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Abstract

In cloud computing environment, parallel applications generally run on symmetric

multiprocessing (SMP) virtual machine (VM). Since this type of application requires synchronous

operations between processes/threads, all virtual CPUs (vCPUs) of a parallel VM (i.e., the VM

running parallel application) should be online simultaneously. At present, relevant studies have been

intensively conducted from the perspective of vCPU co-scheduling in virtual machine monitor

(VMM). However, the existing co-scheduling methods have the problems of unrestricted preemptions

between parallel VMs, which probably results in negative impact on the performance of parallel

applications in these VMs.

To address the above problems, in this paper, we first analyze the deficiencies of the existing

co-scheduling approaches in virtualized environment. Then we propose an enhanced co-scheduling

algorithm to improve the performance of parallel application in SMP VM.
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1. Introduction

Virtualizationcan support efficient use of physical
resources. A virtualized system mainly consists of virtual
machine (VM) and virtual machine monitor (VMM). Typ-
ical VMMs include VMware ESXi, Xen and KVM. A
VM, like a real physical machine, can run different types
of applications. Generally, system administrators and
users can set hardware environments for a VM, such as
the number of virtual CPU (vCPU), the size of disk, and
the size of memory.

In a virtualized system, the VM with multiple CPUs
is called symmetric multiprocessing (SMP) VM. The
difference between a SMP VM and a physical one with
symmetric multiprocessor lies in that all vCPUs of the
former will not be always online (i.e., occupying physi-
cal CPUs), and probably be online asynchronously. Gen-
erally, when a SMP VM running an application, the VMM
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will asynchronously schedule all of its vCPUs, on the
premise of fair sharing for physical CPUs. This approach
has been prevalently applied to VMMs (e.g., Xen) as it
can simplify the CPU scheduling in VMMs while main-
taining the performance of system. However, when a VM
running parallel applications (e.g., multithreaded pro-
grams with synchronous operationsor parallel programs),
the existing CPU scheduling approach used by VMM
may result in some problems which do not exist in non-
virtualized environment, thus degrading the performance
of parallel applications. For example, a spinlock (used
for kernel synchronization) in the non-virtualized envi-
ronment will be held only for a short time and cannot be
preempted. However, the spinlock held by VM can be
preempted because of the preemption of vCPU [1], which
greatly increases synchronization delay and potentially
impedes the progress of other vCPUs waiting to obtain
this spinlock. Therefore, the preemption of vCPU will
considerably degrade the performance of parallel appli-
cations running in SMP VM.
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At present, many studies have been carried out from
the perspective of the CPU scheduling in VMM. For ex-
ample, researchers have presented a hybrid scheduling
method suitable for virtualized environment [2], which
adopts the co-scheduling strategy for all vCPUs of a par-
allel VM (i.e., the VM running parallel application) and
asynchronous scheduling strategy (e.g., Xen’s Credit
Scheduling [3,4]) for vCPUs of the non-parallel VM (i.e.,
the VM running non-parallel applications). However, the
co-scheduling strategy will lead to unrestricted mutual
preemption between parallel VMs. Thus all vCPUs of
the preempted parallel VM cannot be online simulta-
neously, causing negative impact on parallel applications
in these VMs.

In this paper, we first analyze the deficiencies of the
existing co-scheduling methods in virtualized environ-
ment. Then we propose an enhanced hybrid scheduling
method to address the low ratio of all vCPUs online si-
multaneously in parallel VM. At last, we implement a
prototype system based on Xen3.2. Experimental re-
sults demonstrate that our method achieves a better per-
formance of parallel applications in SMP VM com-
pared with representative methods such as Xen’s Credit
scheduling, hybrid scheduling, and balance scheduling.

The contributions of this paper are two-fold:

e We deeply analyze the disadvantages of the existing
co-scheduling methods in virtualized environment.

e We present an enhanced hybrid scheduling method,
which can be used to optimize the performance of par-
allel application running in SMP VM.

This paper is organized as follows. Section 2 analyzes
the problems of existing approaches. Section 3 introduces
an enhanced hybrid scheduling method, which is evalu-
ated in section 4. The related work is discussed in section
5. Section 6 concludes this paper.

