica odel

3 i the m ﬂ tasks are referred to the computing tasks. The

associatio Q ® tasks eflected on the execution order of tasks. That is to say,
each one tagk Was its vious related tasks and/or the successive related tasks.
For each one task, j ady to be executed just after all of its predecessors have
been executed. | to explicitly describe the correlation of the associated tasks,
we consider a I model for associated tasks, namely the DAG model. Each task
is characterjzed\by its execution pattern, defined by a directed acyclic graph (DAG).
Ina DAC*&V node represents an associated task and each directed edge represents
depend@ etween tasks. As shown in Figure 1, the directed edge connected node
1la t represents that the task t, is the predecessors of taskt,. Task t,should

after the tasks t, has finished.

0 order explicitly describe a group of associate tasks, their dependency, and
communication cost, a three tuple is applied to represent it.
Definition 1: G ={T,V}is defined to describe a group of the associate tasks and

their correlations.
1) Given n associated tasks, setT ={t,t,,...,t.}is all of associated task in a set T.
Vti €T7 |E[l, n]’ tl (TI |d’T| Iength) TI id and 7

task t, , respectively. In the same condition, the tasks with longer length will cost the more
execution time.

3.1. Tasks DAG I
In this pape

represent the id and the length of

i_length
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2) V represents the set of execution order for the adjacent tasks <t;,t; >, in which t; is
the predecessors of task z,

To clear illustrate the Definition 1, Figure 1 shows a DAG containing 23 associated
tasks. In this DAG, the first executed task is t;, and the last task is t,;. The label of the
edge represents the communication cost between two adjacent tasks.

Figure 1. An Example of the Assouate%?ks (D

In the associated tasks model, each task is the atom@t,
the cloud computing. The execution of the assoc ha pe ency order. Only

the predecessors have been finished, the successor are exe&%I

In the Cloud computing system, each nod dlfferen ties in the computing,
storage, and network. For the same task, d h dlf'fer acmes for the computing
nodes, they provide the different execuf mn er hand, the different tasks
consume the different resources in th de Therefore, it should give the
unified resource description for the diffe nt res n the different computing nodes.

Definition 2: Resources n the lou® computing system, there are m
resources, including co g, stora nd networks. The resource set is
represented as R={r,r, I, h r; (j €[1,m]) denotes the resource in the
j™ computing node wj e set \'

For Vrj eR

computing
respective

Definiti
possible tasks sch
to one of po

scheduling.
For ask scheduling TSjeTS can be denoted as a three tuple,

TS = , K¢ >|1<i<nl<k<m}. For one task t,(1<i<n), id‘ means the
lizing the resource k during the task scheduling. 7/ denotes the execution

N\ UE Id% memory T i 6’ i od » Which represents the id,
is

memor storage capacity, and network bandwidth,

ated tasks scheduling set TS is defined as a set of all
. TS can be described as TS ={TS4,...,TSi,...,TSp}, TSirefers

asks scheduling. p means the number of possible tasks

of the task t, executed on the resource k. ¢ is the cost of the resource k
executing the task t;.

3.2. Problem Statement

Given one set of the associated tasks T ={t,t,,...,t.}, and the corresponding tasks
scheduling TS;eTS. To solve the associated task scheduling problem based on

delay-bound constraint, it should propose an effective scheduling scheme to
minimize the execution cost and satisfy the execution delay bound constraint. That
is to say,
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Texe _ts < Tdeadline

id ={0,1}

Sidk =1

k=1

Yl

i=1 k

2
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|dkaj

)

Cost, is the total execution cost of all associated tasks, Tee_tis the total execution
time and Taeadiine iS the user-specific finish time of all associated tasks. From the formula
(1), for one task t, (1<i<n), it just chooses only and only one appropriate resource to

execute the corresponding task. However, multiple tasks can be run in the same resource
simultaneously. All of the associated tasks should be finished before the deadline.

3.3. Example

Figure 1 illustrates 23 associated tasks in a DAG. In that
is t,, and the last task is t,,. The label of the edge re

between two adjacent tasks. Assume that there are mar?
re

computing in the cloud. For each associated task
are listed in Table I.

