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Abstract—In this paper, we address the problem of allocating 
disk resources to guarantee specified latency and throughput 
targets of VMs while keeping efficient disk I/O. Accordingly, 
we present two-level scheduling framework, namely Flubber, 
in Xen-based hosting platform that decouples latency and 
throughput allocation. The high-level throughput control 
regulates the pending requests from the VMs, in order to meet 
the throughput requirements of different VMs and ensure 
isolation. Meanwhile, the low-level latency control, by the 
virtue of the batch and delay EDF mechanism, reorders all 
pending requests from VMs based on the their deadlines, and 
batches them to the disk device considering the locality of 
accesses across VMs. We have implemented Flubber with 
intensive evaluations on Xen-based host. The results show that 
Flubber can simultaneously meet the different service 
requirements of VMs while improving the efficiency of the 
physical disk. In contrast to CFQ, besides that Flubber 
achieves the desired QoS of each VM, Flubber speeds up the 
sequential and random read by 17% and 25% due to the 
efficient physical disk utilization. 

Keywords-I/O scheduling; virtualization; quality of services; 
performance; efficiency 

I. INTRODUCTION 
The increasing trend towards cloud computing has 

elevated quality of service (QoS) of virtual machines (VMs) 
to key classes in virtualized environments [1-3]. Virtual 
Machine Monitor (VMM) manages VMs on a server and 
multiplexes the underlying hardware resources among VMs. 
Recently, as opposed to CPU, memory and network 
allocation in VMM [4-7], less attention from the research 
community has focused on disk I/O allocation in VMM. Due 
to disk contention, VMM fails to guarantee the latency and 
throughput target of each VM, regardless whether VMM 
provides good VCPU scheduler or other resource allocation 
[8]. 

Compared with sharing I/O among processes in shared 
storage or in the native operation system, sharing I/O among 
VMs has new features. First, unlike general user process, 
VMs have self-disk I/O schedulers to send batches of 
requests in a round-robin mode. Second, the isolation 
semantics lead to that, the disk scheduler of VMM can 
hardly perceive the characteristics of workloads, so VMM 
provides service to requests from VMs in First Come First 
Service (FCFS). Last, the virtual disks associated with VMs 

are mapped into large files in the physical disk, which results 
in spatial locality of accesses across VMs. 

According to these special features of virtualization, the 
traditional solutions on resource contention in the shared 
storage are not appropriate for virtualized environments [9-
13]. Therefore, some solutions in VMM have been proposed 
to alleviate the disk I/O contention in recent years [14-17]. 
Some of these studies propose fair or proportional sharing of 
disk bandwidth among VMs consolidated on a server [14, 
15]. Based on proportional sharing of disk bandwidth, other 
studies [16, 17] control the change of throughput for each 
VM. These studies focus on performance isolation among 
VMs and bandwidth control for VMs, ignoring the cost of 
disk head movement. Accordingly, these studies are unable 
to meet both throughput and latency target of each VM, only 
with throughput or latency control. For example, VMs with 
workloads of high bandwidth needs, such as file service 
process, are satisfied without concerning latency; on the 
other hand, VMM meets the VMs with bounded latency 
requirements such as remote desktop process or online 
transaction process with low bandwidth. In addition, few 
studies concern the impact of background processes in the 
VMM, such as backup process and checkpoint, on other 
VMs requirements. Background process leads to high 
physical disk seek and rotational overheads, lowering the 
performance of VMs, especially VMs with low latency 
requirement. 