2. Analysis of Problems

Different VMs in virtualized environment may run
different types of workloads (parallel or non-parallel
ones). In this paper, the VM running parallel workloads
is called parallel VM, and that with non-parallel work-
loads is called non-parallel VM. Generally, asynchronous
scheduling is a suitable strategy for non-parallel VMs and
also the default strategy adopted by open-source VMM,

e.g., Xen and KVM [5]. Co-scheduling strategy (i.e., all
vCPUs of a VM are simultaneously scheduled to dif-
ferent physical CPUs) fits the parallel VMs better. Hence,
when a system contains both parallel and non-parallel
VMs, it is a rational choice for VMM to choose schedul-
ing strategy according to the type of VM, which is the
common hybrid scheduling approach used by researchers
[2,6,7] to optimize the performance of parallel applica-
tions in VMs.

With the above methods, all the vCPUs of parallel
VM will be co-scheduled to physical CPUs instantly,
without consideration about the physical CPUs occupa-
tion by vCPUs of other VMs. In this section, a simple
scenario of four physical CPUs and five VMs is intro-
duced to describe co-scheduling. The configuration of
five VMs (labeled as vm0, vm1, vm2, vm3, vm4, and
vm5) and the type of applications running on them are
listed in Table 1.

Take vCPU}, in Figure 1(a), which is running in
CPU2, as an example. When the scheduling period of
CPU2 comes, the vCPU;, will be de-scheduled from
CPU2 to its runqueue by the scheduling program resid-
ing in CPU2, and vCPUjs; at the front of its run queue
will be scheduled to occupy CPU2. As parallel applica-
tions run on vm3 to which the vCPUj3; belongs, vCPUsj,
and vCPUj; should be scheduled simultaneously ac-
cording to the existing co-scheduling strategy.

Since vCPUsjy is in the run queue of CPU1, the sche-
duling program residing in CPU2 needs to send CPU1
an inter-processor interrupt (IPI) signal to inform that

Table 1. The configuration of VMs and the type of

applications
The .
VM number Idfenggllejr Thel'i[ypg (Lf
of vCPU of v applicatio
vmO 1 vCPUy No-parallel
application
vml 3 vCPUy, vCPUy;, vCPU;, No-parallel

application

vm2 4 vCPU,, vCPU,,, vCPU,,, No-parallel
vCPUy application

vm3 2 vCPUs;, vCPU5; Parallel
application

vm4 2 vCPUy,y, vCPUy, Parallel
application




Parallel Processing-Oriented Hybrid Scheduling of Virtual Machines in Cloud 349

the scheduling program of CPU1 should compulsorily
replace the vCPU,,; occupying CPU1 with vCPUjs, as
illustrated in Figure 1(b). If the preempted vCPU is run-
ning non-parallel applications, the performance of these
applications will probably not be affected. However, if
the preempted vCPU is running parallel application, the
application performance will probably degraded due to
the possible lock holder preemption.

Figure 2 gives a simple description of lock holder
preemption. In Figure 2(a), when the scheduling period
of CPU3 comes, the scheduling program residing in
CPU3 will schedule vCPUy; at the front of run queue to
replace vCPU,; which is running in CPU3. Since parallel
application runs in vim4 to which vCPUy,; belongs, the
scheduling program of CPU3 will also send an IPI signal
to physical CPU2 according to the existing co-schedul-
ing strategy, so as to inform the scheduling program of
CPU2 to replace vCPUj3; occupying CPU2 with vCPUy,
(see Figure 2(b)). However, in such situation, lock holder
preemption may occur after de-scheduling vCPUj3; from
physical CPU2, because what vCPUj3; runs is parallel
application processes/threads. Hence, if there is no con-
straint on such preemption in co-scheduling, the perfor-

mance of parallel applications in VM may be affected.
3. An Enhanced Hybrid Scheduling Approach

To optimize the performance of parallel applications
in a VM, the existing hybrid scheduling approaches can
co-schedule all vCPUs of the parallel VM to different
physical CPUs, making these vCPUs online at the same
time. But in fact, the ratio of these vCPUs online simul-
taneously with these approaches is still low. One reason
is that some vCPUs of a co-scheduled parallel VM re-
linquish physical CPUs because their CPU share is con-
sumed in current scheduling period. Alternatively, some
vCPUs of a co-scheduled parallel VM yield physical
CPUs due to the unrestricted preemption by other paral-
lel VMs. This situation usually result in the waste of
CPU share, because the rest of vCPUs online in parallel
VM cannot realize synchronous operations.