AG, the fj s@ﬂed task

s the ¢ ication cost
urces opriate for the

spw ailable resources

Table 1. Avalla?b@sou rce\%t

ks execution time and cost in the

Task Tasks execution time and cost in e Task\
available resources g8 A\ available resources
t, <4,56> | % 2\3 b <5, 57>, <7, 46>, <8, 54>
t, <6, 68>, <7, 52>pg13, 1 4 44 <10, 47>, <13, 55>, <18, 45>
ty <7, 60>, <8, 58>, <10, 90> \(\\ ts <13, 56>, <14, 32>
N\
5 <5, 87> < Séog:ls 86>\ N <6, 655, <8, 60>, <10, 825
t, <5 g@\\a 55>, g@ t, <5, 70>, <9, 85>, <13, 60>
t, | <6,70n%8 96>, <10.106%7<13, 97> | t, <4, 65>, <6, 45>, <10, 40>
t \.<3/109>, < &éks, 79> t, <5, 60>, <9, 75>, <13, 68>
tg <7, 65>,& 2>, <4, 98> t, | <2,100>, <3, 90>, <10, 87>, <13, 95>
t <§>& , 64>, <10, 78> t,, <5, 64>, <9, 75>
<H\85%, <9, 60>, <13, 50>,

to N <15, 65> t,, <4, 32>,<7, 65>, <9, 54>
t, A'(<5, 98>, <7, 65>, <11, 78> ty <3, 87>, <4, 49>, <11, 50>

./ <8, 56>, <10, 40>, <16, 78>,

<4, 65>

Copyright © 2016 SERSC

371




International Journal of Hybrid Information Technology
Vol. 9, No.12 (2016)

4. CPM Scheduling Alogrithm

In order to minimize the execution time of all associated tasks without
considering the execution cost, the naive approach is to adopt the Critical Path
Method (CPM) *?! to compute the minimal execution time Tmn. Adopting CPM
scheduling algorithm, it can get the critical path of the DAG based on the available
resources in Table I, as shown in Figure 2.

Figure 2. CPM for the Associa &%&s

n t ritical path is
\/II associated tasks

corresponding cost for

oaes

cp ={tu, ts, e, to, tas, tas, to, ton, 22,123} . The minimal tion ti

. . iec
ist Tmin=) idfz7 =57, ngV|, id { Q €P,
i=1 q: ,
, , . iecp
execution tasks is Cost., =min

fnif
O, esle
scheduling results are sho% le Ih\
@Ie 2. C@edulmg Results

According the results of CPM algorlthm‘

. The CPM

Task | Selected rg » N Executign time range | Task [Selected resources| Execution time range
t, \ e t, <5, 57> [31, 36]
t, é ~ 14,10 t, <10, 47> [27,37]
t, \j60> );(} [4, 11] t <13, 56> [27, 40]
t, <5, 87>®\- [10, 20] t, <6, 65> [35, 41]
t. <6, [10, 15] t, <5, 70> [36, 41]
t, <6Ng8% [11, 17] t, <4, 65> [37, 41]
t | N<2 100> [11, 14] te <5, 60> [40, 45]
t, () <4, 98> [20, 24] t, <2, 100> [41, 43]

~A\) <76 [17, 22] t <5, 64> [45, 50]
<7, 85> [24, 31] t,, <4, 32> [50, 54]
t, <5, 98> [22, 27] t,, <3, 87> [54, 57]

t, <4, 65> [31, 35]

According to the given group of associated tasks in Figure 1, and the corresponding
execution time and cost in the different resources listed in Table 1, the execution time for
those associated tasks is 57 and corresponding cost is 1638 via CPM scheduling
algorithm. Without adopting the tasks hierarchy method in the CPM scheduling, the
execution time by CPM is the minimal execution time.
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On the other hand, there have several concurrent tasks in the group of associated tasks,
as shown in Figure 1. In order to improve the efficiency of the scheduling algorithm, we
can adopt the tasks hierarchy methods to schedule the associated tasks, which can reduce
the cost of tasks execution within the user-specific delay bound.