In this paper, we address the problem of allocating disk 
resource to guarantee specified latency and throughput 
targets of VMs while keeping efficient disk I/O. To target the 
goal, we present a flexible two-level disk scheduler in VMM, 
namely Flubber, which separates throughput and latency 
allocation. Flubber consists of a self-adaptive high-level 
throughput control, which regulates arrival rate of pending 
requests from each VM, and a low-level latency control, 
which guarantees latency of requests for VMs. The high-
level throughput control, called Virtual Bandwidth Control 
(VBC), with a credit-rate controller, assigns a stochastic 
credit value to each VM, in order to meet the throughput 
targets of VMs and ensure the performance isolation. For the 
latency requirements of VMs and disk I/O utilization, the 
low-level latency control, called Virtual Latency Control 
(VLC), uses a Batch and Delay-Earliest Deadline First (BD-
EDF) mechanism, similar to the earliest-deadline-first (EDF) 
algorithm, to manage request queue at physical block driver. 
Different from EDF, the BD-EDF mechanism uses non-
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work-conserving scheduling, considering spatial locality of 
accesses across VMs and background processes in VMM. 
Therefore, VLC batches the requests from the same VM or 
sequential requests, without exceeding the deadlines of other 
VMs. Moreover, VLC delays requests from background 
processes and batches them, in order to guarantee QoS of 
VMs. 

We implement a prototype of Flubber in Xen-based host, 
and evaluate the performance of VMs with Flubber. The 
results show that Flubber can simultaneously meet the 
different QoS requirements of VMs while improving the 
overall physical disk I/O. In contrast with CFQ [9], Flubber 
does not only achieve the desired QoS of each VM, but also 
speeds up the sequential and random read by 17% and 25% 
due to the efficient physical disk utilization. The 
contributions of this paper can be summarized as follows: 
• It presents a two-level scheduling framework in VMM, 

named Flubber, to achieve fine-grained throughput and 
latency control for different VMs running on a physical 
server. 

• Considering spatial locality of accesses across VMs, 
especially when background processes are running in 
VMM, Flubber embraces a BD-EDF mechanism to 
keep disk I/O efficiency while guaranteeing desired 
throughput and latency of VMs. 

• We implement and evaluate Flubber in Xen-based host. 
The experimental evaluation demonstrates that Flubber 
can meet QoS requirement of VM while improving disk 
I/O efficiency. 

The rest of the paper is organized as follows. Section 2 
discusses the background and related works. The design of 
Flubber and related algorithms are discussed in section 3. 
Section 4 details the performance evaluation. Finally, we 
conclude the paper and propose our future work in section 5. 

II. BACKGROUND AND RELATED WORKS 
In this section, we briefly introduce the Xen I/O model. 

Then we discuss the previous works. 

A. Xen I/O Model 
The Xen hypervisor [18] is para-virtualizing virtual 

machine monitor that allows multi-VMs to run on a physical 
server and share its hardware resources. Xen plays as an 
intermediate layer between the VMs and the hardware 
devices, that is, Xen only has a direct access to hardware 
devices, and it is responsible for allocating resources (CPU, 
memory and I/O device, etc) to each VM running on the 
same hardware device. 

Xen has introduced a new I/O model, called driver 
domain, which performs I/O operations on behalf of 
unprivileged guest VMs. As shown in Fig. 1 when guest 
VMs perform I/O operations, Xen receives the I/O requests 
from the different front-end drivers of guest VMs in FCFS 
and informs the driver domain to process them, then passing 
these requests to the back-end driver of driver domain. In 
turn, the driver domain issues these requests from guest VMs 
to the physical driver. The driver domain treats guest VMs as 
general processes and handles the requests via native disk 

I/O scheduler, such as CFQ (default scheduler), Deadline, 
Anticipatory, and Noop. 

B. Related Works 
The research literature contains a large body of work 

related to guarantee QoS in storage systems, that is, as stated 
in our contributions, to provide throughput and latency 
guarantees while achieving high disk I/O efficiency. 
Accordingly, earlier works are classified into three 
categories: fair and proportional sharing of disk resource, 
latency-sensitive control with proportional sharing of disk 
resource and high bandwidth scheduler with fair sharing of 
disk resource. 

1) Fair and proportional sharing of disk resource 
Many studies have been focused on providing fair and 

proportional share of disk resource in a shared storage or the 
native operation system, such as CFQ [9], Stonehenge [10], 
Argon [11], Aqua [12], and SFQ(D) [13]. The goal of these 
studies is to allocate throughput or bandwidth in proportion 
to the weight of the processes in the native system. 
Unfortunately, these solutions cannot be applied in 
virtualized environments [19-21]. 