Based on the above analyses, an enhanced hybrid
scheduling approach is presented in this section to opti-
mize the performance of parallel applications in SMP
VM by elevating the simultaneous online ratio of all
vCPUs in SMP VM.

CPUO CPUI CPU2 CPU3 CPUO CPUI CPU2 CPU3
[ vCPUy || ([L¥CPUz || [ vCPUL |[|[ vCPUx || |[vcPUw || |[VCPUs J) ([¥CPUs ) | [ vCPUx |

[ vCPU,o | [ vCPUu | [ vCPUsi | [ vCPUs | [ vCPUy | [ vCPUy | [ vCPUy | [ vCPU4 |
A

VCPUy | [ vCPUs | [ vCPUy | [ VCPUy | | vCPUy | [vCPU; | [ vCPU, | [ vCPUy |

runqueue runqueue runqueue runqueue runqueue runqueue runqueue runqueue

(a) Before scheduling

(b) After scheduling

Figure 1. The scheduling process of the existing co-scheduling methods.
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[ vCPU, | [veruy | [vepuw | [vePus ] [vepuw | [vepuy | [ vePUL | [ vCPUy |
A A

[ vCPUy | [ vCPUn | [vcPu, | [vePun | [ vePuy | [vcPun | [vepus | [ vepuy |

runqueue runqueue runqueue runqueue runqueue runqueue runqueue runqueue

(a) Before scheduling

(b) After scheduling

Figure 2. The preemption problem of co-scheduling parallel VM.
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3.1 Overview of the Approach

The applications running in VMs include parallel
and non-parallel applications. As for the non-parallel
applications, the objective of scheduling is the maxi-
mization of throughput. Obviously, when non-parallel
application is running in a VM, it is suitable to schedule
the vCPUs of VM with asynchronous scheduling (AS)
strategy based on proportional share, e.g., Xen’s Credit
Scheduler. As for the parallel applications, co-schedul-
ing strategy is more effective, as indicated by the above
analyses. Thus we propose an enhanced hybrid schedul-
ing (EHS) approach.

As seen in Figure 3, the scheduler of the VMM con-
tains two scheduling strategies: (1) the enhanced co-sche-
duling strategy is adopted in the case of parallel VM; (2)
the asynchronous scheduling strategy (based on propor-
tional share) is used in the case of non-parallel VM.

3.2 Common Issues

The primary issue to be solved in this approach is the
fairness of system. Besides, load balancing and initial
mapping should be taken into account in method design
to optimize the performance of virtualized system.

System fairness: In a virtualized system, especially
the cloud computing system based on virtualization, how
to fairly allocate physical CPU resources is a crucial is-
sue. To ensure the system fairness, this paper employs a
method that can achieve the proportional share of CPU
resources, which has been widely applied to open-source
VMMs like Xen and KVM. For each VM in a virtua-
lized system, their CPU share will be proportional to their
weights. And the CPU share will be updated regularly.
The total CPU share of the virtualized system in each in-
terval of allocation is represented by TotalShareygenm. It
can be calculated by equation (1), where [PCPU| denotes
the number of physical CPUs in the system and
ShareS™V

interval

denotes the allocable share of each physical
CPU in each interval of allocation. The share obtained
by vm; in each interval of allocation is represented by
Share, .,
allocation, the CPU share obtained by vm; will be evenly
allocated to all of its vCPUs. More precisely, the CPU

share is equally distributed to all of its runnable vCPUs.

, and can be calculated by equation (2). In each

Then when the current CPU share allocation is over, the
actual vCPU share of any vCPU is the sum of the remain-

ing (unconsumed) share in last interval of allocation and

the share just obtained in this interval.

Load balancing: Load balancing among physical
CPUs in the virtualized system is one task of VMMs.
Load pulling is a feasible method to achieve load balanc-
ing. Specifically, when the run queue of a physical CPU
is empty (no runnable vCPUs), this method enables the
scheduler of VMM to pull one load (i.e., vCPU) from the
run queue of other physical CPUs, thereby avoiding the
physical CPU idling.