5. ATS-DB Scheduling Algorithm

In this section, a hierarchical task model was presented to improve the non-
associated tasks concurrency. An associated task scheduling algorithm based on
delay-bound constraint (ATS-DB) was proposed to dispatch the tasks to the
appropriate nodes in order to minimize the execution cost within the delay bound.

5.1. Hierarchical Decomposition Method

In order to improve the concurrency of the computing tasks, and redu&\tif’

execution time delay, the hierarchical decomposition method is ado e

decompose the associate tasks into different tasks layer based on th@ ations
i

among the associated tasks. In each hierarchical layer, the tasks ndgpendent
without any the correlation in the execution order. T-b%‘the t%)n the same
hierarchical layer will be grouped into one tasks se@es tasks in\gfe same layer
can be concurrently scheduled. The details of archical position steps
are as follows: @

1) The dispatcher receivers a task set T ofs associatedtasks {t,t,,....t. };
2) Based on the dependency order of *Yexecufi ese associated tasks are
used to establish the corresponding D
fro

3) Adopting the DAG traversal X rting task to the last task, the
structure of task hierarchy is als ucted% h one task hierarchy, there is no

dependency among these tasks. is to say, alP of the tasks are concurrent tasks in
the same layer. If two tas in the e!dk t layers, the two tasks are considered
as the associated tasks;

same layer are gr

4) Based on the ta;k@}erarchy,’&sks sets are established. The tasks in the

@ Figure 3. Hierarchical Decomosition of the Associated Tasks

Adopting the hierarchical decomposition method for the associated tasks, it can
greatly improve the concurrency performance and fully utilize the system’s
resources when scheduling the associated tasks. Thus, it should ensure all of the
tasks in one set finished within the delay-bound. In order to demonstrate the
hierarchical decomposition method, Figure 3 and Table Il give an illustrative
example. From Figure 3, the DAG of the associated tasks can be divided into ten
layers. The first layer just has one node t . {t,,t.} and {t, t.,t;,t,} belong to the
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second and third layer, respectively. t,,t, are the successor of t, and t,,t, the
predecessors of t,, respectively. The detail is shown in Table IlI.

Table 3. An Example of Tasks Hierarchy with ATS-DB

layer Task sets layer Task sets

L1 {t1} Le {t12 NI t15}

L2 {tzvt3} L {t16’t17’t18’t19}

Ls {t, .ttt} Ls {t,, 1.}

La {ta ) tg} Lo {tzz}

Ls {t10 ) tn} Lo {tzs}
5.2. Calculation Delay Bound

As to the task scheduling in Cloud computing system, aII of resources r. |ng to

the computing, storage, and bandwidth capacities, are d;ffere one task
is dispatched to the different resources, the execut may b h different
due to the_ different computing ca_pacmes i |t s compute the
execution time based on the computing capac e executing the
scheduling algorithm. It can ensure the total exe on tlme In the delay-bound.

In order to accurately compute the exea@w time %the specific task, some

definitions are given as follows. O
Definition 4: Processing capacity Is den as the processing capacity of
resource r; for the taskt;. The gre % the ;%s execution time. Considering the
heterogeneous resources, P. is d as of the length of task t.,to the
computing capacity of resougicompm,® n be calculated as Formula (2).
. o)

Definition \rage pro

to process @ Kt,, P& denoted as the estimation of every processing capacity for
the task't, . Average % ng capacity of taskt, , |s calculated as:

@ P
p =1 3)

\b m
Def@o 6: Average processing capacity of all associated tasks P . If there are n
@ scheduling, P can defined as the average processing capacity for all associated
! For every task, it can calculated from Formula (3). P is calculated as:

g Capacity of taskt, , E. If there are m resources used

P= ZP. 4)

According to the above definitions, for the specific taskt, , if the average processing

capacity Eiis greater, taskt, can obtain the shorter execution time. Thus, the processing
capacity of the task can indirectly represent the execution time delay.

