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Abstract— Virtualization systems (e.g. Xen) provide powerful,
flexible and scalableinfrastructuresfor big data processing. Inthe
virtualization system, the virtual machine (VM) scheduler is the
key component to efficiently consolidate the multiple VM s on the
virtual machine monitor (VMM), ak.a. hypervisor. Xen employs
the CPU pool mechanism to improve the adaptability of the VM
scheduler for tasks of enormous variability and variety in the
environment of big data. However, the CPU pool mechanism
contains no algorithmsto classify VM s or the time-slice allocation
strategy, which are indispensable for a complete implementation
of a high-adaptive VM scheduler. In this paper, we discuss the
optimizing opportunities and introduce an application-specific
VM scheduler, called ECPS (Enhanced CPU Pool Scheduler),
which is a CPU-pool-based VM scheduler enhanced with VM
multi-classification model and a reasonable time-dice allocation
strategy. The experimental evaluation shows that ECPS can
remarkably improve the performance of Xen virtualization
system.
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I. INTRODUCTION

There are reportedly 3.2 billion people using Internet in
2016[1]. Day and night, people use I nternet to write blogs, shop,
watch movies, search keywords, and talk about current events,
generating colossal amount of data that challenge the data
processing ability of contemporary computer systems. For
powerful processing abilities, people can now upload data to
the cloud, which are composed of large number of virtual
machines (VM)[2]. Cloud computing helps to cut down
expense, and enhance reliability and manageability[3][4]. A
cloud distributes uploaded user tasks to VMs, which are
managed by virtual machine monitor (VMM)[5], ak.a
hypervisor. VMM manages the hosting physical machine and
alocatesall computing resources (CPU time, memory, network
bandwidth, and so on) to VMs to keep them al working
efficiently. The\it VM scheduler isacritical component of the
VMM that isresponsible for allocating CPU timeto VMs.

The CPU scheduling policies of VM scheduler in VMM
affects the overall performance of the whole system
significantly, where the setting of time-slice length is critical.
To achieve low network latency for VMs, setting a short time-
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dlice is more reasonable since a shorter time-dlice allows VMs
to execute in higher frequency and be able to process network
requeststimelier. VMM could be able to achieve higher overall
performance just by setting short time-dices for VMs, if short
time-dices cause no side effects. However, the fact is that
utilizing short time-dices introduces more VM context
switcheg[5] and eventualy leads to VMM performance
mitigation. We use the term Performance Loss in Context
Switches (PLCS) to refer to this phenomenon. To achieve high
VMM network performance without introducing much PLCS
isone of the most important goalsin optimizing VM schedulers.

It is well noticed that the tasks that run in VMs may have
different characteristics. As typical task classification, some
tasks are with the timeliness requirement and some tasks are
without. Therefore, the tasks are classified into 1/O-intensive
task (I0T) type and type of non-1/O-intensive task (NIOT),
respectively. Accordingly, the VM that runs IOT or NIOT are
classified as I/O-intensive VM (IOVM) or non-1/O-intensive
VM (NIOVM)[6]. By classification of VMsinto types, different
time-dices (long or short) can be specified to meet non-uniform
demands of VMs. Researcherg6]-[8] achieve overal
performance improvement without introducing much PLCS
based on thisidea.

Among the methods to classification of VMs, the Xen
organization choosesthe approach of the CPU pool mechanism,
which has been introduced to Xen since Xen 4.2[9]. The core
idea behind CPU pooals is to divide the physical cores (pCPU)
onthe machineinto different pools. Atany time, agivenlogical
CPU core can be assigned to only one of these pools (or none).
A VM isassigned to one pool at atime, but can be moved from
pool to pool. Each of these pools has an entirely separated VM
scheduler, and can be set with different scheduling parameters,
which enables Xen to classify VMs to different types and
allocate CPU resources unhomogeneously.

However, the CPU pool approach provides users tools to
implement VM classification but the rules, according to which
some VMs are supposed to be grouped to one CPU pool and
the how the parameters of the CPU-pool-specific VM scheduler
should be set. These algorithms are indispensable for a
complete implementation of a high-adaptive VM scheduler.
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In this paper, we discuss the optimizing opportunities and
introduce an application-specific VM scheduler, called ECPS
(Enhanced CPU Pool Scheduler) basing on the CPU pool
mechanism. The main contributions of this paper are
summarized as following: 1) we proposed the VM multi-
classification model to optimize VMsrunning different tasksin
amore VM dynamic suited manner; 2) we proposed a dynamic
time-diceallocation strategy, which alocatesresourcesto VMs
of different running characters heterogeneously. Both the two
enhancement measurements promise ECPS sufficient
adaptability of virtualization system for variable and various
data processing tasks.

The rest of this paper is organized as follows: section Il
describes the VM classification model of ECPS; section il
illustrates the time-dlice alocation strategy of ECPS; section IV
evaluates the effectiveness of ECPS; section V' concludes this

paper.