Initial mapping from vCPU to physical CPU: Af-
ter creating vm;, the VMM will insert all vCPUs of vm;,
i.e., VCPU (vm,), into the run queue of physical CPUs,
respectively. In order to reduce the potential cost for
vCPU migration during the co-scheduling of VM, we in-
troduce two principles in the initial mapping of VM in-
spired by balance scheduling [7].

e In the case of parallel VM, all vCPUs are separately
put into the run queues of physical CPUs and any two
vCPUs of VM should not coexist in the run queue of
the same physical CPU. Besides, load balancing must
alsobe taken into consideration.

e In the case of non-parallel VM, vCPUs mapping is
performed based on the principle of load balancing
among physical CPUs, not constrained by principle

(D).

3.3 Enhanced Hybrid Scheduling Algorithm

As described in section 3.2, the enhanced hybrid
scheduling approach will perform co-scheduling for par-
allel VMs and asynchronous scheduling for non-parallel
VMs in the system. It optimizes the co-scheduling algo-
rithm in the existing hybrid scheduling approaches, i.e.,

Parallel VM No-parallel VM

{ VCPUO | ++- | VCPUi | { VCPUO | ++ | VCPUj |
L 4L
| EHS | | Aas |
VMM
Scheduler
[Go] [crur]
Physical Machine

Figure 3. The framework of enhanced hybrid scheduling ap-
proach.
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presenting an enhanced co-scheduling algorithm.

The basic idea of enhanced co-scheduling algorithm
proposed in this paper is as follows: When one vCPU of
parallel VM is de-scheduled from physical CPU, the
scheduler will initiatively de-schedule the rest vCPUs of
that parallel VM to avoid the potential waste of physical
CPU share due to the failure of synchronization opera-
tions of vCPUs. The pseudo-codes are shown below.

Algorithm 1. Enhanced co-scheduling algorithm
Input: parallel vepu id/*the ID of vCPU that issues
co-scheduling request™®/

curr_vepu_id/* the 1D of running vCPU before co-
scheduling request is issued */
co_scheduling doms/* the list of parallel VMs
that are co-scheduled and running */

Output: void

Steps:

1. dom=get dom by vcpu id (vepu-> id)

2. deschedule dom = get dom by vcpu id

(curr_vcpu_id)

3. need preempt cpu_ids = {}

4. need deschedule cpu ids = {}

5. for each vcpu of dom

6. do

7. if the ID of vCPU is not equal to parallel

vepu_id then
8. need _preempt cpu_ids += get cpu_id by
vepu_id (vepu-> id)

9. end if

10. end for

11. for each vcpu of deschedule dom

12. do

13.  if the ID of vCPU is not equal to curr_vcpu_id
then

14. need deschedule cpu_ids+=get cpu id by vcpu
id (vepu->id)

15. end if

16. end if

17. sending IPI to physical CPU in need preempt
cpu_ids

18. sending IPI to physical CPU in need deschedule
cpu_ids

The input information of the algorithm includes the

ID of the vCPU requesting co-scheduling (parallel
vepu_id), the 1D of the running vCPU before the re-
quest of co-scheduling is issued (curr_vepu_id), and the
list of parallel VMs that are co-scheduled and running
in the system (co_scheduling doms). In the above pseu-
do-codes, Lines 5-10 are used to acquire the IDs of all
physical CPUs needing co-scheduling, which will be
stored in the set need _preempt cpu_ids. Lines 11-16 are
used to acquire the IDs of all physical CPUs needing co-
de-scheduling, which will be stored in the set need
deschedule cpu_ids. Lines 17 and 18 are used to initi-
ate IPI for the physical CPUs in these two sets, so as to
achieve co-scheduling and co-de-scheduling, respectively.

Based on Algorithm 1, the pseudo-codes of the en-
hanced hybrid scheduling approach are developed, as
shown in Algorithm 2.