Definition 7: Delay-bound of the k™ task layer I, . If the set of associate tasks has n
tasks, the corresponding DAG is divided into K task layers. The average number of the
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tasks in every layer z, , the average processing capacity P, the delay bound in the k™ task
layer ", can be calculated as:

r, ==p (5)

5.3. Detail of ATS-DB Algorithm

To schedule the associate tasks to meet the delay bound, the associate scheduling
algorithm based on the delay-bound constraint (ATS-DB) was proposed in this
section. The main idea of ATS-DB algorithm is as follows:

1) When the system received all of the task scheduling requests, based on their
dependency in the execution order, all of the associated tasks construct the
corresponding task association graph, namely DAG.

2) Two resource gueues, resource ready queue and resource waiting queu
established. All of the resources (computing, storage, and network) are
descending order based on the resources processing capacity. Meanw
resources are grouped into the ready queue. .

3) Adopting the hierarchical decomposition method;~the DA ivided into
multiple tasks layers. The tasks in the same layer adreNgrodp i the”identical task

in
of the

set
4) For every task layer, the corresponding dtQJound Wae calculated. Due

to no dependency among the tasks in th Iaye@ey can be concurrently
scheduled.

5) The dispatcher will search th ngrla @rce from the ready queue to
execute those tasks.

6) After those tasks have b e pleted t&ccupled resources are released and
?;sch

put into the waiting queue
"‘L orithm is shown in Figure 4.

The pseudo-code of AT
5.4. Example of ATS&hedul
Based on the hed orlthm the minimal execution time, T min, iS 57.

If the user-s e@& xecutlo e“(user-expected deadline, Tdeadine) is greater than
T min, ther reas schedullng to execution all of associated tasks before
the Taeadiine . ume t@ -specific execution time, Taeadine, iS 75, the redundancy
time of schedulm redundancy = Tdeadline — T min =18 . According to Figure 3, the

redundancy exe tlme doesn’t be allocated to the tasks t,. If the redundancy

time is unifor allocated to each layer, it can obtain 2 extra time for execution
tasks in s%layer from L2 to Lwo. Thus, the execution time ranges from L: to

Lioare @ in Table IV.
Q>
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Input: G={Tv};
Divide the DAG to L layers
For each taskt, in v layers

Task set 1« t,
ComputeT’,
Calculate the priority of Task set T,
While (1, is not empty) do
t, «—tasks from Task set T,
s, <— Resources from resource ready queue
If (g, <r, )
dispatch t, to s,
else
Search resource from resource waiting queue 4 .
dispatch t, to resource V
End
Allocate the resources to the resource waiting queue

*

Figure 4. The Pseudo-Code of ATS-DB \eﬂmr@(thm

Table 4. Execution Time Rar&grs DB duling

Layer \‘o Time range

Ls 0,4 - . [35, 50]

Lo [4,1 LN\ [50, 57]
Ls {1 \ 8 [57, 64]
Le kL2 0o L [64, 70]
Ls \72 351@" Luo [70, 75]
ATS-DB scheduhm&athm §II tch the tasks to the appropriate resource based

Layer Time range

on the execution ahcy tim ge of each layer in Table IV. ATS-DB scheduling
ile all of tasks finished before the deadline. The

can ensure to r e tot*‘
details of r a ocatlo re Shown in Table V.

‘Ie 5. ATS-DB Scheduling Results

Task [Selected res y xecution time range | Task | Selected resources | Execution time range
t, <4, Sf‘é [0, 4] t, <7, 46> [35, 42]
t, [4,11] t, <10, 47> [35, 45]
;LN @ 58> [4,12] ts <14, 32> [35, 49]
~ ) <6, 50> [13, 19] t, <6, 65> [50, 56]

<6, 55> [13,19] t; <5, 70> [50, 55]
t, <6, 78> [13, 19] ts <6, 45> [50, 56]
t, <4, 65> [13,17] to <5, 60> [50, 55]
ty <7, 65> [21, 28] ty <3, 90> [57, 60]
ty <5, 76> [21, 26] t,, <5, 64> [57, 62]
to <7, 85> [28, 35] t,, <4, 32> [64, 70]
t, <7, 65> [28, 35] t, <4, 49> [70, 74]
t, <10, 40> [35, 45]
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Based on the results of ATS-DB scheduling algorithm, the real execution time is 74
within the expected delay bound. The corresponding cost for execution tasks is

M| m
COSt g pg = MIN [ZZidikcik j =1345.

i=1 k=1
It is obvious that ATS-DB scheduling algorithm can reduce the execution cost by
utilizing the redundant time. All of the associated tasks can be finished within the
user-expected delay-bound.