1. VM CLASSIFICATION MODEL

Existing VMM systems like Xen and KVM schedule VMs
with no classification at all. Users can set one static time-dice
to apply to al VMs. If ashort time-diceis set, we can mitigate
latency for IOVMs, but CPU resources of NIOVMs will be
sacrificed due to PLCS. If a long time-dlice is set, we can
guarantee CPU resources for NIOVMs, but IOV Ms will suffer
longer latency. Without VM classification, one can only choose
to satisfy either IOVMs or NIOVM, but not both.

Binary VM classification isto classify VMsinto |OVM-type
or NIOVM-type. It is onestep forward from no-VM-
classification, so that we can decrease latency for IOVMs by
shortening IOVMSs' time-dice, while keeping origina time-
dlice for NIOVMs. Researcherg[ 7][10][11] adopt a binary VM
classification scheme to differentiate VMs into two types.
Although the terms used in their worksto describe thetwo types
are different, the basic ideais the same. We call the two types
in binary classification IOVM and NIOVM. Via binary
classification, VMM can reduce latency for IOVMs while
preventing PLCS from happening to NIOVMs. But the
performance improvement achieved by “binary” classification
is limited. Simply put, binary classification is too coarse. For
each individual VM, there exists an ideal time-dice that can
balance between mitigating latency and preventing PLCS. A
VM can attain its best performance using this ideal time-dlice.
Binary VM classification divides VMs into just two types, and
sets a unified time-dice for al VMs in the same type. The
unified time-dlice is calculated taking all VMs in the type into
consideration, a result of averaging and compromising. A
unified time-slice can be far from ideal for most VMs.

For example, type A is defined as VMs having interrupt rate
intherange of 0 to 500 interrupts/sec. Supposethereare 3VMs
V,, Vp, and V. in type A, with 1, 250, and 499 interrupts/sec,
respectively. The average interrupt rate is then (1 + 250 +
499)/3 = 250 interrupts/sec. Binary VM classification will
then calculate a time-slice based on this average interrupt rate.
However, the time-dice determined this way is obviously more
ideal for V,, than for V, and V... For V, (resp. V..), a time-dice
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depending on 1 interrupt/sec (resp. 499 interrupts/sec) would
be preferred.

ECPS employs multi-classification model to classify VMs.
Assume the number of physical CPU coresis N and the number
of VMsisM. ECPS then adopts N — 1 as the number of types,
because one CPU core will be used as Domain-0 (the manager
CPU). VMs will be divided into N — 1 types according to the
statistics collected. The detailed steps areillustrated in Figure 1
and described as following: 1) collects runtime statistics of
VMs, e.g. interrupt account per period (I3, 15, ..., I;, ..., Iy); 2)
sorts VMs to alist according to their irgs; 3) segment cuts the
list equally to N-1 segments and VMs in each segment will be
attached to a CPU pool of asingle CPU core.
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Figurel. VM classfication model of ECPS

The reason for sorting (step 2) isto classify VMswhich have
similar runtime characters (ir) to the same type and eventually
the same CPU pool and would be scheduled with the same
scheduling parameters. ECPS classifies VMs to N-1 types
which is the number of available physical CPU cores because
this is the largest number of CPU pools and guarantees
classification as fine-grained as possible.

I11.TIME-SLICE ALLOCATION STRATEGY

ECPS constructs a dynamic time-slice function to generate
an optimal time-dice for a VM that takes both CPU and 1/O
performanceinto account. Short time-slice may cause too much
context switch overhead. The cost of context switch comes
from severa aspects—the registers need to be saved/restored,
the OS kernel code (scheduler) must execute, the TLB entries
need to be reloaded, and processor pipeline must be flushed.
These costs are directly associated with almost every context
switch in a multitasking system. In addition, context switch
leads to cache sharing among multiple processes, which may
result in performance degradation. This cost variesfor different
workloads with different memory-access behaviours, and for
different architectures. To facilitate the cost analysisfor context
switch, we assume that the time for all context switches are the
same, denoted asm. Since every time-dice needs one context
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switch, the val ue% can then represent the overhead caused by

acontext switch, where T is the allocated VM time-dlice.
All the symbols used in this section are defined in Table 1
below.

TABLE 1. FONT SIZESFOR PAPERS

Symbol Definition
m Time overhead of single context
switching
T VM time-dice
T¢ Final time-slice function
To Default VM time-slice
R Upper bound of irq
I Count of irq per second
P Performance indicator

From val ue%, we know that the scheduling latency is in

proportion with time-dlice length. The latency improvement by
a new time-dice T comparing to the old, default time-dice T,

can be represented by Tl Different VMs attach different
0

importance to CPU performance vs. 1/O performance. Suppose
that the total IRQ number is R. We then can useé as an

importance indicator for 1/O performance, and 1—% the

importance indicator for CPU performance. Basing on that, the
value of Equation (1) isan indicator of the overall performance
(P). When P issmall, the overall performanceishigh, whilethe
overall performanceislow when P islarge.