Algorithm 2. Enhanced hybrid scheduling

Input: the run queue information of physical CPUs

Output: void

Steps:

1. if there is no runnable vCPU in runqueue then

2. migrate a suitable vCPU from neighbor physical
CPU with load balancing /*load balancing among
physical CPUs*/

3. schedule this vCPU to physical CPU

. else

5. if the first vCPU in runqueue belongs to the VM
running non-parallel application then

6. schedule this vCPU to physical CPU /*asynchro-
nous scheduling */

7. else

8. call Algorithm 1
9. end if

10. end if

When there is no runnable vCPU in the run queue of
physical CPU, this algorithm will perform load balanc-
ing, i.e., migrating a suitable vCPU from the neighbor
physical CPU to this physical CPU (Lines 1-3). When
there are runnable vCPUs in the run queue, two scenarios
exist: (1) If non-parallel applications are running on the
VM to which the vCPU at the head of the run queue be-
longs, this algorithm will perform asynchronous sche-
duling, i.e., directly scheduling this vCPU to the current
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physical CPU (Lines 4—6); (2) otherwise, algorithm 2
will be called to perform the enhanced co-scheduling
(Lines 7-10).

3.4 Implementation of the Enhanced Hybrid

Scheduling Method

Xen is an open-source virtualization software exten-
sively adopted in academic and business communities.
In this paper, we develop a prototype system of enhanced
hybrid scheduling method based on the Credit scheduler
of Xen3.2. Xen provides schedulers with an abstract in-
terface defined by structure in C programming language.
To be specific, the structure contains pointers pointing
to functions implemented in scheduler. When adding a
new scheduler to Xen3.2, a structure needs to be created
to point to the implementation of new scheduling me-
thod. After that, the scheduler will be added to a static
array storing all available schedulers. VMM (i.e., Xen3.2
in this paper) can select a scheduler according to the pa-
rameters specified by system administrator.

In order to implement the prototype of our method,
we add a new scheduler (i.e., sched _enhanced_def) to
Xen3.2, which is defined as follows.

struct scheduler sched_enhanced def ={

.name="Enhanced-hybrid-scheduling Scheduler”;

.do_schedule=enhybridsched schedule;

}s

As the system fairness implemented by Xen’s Credit
scheduler is well recognized, we employ fairness module
of Credit scheduler (i.e., credit allocation and consump-
tion for proportional share of physical CPUs) to develop
our prototype system. Meanwhile, we also extend Credit
scheduler’s mapping module from vCPUs to physical
CPUs by introducing constraint, i.e., any two vCPUs of a
VM cannot coexist in the run queue of the same physical
CPU. Besides, the original load balancing module in
Credit scheduler is also extended so that the above-men-
tioned constraint can also be satisfied during load bal-
ancing (i.e., the scheduler pulls vCPUs to idle physical
CPUs from their neighbor physical CPUs).

The role of do_schedule defined in structure is to se-
lect a vCPU for physical CPU from its run queue, where
the algorithms 1 and 2 are implemented.

The information about the type of VM is required in
implementing do_schedule. The type of VM can be ob-
tained through many ways, for example, manual setting
used in [2], and fuzzy inference in [8]. In this paper, we
manually set the type of VM according to the work in [2].

4. Performance Evaluation

In this section, our enhanced hybrid scheduling me-
thod and current typical scheduling methods are evalu-
ated with a representative test program. Experimental
setting and results are shown in 4.1 and 4.2, respectively.

4.1 Experimental Setting

Experimental environment: The physical machine
is equipped with two 8-core Intel Xeon E5620 CPUs@
2.40 GHz/24 GB memory/1 TB disk), CentOS5.5 (Linux
kernel 2.6.18), and Xen3.2. There are six VM (vml—
vmo6) launched in this physical machine. Each VM has
four vCPUs/1 GB memory/8 GB disk, and its operating
system is also CentOS5.5 (Linux kernel 2.6.18). The pri-
vileged VM (i.e., Dom 0 in Xen) is interconnected with
other guest VMs through bridge network interface.

Benchmark: The NAS Parallel Benchmarks (NPB)
[9] are a small set of programs designed to help evaluate
the performance of parallel supercomputers. We choose
three typical benchmarks from NPB, i.e., is, [u and ep (is
> lu > ep in terms of communication intensity), and one
benchmark measuring the throughput of web server. Spe-
cifically, the web server is Apache http server. The per-
formance of web server is measured with Httperf [10],
which provides flexible tools to generate various HTTP
loads for the evaluation of web server.

Scheduling methods: The compared methods in
this section include the Credit scheduling (CREDIT) me-
thod adopted in Xen, the hybrid scheduling (HS) method
proposed in [2], the balance scheduling (BS) method
presented in [7], and our enhanced hybrid scheduling
(EHS).