Recently, more works have studied fair and proportional 
sharing of disk resources in virtualized environments [14, 
15]. VIOS [14] has controlled the coarse-grain allocation of 
disk time to the different operating system instances using 
completely fair queuing and compensating round-robin 
scheduler. PARAD [15] has proposed a coarse-grain control 
on the throughput of VM. Based on the weight of processes, 
it assigns virtual clock tags to the requests, then it uses 
SFQ(D) to dispatch the requests to storage system according 
to their virtual clock tags order. However, both 
aforementioned solutions do not guarantee QoS of latency-
sensitive applications such as remote desktop VM. 

2) Latency-sensitive control with proportional sharing 
of disk resource 

The notion of latency-sensitive control with proportional 
sharing of disk resource has been widely studied in native 
storage systems [22-26]. Pclock [22] and SARC/AVATAR 
[23] have implemented an EDF scheduler in the request 
queue to provide latency and throughput guarantees. 

 
Figure 1.  Xen I/O Model. Xen Device Driver consists of four main 
components (the native disk driver, the bottom half of the split driver 
-called back-end driver, the top half of the split driver - called front-
end driver, and a shared ring buffer) 
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Figure 2. Two-level scheduling framework of Flubber 

However, besides that their solutions are not suitable for 
VMM because of the features of virtualization [8, 19], their 
solutions hardly provide good throughput in the disk I/O 
because it is not considering locality of accesses. Flubber 
uses similar approach used in SARC/AVATAR [23], by 
decoupling the throughput and latency control into a two-
level framework scheduler. However, different from 
SARC/AVATAR, Flubber targets different storage 
environment as well as it intends to improve the disk I/O 
utilization. Furthermore, SARC/AVATAR was evaluated 
based on simulations while Flubber is built and evaluated in 
Xen-based hosting platform. 

Recently, some studies have focused on supporting 
latency-sensitive applications in virtualized environments 
[16, 17, 20]. DVT [20] has controlled the change of service 
latency in VMM in order to improve the performance of 
VM, but when applying their solution in the disk I/O 
scheduler of VMM, it brings only small performance 
improvement to the VMs. 

3) High bandwidth scheduler with fair sharing of disk 
resource 

Few works have studied the tradeoff between disk I/O 
efficiency and fair sharing of disk resource [27, 28] in native 
systems. Their focus is on providing high bandwidth to 
application with high throughput requirement and sequential 
access. However, these studies have ignored the latency 
target. In virtualized environments, few studies have focused 
on keeping high I/O efficiency while guaranteeing latency 
and bandwidth target of different VMs. In addition, few 
studies have demonstrated the impacts of background 
processes on VMs’ QoS, although the background processes 
in VMM such as checkpoint, backup and defragment, may 
grab bandwidth of other VMs and lead to frequent physical 
disk head seeking. CFQ, by setting different class of 
priorities for both background process and VMs, may 
alleviate the impacts of VMs’ bandwidths but not latency. 

III. ARCHITECTURE OF FLUBBER 
The goal of Flubber is to practically provide both 

throughput and latency guarantees to VMs, while enhancing 

physical disk I/O utilization. Our design, therefore, intends to 
address the following issues: 
• Achieving different latency and throughput 

requirements of VMs deployed in a server; 
• Finding an optimal tradeoff between physical disk I/O 

efficiency and VM’s QoS; 
• Avoiding frequent physical disk head seek and rotation 

overheads when background process is performed. 
Accordingly, we propose a two-level scheduling 

framework in VMM, controlling throughput and latency 
separately for VMs. Taking into consideration disk I/O 
efficiency and spatial locality of access in a virtualized 
environment, we design a BD-EDF mechanism. In the next 
section, we introduce the two-level scheduling framework 
and describe how the two levels can guarantee QoS of VMs. 
Then, we detail the BD-EDF mechanism. 

A. Two-level scheduling framework 
In the virtualized environment, multiple VMs run on a 

server with a prescribed performance-based service level 
objective (SLO). In order to meet the desired throughput for 
different workloads within VM and steady latency for disk 
scheduler of VM (i.e. CFQ, Deadline, Anticipatory, and 
Noop), the SLO specification for VMi is presented as a tuple 
<Bi, Li>, where Bi is the total required throughput by VMi 
and Li is the maximum allowed latency for a request from 
VMi. Therefore, based on the abstraction of the I/O model in 
Xen, we opt for a flexible two level scheduling framework, 
called Flubber, separating throughput and latency control to 
meet SLO of VMs while keeping transparent communication 
between VMM and both VMs and the physical disk, as 
shown in Fig. 2. 