5.5. Analysis of ATS-DB Algorithm

Assume that there are n associated tasks formed in a DAG. The DAG is divided
into k layers. In each layer, there are m tasks. To decompose all of the associated
tasks into layers, it should traverse all DAG. Therefore, the time complexity of tasks
decomposition is O(kxm). When there are p available resource in the systeﬁ\t}e’

tasks scheduling complexity in each layer is O(m/ p).

However, ATS-DB scheduling algorithm have shortcomings. Ther serial
tasks in each layer, resulting in too small time slot of {tedunda on. The
redundant time can be fully utilized. Meanwhile, allﬁﬁtasks same layer
should be executed at the same starting time slg eduBes the optimization
performance in redundant time allocation. Th eyit s d fifther analyze the
structure of the associated tasks to improve th currenc asks, and present a

better redundant time allocation scheme. Q 9

6. SAH-DB Scheduling Algorltlza
era

In this section, a structure-b task model was presented to
improve the concurrency o; Mor ove a structure analysis-based tasks

scheduling algorithm bas ay-bo onstraint (SAH-DB) was proposed to
further improve the schedu @ance while meeting the delay bound
requirements. g\'

6.1. SAH-based NQIC “Amosmon Method

To impr e xecut currency of non-associated tasks, it should further
analyze th@c ure @ AG based on the dependency order of the associated
tasks. From“the Figufe ', we can find that there are two basic structures in the

graph: serial and p Ahe structure, as shown in Figure 5 and 6. It is easy to find that
the tasks hierarchies*vith different structure have the different number of the paths
for executing the %asks. Considering the tasks’ structure, the non-associated tasks in
arallel execution paths can be concurrently executed. Thus, all of the
tasks in the different parallel paths are grouped into the same layer.
in the same layer can be concurrently scheduled. The details of the
-based hierarchical decomposition steps are as follows:

Figure 5. Serail Structure in the DAG
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N—
(W—

Figure 6. Parallel Structure in the DAG

1) The dispatcher receivers a task set T of n associated tasks {t,t,,....t. };

2) Based on the dependency order of tasks’ execution, these associated tasks are
used to establish the corresponding DAG;

3) Adopting the DAG traversal method from the starting task to the last taQ\tDe’
structure of task hierarchy is also constructed.

4) Traversing the DAG, it can locate the parallel structure in the DAG . For each
parallel structure, all of the tasks in the parallel sub-paths;are merged i

That is to say, the tasks in the different sub-paths bel to the
concurrently executed.

5) Based on the analysis results of graph s g, the tasks rarchy sets are
established. The tasks in the same layer are gro Deo nto on %V

Table 6. An example of Ta’s@herarc‘l@th SAH-DB

layer Task sets &}‘ Iay( Task sets
L {t} Ls SN |ttt bt iy b

L2 {t2 :t3} \ @ ~ {tzo ) t21}
N

Ls {t,.t.t, t7N {t, s}
L {ts,tg,n@ s

After analysis ructur%assouated tasks shown in Figure 1, they can be
ers

e layer can be

decomposed |n ing the structure-based hierarchical decomposition
method f S C|ated t can further improve the concurrency performance
when sch g the s souated tasks. To clearly illustrate the structure-based
hlerarchlca decompo method, Figure 7 and Table VI give an instance based on
the DAG in the F 1. From the Figure 7, the tasks {ts tio}and {to,t11} are the
parallel struc n the layer Ls . The tasks {tio,tie} , {tis,tiz} , {tis,tis} ,
and {tis, tio} are parallel structures in the layer Ls. Compared with the tasks
decomp method in ATS-DB, the concurrency of non-associated tasks can be

further roved.