Experiment classification: Two experiments are
carried out for evaluating the performance of different
scheduling methods. In the first experiment, we test the
performance of scheduling methods when all VMs run
the same test program, with the metric of average time
spent in running test program once. In the second experi-
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ment, we test the performance of scheduling methods
when all VM run different test programs, with the me-
trics of average time spent in running test program once
and the throughput of apache server.

4.2 Experimental Results and Analyses

Experiment 1
Six VMs (vm1—vmo6) run the same program of NPB

simultaneously in this experiment. Each VM runs a script

to control the repeated running of test program. The time
spent in the first 10 runs of test program on each VM is
recorded. Then the average time of all six VMs spent in
running a NPB program once is used to compare the per-
formance of different scheduling methods. The experi-
mental data are normalized with that obtained under

CREDIT method, as shown in Figure 4.

Figure 4 indicates that compared with the CREDIT
method, the performance of the other three scheduling
methods is better. Specifically, the EHS method exhibits
the best performance, followed by HS and BS method
successively. The reasons are as follows:

(1) HS method is able to co-schedule the vCPUs of pa-
rallel VMs, so as to alleviate the synchronization de-
lay of parallel applications running in VMs. Thus it
obviously outperforms the CREDIT method.

(2) When adopting the BS method, all vCPUs of parallel
VM will not be co-scheduled explicitly. Instead, these
vCPUs will be put into the run queues of different
physical CPUs while guaranteeing that any two
vCPUs of a parallel VM will not coexist in the run
queue of the same physical CPU. That is, BS method
is a probabilistic co-scheduling method. Hence, it is
inferior to HS method but overmatches CREDIT
method.

N crReDIT][ BS7ZZ) HSE—] EHS

Nomolized Execution Time

lu is

Figure 4. Normalized execution time.

(3) As for the EHS method proposed in this paper, it in-
troduces a co-descheduling mechanism based on the
existing co-scheduling method. When a vCPU in pa-
rallel VM needs to yield physical CPU, the EHS me-
thod will de-schedule the rest of vCPUs inthat VM
from physical CPUs. Thus the CPU share allocated
to the parallel VM will not be wasted, which leads to
a better performance of EHS method compared with
HS method.

Experiment 2

In this experiment, VMs run different NPB programs
and web server at the same time. For example, vinl and
vm2 run /u of NPB, vin3 and vm4 run is of NPB, vim5
runs ep of NPB, and vi6 runs web server (i.e., Apache).
Generally, it spends different time to run different NPB
programs once. Therefore, a script is used to run on each
VM to control the running times of its NPB program, in
order to guarantee that all VMs will keep running until
the time of the first 10 runs of NPB program on each VM
is recorded. Meanwhile, Httperf runs on another phys-
ical machine (with the same configuration as the physi-
cal machines in experiment) in the same LAN to test the
throughput of Apache server in vim6. The experimental
results of NPB programs are normalized with that under
CREDIT method, as seen in Figure 5(a). In addition, the
throughput data of Apache server under different me-
thods are also normalized with that under CREDIT me-
thod, as shown in Figure 5(b).

It can be seen in Figure 5(a) that different scheduling
methods show the similar performance trend as that in
Experiment 1, when running parallel applications /u and
is. That is, the EHS method proposed in this paper has
the best performance, followed by HS and BS method
successively. It can be attributed to the same reasons as
shown in Experiment 1. Meantime, it can be observed
from Figure 5(a) that CREDIT and BS methods have the
same performance and overmatch HS and EHS methods,
when running the program ep. It is because both HS
and EHS method adopt co-scheduling with preemption,
which makes the VM running compute-intensive appli-
cations perform frequent context switches. Accordingly,
the performance of compute-intensive applications is
affected.

As shown in Figure 5(b), in term of the web server
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Figure 5. Performance of scheduling methods with mixed NPB programs and web server.

throughput, CREDIT and BS methods perform similarly

and are superior to EHS and HS methods. The reasons

are summarized as follows:

(1) CREDIT exhibits the best performance because it is
a throughput-oriented scheduling method.

(2) Although BS method is a probabilistic co-scheduling
method, it will not change the scheduling priority of
vCPUs. So its throughput of web server is equivalent
to that of CREDIT method.