The high-level throughput control, named Virtual 
Bandwidth Control (VBC), is responsible for regulating the 
pending requests from the VMs, aiming to meet the different 
throughput requirements of VMs and enforce performance 
isolation among VMs. VBC shapes the arrival rate of 
pending requests from the dispatching queue of each VM by 
a credit-rate controller. Considering different throughput 
targets of VMs, the credit-rate controller allocates a credit 
amount to the dispatching queue of each VM in VMM. The 
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credit amount indicates how many pending requests from 
VM can be dispatched to the low-level latency control. 
Therefore, with the credit-rate controller, VBC prevents 
VMs from grabbing disk bandwidth. Besides, VBC, via 
setting suitable credits for each VM, maximizes the 
throughput of each VM with ensuring performance isolation. 

The low-level latency control, called Virtual Latency 
Control (VLC), is responsible for satisfying latency target of 
pending requests from VMs and enforcing disk I/O 
utilization. Therefore, VLC, by the mean of the BD-EDF 
mechanism, dispatches pending requests from VMs based on 
their deadlines and disk addresses. Considering the spatial 
locality of accesses across VMs, the BD-EDF mechanism, in 
a non-work-conserving mode, batches the pending requests 
from the same VM close to each other, without exceeding 
the deadlines of other pending requests. Besides, given that 
requests from background processes in VMM introduces 
disk head seek and rotational overheads, VLC delays these 
requests and then batches them. These ensure latency 
requirements of VMs while improving disk I/O efficiency. 

B. Bandwidth control of the high level (VBC) 
VBC selects distributed credit-rate controllers to manage 

the dispatching queue of each VM. Using credits can easily 
capture a relative rate and limit the bandwidth competition 
among VMs, consequently, enabling efficient global 
coordination across all VMs for satisfying SLO 
requirements. Each pending request consumes one credit 
when dispatched to VLC. However, if VM has already used 
all the credits, the request is queued in the corresponding 
dispatching queue of VM, waiting for credit replenishment. 

Credit Replenishment Policy. Static time interval of credit 
replenishment enforces fairness across VMs at cost of the 
disk bandwidth, VBC dynamically controls the length of 
interval of the credit replenishment for all VMs. Thus, the 
replenishment event happens: 1) over the turn-round among 
VMs when credits of all VMs are used up; 2) when all VMs 
hardly send pending requests and pending queues are empty; 
and 3) when a new VM is created or existed VM is 
destroyed. The first replenishment is similar to the goal of 
VIOS [14] and SARC [23], to ensure fair distribution of the 
disk among VMs according to their requirements. The 
second and third replenishment events ensure that the 
backlogged pending requests are few if disk has spare 
bandwidth. When the replenishment event occurs, each VM 
is replenished to its full credits considering throughput target 
of the VMs. 

Credit Assignment. Upon the occurrence of a replenishment 
event, VBC allocates credits to each VM. To satisfy QoS 
requirement of VMi, within the static time interval of 
replenishment, credits of VMi, denoted by Ci, is stated as: 

∈

= ×
�

i
i

j
j N

B
C TB

B
                                (1) 

where TB is total bandwidth of disk within a static interval, 
Bi is throughput requirement of VMi, and N is the number of 
VMs within the physical host. Since that VBC dynamically 

controls the interval, credits of VMi, denoted by bi, is stated 
as: 

β= × = =i i i
i i

j j j

c C B
b c ,

c C B
                          (2) 

where � is interval factor and ci is the proportion of credits 
between VMs. Based on different throughput requirements 
of VMs, the proportion of credits among VMs in varietal 
interval is the same as that in static time interval. So ci is 
related to proportion between throughput requirements of 
VMs according to equation of Ci. 