%
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Figure 7. Structure-Based Hierarchical Decomposition of the Associated
Tasks

\/
6.2. Detail of SAH-DB Algorithm ®?“
h

In the ATS-DB, the different structures adopt the samg allocatio e of the
redundant time, which will result in the poor exe h%)%rfor e, of parallel
tasks. To fully utilize the redundant time, SAH eduyling orithm will
allocate the redundant time based on the numk;@j sks a NI paths in each

layer. The redundant time allocation in each la be c as follows:
TjS_/-\rl:dundant =Tredundant j |/ N . (6)
where T,.S_A:dmdam is the redundant time i IayerN dundant IS the total redundant

R

-

Input: G={T,v}, expe time‘n ;
Output: the tas eduling Iis\%

Divide the DAG to L laye
If Tdeadiine > T, n x
For.ea@ ti in they™ layer
& T« ti; %
S .
Coptpute TJ’—AM’

<) choose h@ropria’[e resource for task ti based on T,
While (TiNs not empty) do

ks from Task set T;

%Resources from resource ready queue
i
nd

time, | N, |is the number of tasks in th@yer, @@the total number of tasks.
&N\
N

ispatch t; to resource

&‘ Allocate the resources to the resource waiting queue
Else

return false: // the expected time is areater than the deadline

@ Figure 8. The Pseudo-Code of SAH-DB Scheduling Algorithm

To schedule the associate tasks to meet the delay bound, the structure-based
scheduling algorithm based on the delay-bound constraint (SAH-DB) was proposed
in this section. The pseudo-code of ASH-DB scheduling algorithm is shown in
Figure 8. The main idea of SAH-DB algorithm is as follows.

1) When the system received all of the task scheduling requests, based on their
dependency in the execution order, all of the associated tasks construct the
corresponding task association graph, namely DAG.
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2) Two resource gueues, resource ready queue and resource waiting queue, are
established. All of the resources (computing, storage, and network) are sorted in
descending order based on the resources processing capacity. Meanwhile, all of the
resources are grouped into the ready queue.

3) Adopting the structure-based hierarchical decomposition method, the DAG is
divided into multiple tasks layers. The tasks in the same layer are included as the
corresponding task set. In the same layer, there may exist parallel paths of tasks
execution.

4) For each task layer,
calculated according to Formula (6).
5) The dispatcher will choose the appropriate resource from the ready queue for

each task based on its redundant time.
6) After those tasks have been completed, the occupied resources are releasgd and0

put into the waiting queue.
WlYSAH
ber of

Based on the structure-based hierarchy method, the number of layers

DB algorithm is smaller than that with ATS-DB algorithm. The smal
% of the

Based on the CPM scheduling algorith imal exec ion time, T min, is 57.

layers can alleviate the time slots fragments and |m r ve,the
As the same deadline of ATS-DB scheduh{\lgorl e deadline of execution

SAH
j_redundant

the corresponding redundant time T, can be

6.3. Example of SAH-DB Scheduling

redundant execution time.
time is 75. So, the redundant time Tw= Acconding to Formula (6), it can
compute the corresponding the exe%n of each layer, as shown in
Table VII. From the Table VII, viou e redundant time can be much
reasonably allocated for al s0c1ated

e

ks Thus it can improve the tasks’
concurrency.
Table 7. E tion Ti @n e of SAH-DB Schedulin
By tion TikgReng 9

Layer .4, STimer Layer Time range

TP 3&9\ Ls [35.6, 59.9]
A< N\ 4.8,@.4] - Ls [59.9, 66.5]
(L) " 4, 21.5] Ls [66.5, 75]
= 5, 35.6]

SAH-DB sch algorithm will dispatch the tasks to the appropriate resource
based on the @on redundant time range of each layer in Table VII. SAH-DB
scheduling can‘gnSure to reduce the total cost while all of tasks finished before the
delay bomg‘ﬁhe details of SAH-DB scheduling results are shown in Table VIII.