I m I T
=<1_E)X?+ixﬁ O
>2x\j(1—i)xmxix1 2
= R)"T R”T,

Using inequality aJ;—b >+/ab, we get inequaity (1) =(2),
which suggests there is a minimum value of P. When P
reaches its minimum value, Equation (3) holds. Solving (4) for
P givesthetime-slice function (4) for achieving the best overall
performance.

Note that we cannot just adopt thetime-dlice T calculated by
(4), because the time-dlice cannot be too short or too long. We
therefore propose a final time-dlice function Ty asin (5). When
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the calculated time-dlice is shorter than 1ms, 1ms is adopted,;
when it islonger than 30ms, 30msis adopted.

1 ifT<1
Tf={30 if T=30 (5)
T otherwise

Where

Tz\jé—l)xmxT0 (6)

In the implementation of the time-dlice function, we adopt
0.1ms and 10000 times as the experiential values of single
context switch overhead m and the upper bound of IRQ count
per second.

IV.EVALUATION

In this section, we present the results of experimental
evaluation of ECPS. Our experiments use physical machines
networked by 10-Gigabit Ethernet, respectively. Each physica
server hostsmultiple VMs, and hasa2.3GHz AMD Opteron(tm)
Processor 6376 CPU with 4GB of RAM, an Intel Corporation
1350 Gigabit Network Connection card, and an Intel
Corporation 82599ES 10-Gigabit SFI/SFP+ NIC. Each of the
two kinds of network interface cards will be used alonein each
experiment. The physical machines run Xen 4.5. Each VM in
its physical host is allocated 1GB of RAM and a single vCPU.
Both Domain-0 and Domain-U run Ubuntu 14.04 operating
system. The physical client machine is another server machine
with the same hardwares and Ubuntu 14.04 OS installed.

A. PingRTT

Ping round-trip time (Ping RTT)[12] represents how timely
a server can respond to a network interrupt. This experiment is
conducted on a queue of 4 VMs. Figure 2 illustrates the
cumulative distribution of ping RTTs with ECPS and without
(i.e. default credit scheduler). As we can see, the ping RTT
value of more than 50% of cases is hear Oms while the credit
scheduler only has about 20% of the cases. ECPS reduces about
47% aclient’s Ping RTT according to the experiments’ result.
ECPS manages to reduce latency due to that ECPS schedules
IOVMs to the same CPU pools and sets short and reasonable
time-dlices for them dynamically.
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Figure2. Scheduling latency cumulative distribution functions-ECPS vs.
default credit scheduler

B. Network throughput

Network throughput is an important indicator for VMM
performance. We used iperf[13] to measure the network
throughput of ECPS. We tested network throughput using 4
VMs. The 4 vCPUs are pinned to the same physical core,
connected with 10Gbps NICs.

Figure 3 displaysthe TCP test result under the 10Gbps NIC.
Network throughput under the credit scheduler grows slowly as
the package size grows, and ends up achieving about 5Gh/sec
overall throughput, while ECPS shows much higher throughput
on al packet sizes, and can eventually achieve about 9Gh/sec
overall throughput, closing to the NIC's bandwidth limit. ECPS
realizes a TCP throughput about 43% more than that of the
credit scheduler. The UDPtestresultisillustrated in Figure 4.
ECPSincreases the UDP throughput about 39% compared with
the credit scheduler.
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Figure 3. TCP throughput of ECPS under 10 Gbps NIC
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Figure 4. UDP throughput of ECPS under 10 Gbps NIC
C. ApacheOlio
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Apache Olio[14] is a web 2.0 toolkit to help developers
evaluate the suitability, functionality, and performance of
various web technologies by implementing a reasonably
complex application in several different technologies. We use
Apache Olio to assess the overall performance of ECPS. Table
2 shows that ECPS improves the operation rate remarkably by
about 50%.

TABLE 2. RESULTSFROM OLIO EXPERIMETS

Operation Credit Op Count ECPS Op Count
HomePage 4380 6761
Login 1736 2585
TagSearch 5799 8473
EventDetail 4405 6469
PersonDetail 442 679
AddPerson 134 204
AddEvent 330 489
Total 17226 25660
Rate (ops/sec) 574 85.5
Improvement - 49.0%

V. CONCLUSION

We have proposed a new VM scheduler, ECPS, to enhance
the CPU pool mechanism for a complete implementation of a
high-adaptive VM scheduler. The basic ideaisto classify VMs
of similar type into the same group, assign them the same time-
dlice, and put them to the same physical CPU core for execution.
With ECPS, 1/O-intensive applications and non-1/O-intensive
applications are separated to achieve good performance on
scheduling timeliness. The evaluation of ECPS shows that
ECPS achieves much better performance than the default Xen
credit scheduler.

We dtill see some pending issues with ECPS to be addressed
in our future work. Firstly, the time-slice function may be
refined so that it better accommodates to various applications
running under VMM . Using machine learning techniques, more
adaptive and “smarter” time-slice function may be constructed
based on runtime characteristics of applications. Secondly,
ECPS may be extended to multi-host scope by live VM
migration to achieve more illustrious consistency among VMs
on asingle CPU core. By doing so, ECPS can achieve better
CPU resource allocation fairness and higher CPU performance.
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