According to the credit replenishment policy, credits 
affect the length of interval of replenishment. The larger 
credit assignment leads to the longer interval. However, as 
longer interval reduces performance isolation among VMs, 
while the smaller interval lowers disk bandwidth utilization 
[27]. Therefore, setting suitable credit assignment for each 
VM can balance physical disk bandwidth utilization and the 
performance requirement of VM. 

C. The low level scheduler (VLC) 
VLC manages the request queue of the physical disk 

including pending requests from all VMs and the requests 
from background process. To meet latency targets of 
requests from VMs and enforce disk I/O efficiency, VLC 
employs BD-EDF mechanism that dispatches the requests to 
the disk based on both the deadline and the position of 
request. VLC, therefore, divides the request queue into three 
type queues: sorted queue, where all requests from VMs and 
background process are queued in the logical physical 
address, VM-EDF queue, where the pending requests from 
all VMs are sorted according to their deadlines, and 
background queue, where the requests from background 
processes in VMM are sorted in first-in-first-out (FIFO). 

Next, we detail how BD-EDF manages the requests 
within the three type queues. 

D. Deadline target of VM and disk I/O efficiency (BD-EDF 
mechanism) 
BD-EDF mechanism aims to provide latency guarantee 

for different VMs while ensuring efficient disk I/O 
utilization, by determining the most appropriate pending 
request to be dispatched to the physical disk device. 
However, as virtual disks associated with VMs are mapped 
into large files in physical disk, simple EDF queue may lead 
to a considerable wasting of time because of the frequent 
disk head seeks when I/O requests from different VMs arrive 
simultaneously. However, when background processes are 
running in the VMM, the disk head seek and rotational 
overhead will be markedly increasing because of the 
frequent switching between requests from the VMs and the 
requests from the background process. Based on 
aforementioned discussion, BD-EDF uses two algorithms. 
The first one, called classification algorithm, determines the 
type of queue that a request will join. The later, called batch 
and delay algorithm, selects the request that will be 
dispatched to the physical disk. 

Classification Algorithm. Once a request arrives in the 
request queue of a disk, VLC queues the request into the 
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sorted queue based on its logical physical address. If the 
request is coming from a VMi, a deadline ti

j will be 
associated with the request ( = + −j jt request .S L Mi i ii  where, 

jrequest .Si i �is the start time of requestij in VMi, M is the 
maximal seek time of physical disk and Li is the latency 
target of VMi), and according to the deadlines, the request 
will then be en-queued in the VM-EDF queue. Otherwise, 
the request will be en-queued in background queue in FIFO 
mode. 

Batch and Delay Algorithm (BD). In order to ensure 
efficient disk utilization, the BD algorithm intends to batch 
requests from the same VM or requests of which physical 
logical addresses are near, while keeping in mind the 
deadline of other requests in VM-EDF. 

Accordingly, BD algorithm makes disk wait for VM 
which the last completed request is from sending future 
request. For a tradeoff between disk I/O efficiency and 
latency target of VMs, BD algorithm introduces a waiting 
time period for future request Ri, denoted by wait_time(Ri), 
and stated as: 

+ <i iwait _time(R ) service _time(R ) deadline( selected _pending _request )

 (3) 
where deadline(selected_pending_request) is the deadline 
for the pending request from VM with earliest deadline, and 
service_time(Ri) is the expected time to serve Ri. Calculating 
service time is related to the size of request size and data 
transmission rate of physical disk. In Xen, the size of 
requests from VM is limited and less than 44KB, so we 
neglect the service time of request. Based on above, we can 
evaluate wait_time in coarse grain. 

As shown in Algorithm 2, if VM-EDF queue has pending 
requests, we dispatch its head request if deadline of the 
request has passed or the VM sending the request is the same 
as the last completed request. Otherwise, considering the 

effective disk I/O utilization, we can dispatch request based 
on spatial locality. According to the position and disk head 
direction of the last dispatched request, we look at the sorted 
queue and check whether the successive request of the last 
dispatched one has a continual logical address of last request 
logical address. However, if neither the head of VM-EDF 
nor the successive request of the last dispatched request, in 
the sorted queue, is suitable, a time interval is introduced. 
During this interval if any of the new arriving requests has a 
continual logical address of the last dispatched request, it 
will be dispatched. Otherwise, if the suitable request never 
appears within the interval the head request of VM-EDF is 
dispatched. When VM-EDF queue is empty, we batch the 
requests of the background queue until VM-EDF queue has 
pending request. 