O

Table 8. SAH-DB Scheduling Results

?@eﬁcted resource

Execution time range | Task | Selected resources | Execution time range
t, <4, 56> [0, 4] t, <7, 46> [35.6, 42.6]
t, <7,52> [4.8,11.8] t, <10, 47> [35.6, 45.6]
t, <8, 58> [4.8,12.8] t: <14, 32> [35.6, 49.6]
t, <6, 50> [13.4,19.4] te <8, 60> [45.6, 53.6]
t <6, 55> [13.4,19.4] t, <5, 70> [42.6, 47.6]
t; <6, 78> [13.4,19.4] tg <10, 40> [45.6, 55.6]
t, <4, 65> [13.4,17.4] t, <5, 60> [49.6, 54.6]
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t, <7, 65> [21.5, 28.5] t, <3, 90> [59.9, 62.9]
t, <5, 76> [21.5, 26.5] t, <5, 64> [59.9, 64.9]
t, <7, 85> [28.5, 35.5] t,, <4, 32> [66.5, 70.5]
t, <7, 65> [26.5, 33.5] t,, <4, 49> [70.5, 74.5]
t, <10, 40> [35.6, 45.6]

Based on the results of SAH-DB scheduling algorithm, the real execution time is
74.5, within the expected delay bound. The corresponding cost for execution tasks is

M m
CoStgy,y pg = Min {ZZidikcik j =1323.

i=1 k=1
It clearly demonstrates that ATS-DB scheduling algorithm can improve the
concurrency of non-associated tasks and further reduce the execution cost by fully
utilizing the redundant time. Meanwhile, all of the associated tasks can be xex@d
within the user-expected delay-bound. V

7. Performance Evaluation
To evaluate the better performance on tasks’ executing e or the propésed ATS-DB,

SA-DB, and CPM, in this section, we compare AP I@MPM in terms of

the time span and time delay for all of the associated

ulate rocedure of task scheduling. In
the CloudSim, each virtual node repr I nd has one processor. All of the
requested tasks are executed on irtual n% he computing capacity of virtual
nodes varies from 25 to 100. T ge capaeity is set from 100,000 to 200,000, and the
bandwidth of the network is tween 1 d 2,000.

For the associated tasks were e |s by DAGs. The number of tasks set is
s are generated by the DAG graph random

{20, 40,60, 80,100,120 All the
generator. The cox) esources.%ol can be randomly generated from the interval [5,
10], while the t uting D’s randomly generated from the interval [5, 30] and the

7.1. Experiments Settings & Methodolog
The simulation tool, CloudSim, is us

correspond s inve oportional to the time. In the experiments, we set 50
virtual no establ terogeneous computing environment. Adopting ATS-DB,
ASH-DB, and CPM ithm to evaluate the execution performance with different
number of the assoc asks

To evaluate ulmg performance of the proposed ATS-DB and SAH-DB, the

experiments u wo merits to indicate the scheduling performance. One is the
optimizam(&gtio of the cost, denoted . o, IS defined as the ratio of the execution

cost Wit@h duling to that with CPM.
Otcost = (COStyp — COSt s g ) / COStoyp (7

@ arger is the optimization ratio of cost « , the better concurrency performance
ha!

he scheduling algorithm.
The second merit is to evaluate the execution cost with the different deadline of tasks
scheduling. In the simulation, the deadline is set t0 Tdeadine =T minx (1+ 6)

6={0.05,0.10,0.15,...,0.50} .

7.2. Execution Cost with the Same Deadline

We evaluate the scheduling efficiency in terms of the execution cost under a varying
number of associated tasks, ranging from 20 to 140. Figure 9, 10, 11, and 12 illustrate the
execution cost by applying the proposed ATS-DB, SAH-DB, and CPM scheduling
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algorithm with 25, 50, 75, and 100 virtual nodes, respectively. As Figure 9-12 shown, the
proposed ATS-DB and SAH-DB scheduling algorithms can comsume smaller cost,
compared with CPM algorithm in the different number of asociated tasks. Meanwhile,
with the increase of the number of resources, the total cost of scheduling decreseas.
Moreover, the cost of scheduling increases with the number of associated tasks.