(3) As employing the preemptive co-scheduling strategy
for VMs, both EHS and HS have a certain negative
impact on the throughput of web server in a mixed
environment with parallel applications and web ap-
plication.

5. Related Work

In this section, we summary the related work.

A hybrid scheduling framework that needs a system
administrator to set the type of application in a VMis
proposed in [2] to optimize the performance of parallel
applications running in the single SMP VM. This frame-
work can perform co-scheduling for the SMP VM run-
ning multithreaded parallel applications, i.e., schedul-
ing all vCPUs of that VM simultaneously. Meanwhile, it
performs asynchronous scheduling for SMP VM run-
ning compute-intensive applications. A dynamic adap-
tive VM scheduling method is presented in [6] to improve
the performance of multithreaded parallel applications
in SMP VM. By monitoring the spinlock latency in guest

operating system, this method can judge the type of ap-
plications running inSMP VM, thus providing a basis
for subsequent work of scheduling. It avoids the manual
setting of application type in the former method, but
needs to perform intrusive detection in the guest operat-
ing system. So it does not fit such commercial operating
systems as Windows. A co-scheduling method based on
task-aware is introduced in [11]. It judges the type of ap-
plications by monitoring the scheduling state of vCPUs
and the state of threads in vCPUs, so as to provide a basis
for the virtualization system to make decision on co-
scheduling.

VMware, the leading provider of virtualization solu-
tions, has proposed a relaxed co-scheduling method [12].
It tries to maintain synchronous progress of vCPU sib-
lings by deferring the advanced vCPUs until the slower
ones catch up. However, this scheme is too rigorous for
the SMP machine with less demand on synchroniza-
tion.

Different from the above-mentioned co-scheduling
and relaxed co-scheduling methods, the authors of [7]
present balance scheduling method. It aims at allocat-
ing the vCPUs of the same SMP VM evenly into the run
queues of different physical CPUS (i.e., any two vCPUs
of a SMP VM will not exist simultaneously in the run
queue of the same physical CPU), rather than co-schedul-
ing the vCPUs of SMP VM accurately at the same time.

Virtualization may cause many issues including lock-
holder preemption, vCPU stacking, CPU fragmenta-
tion, and priority inversion. In [13], the authors intro-
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duce FlexCore, a scheduling scheme using vCPU bal-
looning, which dynamically adjusts the number of vCPUs
of a VM at runtime. The authors of [14] propose VINT
(scheduling status based virtual INterrupt remapping
adapTer), a scheme that leverages hardware-assisted in-
terrupt mapping, so as to alleviate the problem of unpre-
dictable 1/O responsiveness of SMP VM. In [15], the
authors propose a self-boosted co-scheduling (SBCO)
algorithm to reduce synchronization latency among con-
solidated VMs, which reorders all these sibling vCPUs
threads coarsely at the same level in their respective run
queue, then schedules them at the same time window, and
maintains global fairness between consolidated VMs.
The authors of [16] propose a consolidation-aware
vCPU (CVS) scheduling scheme on multicore virtuali-
zation platform. Based on vCPU over-commitment rate,
the scheduling scheme adaptively selects one algorithm
among three vCPU scheduling algorithms: co-schedul-
ing, yield-to-head, and yield to-tail based on the vCPU
over-commitment rate.

Different from our work, although these existing ap-
proaches improve the performance of parallel applica-
tion running SMP VM, they have done nothing about the
low ratio of all vCPUs online simultaneously in parallel
VM after co-scheduling.

6. Conclusions

Virtualization technology may result in some pro-
blems not existing in non-virtualized environment, such
as lock holder preemption. To co-schedule the vCPUs
of VMs in VMM is an effective path to alleviate the per-
formance degradation of parallel applications in virtua-
lized environment, and many approaches have been de-
veloped. However, the existing approaches pay little at-
tention to the unrestricted preemption between parallel
VMs when performing co-scheduling. Moreover, no one
focuses on the low ratio of all vCPUs online simultane-
ously in parallel VM after co-scheduling. Actually, these
two issues may also bring negative impact on the perfor-
mance of parallel applications in SMP VM. That is why
we develop the enhanced hybrid scheduling method. Ex-
perimental results show that our proposed method out-
performs the existing Credit scheduling, hybrid schedul-
ing, and balance scheduling methods in optimizing the

performance of parallel applications in SMP VM.
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