IV. PERFORMANCE EVALUATION 

A. Experimental Environment 
Flubber is implemented on Xen 3.3.1 with kernel 2.6.18 

and is evaluated via experiments on a physical server. The 
server is equipped with four quad-core 2.40GHz Xenon 
processor, 22GB of memory and one dedicated SATA disk 
of 1TB, running RHEL5 with kernel 2.6.18. All VMs, 
described in this paper are running with RHEL5 with kernel 
2.6.18 and configured with 512MB memory and 1 VCPU. 

We conduct various experiments to illustrate the QoS 
guarantee of Flubber. Accordingly, we use Sysbench [29] to 

Algorithm 2: Batch and Delay Algorithm 
Dispatching a Pending Request 
/*t is current time; P is logical address of last dispatched 
request, last_req; next_req is next to last dispatched request 
in sorted queue; future_req is coming from VM*/ 
Begin 
if (The length of VM-EDF != 0) then 
     requesti = VM-EDF.queue[0] 
     if (requesti.deadline<= t ||  requesti.vmid == last_req.vmid) 
         then dispatch_req = requesti 
     else if (next_req.address== P + size_block) 
                 dispatch_req = next_req 
     else WaitT = requesti.deadline –max_size/Trans 
              /* WaitT is a time interval during which requests can 

be batched; max_size is maximal size of last request 
from VM; Trans is transmission rate of disk*/ 

     end if 
 if (arrival time of future_req < WaitT &&  

future_req.address = P + size_block) then 
               dispatch_req = future_req 

     else dispatch_req = requesti 
     end if 
else  
     dispatch_req = background.queue[0] 
endif 
if  (dispatch_req == requesti) then 
     last_req.vmid = requesti.vmid 
else  
     last_req.vmid = Null 
endif 

Algorithm 1: Classification Algorithm 
On request arriving Requesti: 
en-queue requesti in the Sorted Queue /* based on the  its 
logical physical address requesti.address */ 
if requesti.type is VMi’s request then  

= + −j j
i i i it request .S L M  

/* M is maximal seek time of physical disk; Li is the 
target latency of VMi;*/ 
requestm.deadline = ti

j 
k� 0 
while (requestk.deadline < requestm.deadline) do 
k�k+1 
end while 

      for ( l=k; end of the queue) 
             en-queue requestl in the l+1 position in the VM-EDF 
      end for 

en-queue requestm in the l position in the VM-EDF 
else 
      en-queue requesti in the tail of the Background Queue 
endif 
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generate two applications to mimic two different classes of 
workloads with QoS requirements (SLO) running on VMs as 
shown in Table I. Based on SLO of workloads, the 
throughput and latency requirement for sequential read is 
1000 IOPS and 80ms respectively, and for random read is 
120 IOPS and 60ms. We empirically discuss the 
effectiveness of different credit assignments in Flubber. 
Then, after finding the best credit assignments, we evaluate 
Flubber, by comparing Flubber with three other schedulers 
(base CFQ, CFQ with priority settings1, and EDF scheduler 
with credit controlling), in two different scenarios – with and 
without the running background process within the VMM. 

B. Experimental Study on Credits Assignment 
To guarantee QoS of VMs in Flubber, the credit 

assignment to VMs is proportional to the throughput 

                                                           
1 In order to meet the requirements of different type of applications, CFQ 
scheduler provides three classes of priorities including real-time, best effort 
and idle state in the traditional environment. The real-time (RT) class is the 
highest priority designed for the application with sensitive time and the 
best-effort priority is default priority scheduler for the applications without 
specific IO priority. A program running with idle IO priority will only get 
disk time when no other program has asked for disk IO for a defined grace 
period. 

requirements of VMs. As discussed in section 3, the credit 
assignment is related to the length of interval of 
replenishment that affects the performance of VMs and 
physical disk bandwidth utilization. In order to choose the 
good credit assignment for VMs, we empirically study 
different scenarios. 