4000 ! ! : ! ] 4000

[ 5 [ T3V
ATS-DB
L o ] 3500/ | C_JATS-DB
3500 - { NN SAH-DB : B SAH-DB

w
=1
=]
=]

3000+

The Execution Cost
The Execution Cost

2500+ 2500
20001
2000 -
1500
1500
1000 *
1000 20 40 60 80 100 120 140 20 40 60 100 120
Number of Assoicated Tasks Number ofAssolcated Tasks
Figure 9. The Execution Cost With Figure 10. The Exe % st
Resources = 25 %Resou%
3500y -VCPM‘ : ' : : ‘ :
[ ]ATS-DB

00

3000 Il sAH-DB

ost

2500 25001

2000 2000

The Execution Cost

0
/;;ohe Exscutio

1500

/4

1000

20

40 60 80 1
Number of Assoicate:

. S \ \6 40NumbeeorofAses%icateLO'lqasksno =
Figure 11. The Execgagion Cos® Figure 12. The Execution Cost
With Resou With Resources = 100

>

On the other |gurﬁ s the optimization ratio of execution cost with

duting algorithms. From the results of Figure 13, SAH-
DB can duling performance under the same resources and
execution déadline w @ e number of tasks varies from 20 to 140. The reason is
that SAH-DB schef g algorithm can obtain better concurrency by adopting the
hierarchical method. Furthermore, the redundant time of

resources = 50, Associate Tasks = 100
25 - - - - - :

3200

3000F

[ 3
~ [—e—cPm
2e00 n | ——ATS-DB

@%)
o1 o

2600+

Execution Cost

g 10- 24001

E 2200w+

'ﬁ 5 .............................................

o 20001

% 40 60 80 100 120 140 1800 57 045 02 025 03 0% 04 04B
The number of associated tasks Delay Ratio

Figure 13. The Ratio of Figure 14. The Delay Ratio
Execution Cost with Associate Tasks = 100
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7.3. Optimization Ratio with Different Deadline

To evaluate the execution efficiency, we compare ATS-DB, SAH-DB with CPM in
terms of the optimization ratio of cost in different deadline parameters, from 0.05 to 0.50,
when the virtual resources is 50, and the number of associated tasks is 100. Figure 14
illustrates the optimization ratio of ATS-DB and SAH-DB. From the results in Figure 14
shown, SAH-DB can obtain better optimization ratio of cost than that of ATS-DB when
the deadline of execution time is the same. SAH-DB can reduce the execution cost by
10% to 40%. On the other hand, with the increase in the deadline of the execution time
from 0.05 to 0.5, the total execution cost of two scheduling algorithms decrease. The
reason is that when the deadline increases, the appropriate resources can be allocated to
the corresponding tasks, which results in the decrease of the total cost of scheduling
associated tasks.

From the simulation results, we can obviously find that the proposed ATS:D
SAH-DB algorithm can get a better performance that CPM algorithm. Furtherm

based hierarchy and redundant time allocation method. % o

8. Conclusion and Future Work Q

Task scheduling is one of the most mpo@lssuesw cloud computing
environments. In the cloud systems, the main gqal of the task scheduling algorithms is to
balance the workload among the computi @es and'@nize the utilization while
meeting the bound of the total executi® Concerning the delay of the associated
tasks scheduling in cloud computing, t@erarc i models were discussed and the
associated task scheduling algorithms bésed y -bound constraint (ATS-DB and
SAH-DB) were proposed. |ated tas d the task execution order were
represented by one directedq& raph . The proposed hierarchical task models
can improve the task execution~toncugr; he independent tasks in each layer was
grouped into the corre ding tas elonging to the task layer. Through the
calculation of the totaQQ executi n e-bound in each task layer, the associated task
was dispatched reso with the minimum execution time. Extensive
experimental r emonstr thdt the proposed ATS-DB and SAH-DB algorithms
can achiev@e perfor e than CPM algorithm in the terms of the total execution
cost and re utiliz& this paper, the communication costs among the associate

re

tasks are ignored. In work, the communication costs will be considered to meet

the requwemen& pplications.
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