Two VMs are deployed within a server. Each VM runs 
different class of workloads; particularly sequential read 
workload is running in a VM, called Seq VM, and random 
read workload is running in the other VM, called Rnd VM. 
According to the SLO of VMs, shown in Table I, the 
proportion of credits between Seq VM and Rnd VM is 8:1. 
Given the equation of credit assignment in section 3, by 
changing the interval factor �, we get different credit 
assignment for VMs as shown in Table II. 

TABLE I.   TWO-CLASS WORKLOADS GENERATED USING SYSBENCH 

Workload Description Class SLO 

Sequential 
Read 

16 threads sequence 
read 128 files of which 
total size is 2 GB 

high throughput 
insensitive 
latency 

1000/8
0 

Random 
Read 

8 threads random read 
128 files of which the 
total size is 1 GB 

low throughput 
low latency 

120/60 
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Figure 3.  The achieved throughput and latency under Flubber, base CFQ, CFQ with priority settings, and EDF with credit controlling, when running two-
classes of application 

TABLE II.   TWO-CLASS WORKLOADS GENERATED USING SYSBENCH UNDER 8:1 BETWEEN SEQ VM AND RND VM 

� Credit Assignment Sequential Read Random Read 
Seq VM Rnd VM avgIops maxIops avgdelay MaxDelay avgIops maxIops avgDelay MaxDelay 

1 8 1 476.9 570 31.6ms 46ms 58.79 68.31 125.6ms 143.6ms 
2 16 2 738.5 887 21.2ms 23.4ms 93.53 107.9 83.56ms 93.57ms 
8 64 8 774.4 985 20.48ms 26ms 131.67 146.53 60.6ms 65.1ms 
32 256 32 1015.2 1267 12.05ms 20.9ms 137.5 151.49 60.07ms 68.5ms 
128 1024 128 1021.7 1545 20.12ms 94ms 126.6 148.5 62.64ms 73.67ms 
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Table II demonstrates the performance of two VM at 
different �. With increasing � from 1 to 32, the performance 
of VMs and disk bandwidth utilization are improved. 
However, when � is 128, the performance of Rnd VM is 
lower and the fluctuation of the performance of Seq VM is 
large, because the longer interval reduces performance 
isolation between VMs. Accordingly, the good credit 
assignments for Seq VM and Rnd VM are set as 256 and 32, 
respectively. 

C. Quality of Service Guarantees 
1) Differential Service Requirement 

In order to evaluate Flubber efficiency in achieving QoS 
requirements of VMs and disk I/O utilization, we compare 
Flubber with three schedulers including base CFQ, CFQ 
with priority setting, and EDF with credit controlling, when 
two VMs are deployed on a physical server, and each of 
them runs different class of workloads as described in Table 
I. Flubber is configured, in accordance to the empirical study 
described in the previous section and the requirement of the 
two classes, in particular the credits of VM running sequence 
read (Seq VM) and deadline are set to 265 and 80ms, and the 
credits and deadline of the other VM running random read 
(Rnd VM) are set to 32 and 60ms. In addition, the parameter 
configuration of EDF with credit controlling is the same as 
Flubber. Under CFQ with priority settings [9], Seq VM is set 
to best-effort priority and Rnd VM is set to real-time priority 

according to different requirement of the two workloads. 
Moreover, the maximal average seek time is set to 9ms. 

As shown in Fig.3, we compare the throughput and 
latency of the two workloads achieved in Flubber in contrast 
with the three schedulers respectively. Fig.3-a and Fig.3-d 
show that, besides meeting the requirements of the two-
classes of applications, Flubber reduces the waste of the 
physical disk bandwidth and enforces stable throughput for 
VMs. In contrast, CFQ leads to worse performance of Rnd 
VM and a serious fluctuating throughput of Seq VM 
although meeting requirements of Seq VM. This is because 
Flubber prevents Seq VM from grabbing much bandwidth to 
guarantee the throughput of Rnd VM according to 
requirement of VMs, but base CFQ never considers QoS of 
VMs. More importantly, as shown in Table III, the response 
time of the applications of VMs under Flubber is 
significantly improved in contrast to base CFQ. For instance, 
Flubber outperforms base CFQ with 17% and 25% for both 
the sequential and random read, respectively, because of 
maximizing physical disk I/O efficiency with Flubber. As 
shown in Fig.3-b and Fig.3-e, both Flubber and real time 
priority ensure the latency of random read. But Seq VM with 
best-effort priority is starved, which never happens in 
Flubber. Fig.3-c and Fig.3-f show that the performance of 
the two workloads, especially sequential read, under EDF 
with credit controlling is worse than that under Flubber. In 
addition, the response time of sequential read and random 
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Figure 4.  The achieved throughput and latency under Flubber, CFQ, and EDF with credit controlling, when running two-classes of applications and backup runs 

in VMM 

TABLE III.   RESPONSE TIME IN NORMAL CASE 

Workload 
Base 
CFQ 

CFQ with 
Priority 
settings 

EDF with 
credit 

controlling 
Flubber 

Sequential Read 64.42s 58.43s 71.28s 54.16s 
Radom Read 62.11s 36.59s 53.45s 46.34s 

TABLE IV.   RESPONSE TIME WITH BACKGROUD PROCESS 

Workload CFQ with 
Priority settings 

EDF with credit 
controlling Flubber 

Sequential Read 138.639s 330.55s 117.955s 
Radom Read 105.838s 84.05s 77.496s 

Backup Process 368.627s 583.464s 399.129s 
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read under Flubber are improved by 24% and 16%, 
respectively, in contrast to EDF with credit controlling. This 
is because Flubber minimizes disk head seek and rotational 
overheads, and maximizes the utilization of disk I/O with 
BD-EDF mechanism. 

2) Differential Service Requirement with the Existence 
of Background Process 

Having shown the effectiveness of Flubber in achieving 
both latency and throughput guarantees while improving the 
physical disk I/O efficiency in normal case, here we intend to 
show how Flubber can maintain that when background 
process is introduced. Accordingly, we have deployed two 
VMs (Seq VM and Rnd VM), and run background process - 
backup a VM image with a size of 12GB - in the VMM. 

The latency and throughput of both VMs under the three 
schedulers are presented in Fig. 4 and the response time of 
the workloads within the two VMs and the backup process 
are presented in Table IV. As shown in Fig. 4, Flubber 
stabilizes the latency of both workloads while improving the 
throughput of two VMs, in contrast, with CFQ with priority 
settings both the latency and throughput of both VMs are 
seriously fluctuating, because the background process is, at 
some points, grabbing most of the bandwidth. While under 
EDF with credit controlling, the VM with sequential read 
suffers seriously from throughput fluctuation because of disk 
head seek overhead. Moreover, in contrast with CFQ with 
priority settings, the overall response time of the VMs is 
improved, for example 15% and 26% for both sequential and 
random read, while the background process performance is 
slightly degrading, less than 8%. Flubber also outperforms 
EDF with 64%, 8%, and 31% for the sequential read, random 
read and the background process, respectively, due to 
maximize disk I/O utilization. 

V. CONCLUSIONS AND FUTURE WORK 
Virtualization has become the fundamental technique for 

cloud computing. In this paper, we target the problem of 
ensuring the QoS of different VMs deployed on the same 
Xen-based hosted platform, in respect to their desired 
throughput and latency. Accordingly, we present a two-level 
scheduling framework, namely Flubber, in Xen-based 
hosting platform that decouples latency and throughput 
allocation. While the high-level throughput control regulates 
the pending requests from the VMs to meet the throughput 
requirements of different VMs and ensure performance 
isolation, the low-level latency control, by the virtue of the 
batch and delay EDF mechanism, reorders all pending 
requests from VMs based on the their deadlines. In addition, 
it batches them to the disk device taking into account the 
spatial locality of accesses across VMs. We have 
implemented Flubber with I/O intensive evaluations on Xen-
based host. Our experiment demonstrates that our solution is 
practical and feasible. In considering the future work, we 
intend to develop more fine-grained credit assignment as 
well as we are looking on different delay mechanisms to 
improve our system. 
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