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Abstract—To improve cluster utilization, we propose a dis- resource-competing programs, we constructed a cluster com
tributed proportional-share (DPS) CPU scheduling mechanism, puting environment called M hosting clusterwhere parallel
which decouplg;aparallel program’.s structural number of rodes programs are encapsulated within VMs instead of simply
(program specificatiol from the maximum resource usage at run- . . .
time (resource specification In order to provide performance creatlng_ processes on. each node. The hypervisor is then
isolation between programs, we virtualize each node and rupro-  responsible for scheduling CPU and other resources. VMs are

grams within virtual machines (VMs), which we call aVM hosting  also much easier to migrate between hosts [1].

cluster. A proportional-share CPU scheduler is then utilized to : ‘g : )
schedule the execution of programs. On top of this platformCPU On this platform, we propose distributed proportional

shares are dynamically transferred between hypervisors tsg Share (DPS) CPU scheduling mechanism. A proportional-
either a fully-distributed or bank-assistedstrategy, both of which Share CPU scheduler is utilized in each hypervisor and each

have been implemented and evaluated. Compared to uniform VM is initially given a certain share of CPU time. To deal
static resource allocation, DPS is shown to reduce the progm  jith the intrinsic workload imbalance, part of the CPU share
completion time significantly. can be “transferred” at run-time from one process to another
|. INTRODUCTION We determine Wo_rklo_ad imbalance by monitoring CPU usage
_ and the communication between processes. When a process
Recently, cluster computing has become a popular means0fjpes not consume all its allocated CPU share and its
realizing a growing number of applications. A computingslu ¢ontinuing execution depends on other processes, we ¢ransf
ter may consist of thousand of nodes connected via highelspefgart of As CPU share to its peer processes. By periodically
low-latency networks and provides unprecedented Cc’m@Utif?ansferring CPU shares, the CPU share of each process

power. Parallel programs are frequently used to solve 1argg,comes proportional to its relative load (to other proeg$s
scale complex problems. When users submit parallel prograpcan also capture dynamic workload shifting.
for execution, they usually specify resource requiremesuish

as the number of computing nodes, amount of memory an ompared to uniform static CPU-share allocation, DPS is

disk space. Unfortunately, as the problem size scales up 3 éawn_to reidutce ptrltla_gr?m relspor;sedt;)mek3|gn|tflc?néli;/li‘ewh|le
more detailed models are used, it becomes very difficult ygiproving cluster utiization. in a teedback control 1

create parallel programs that place balanced loads on a"sgpedullng f“’?‘meWO“‘ such as FC.S [2]. DPS _re_duces the
the allocated nodes actual execution time of a task without committing more

C . resources, raising priorities, or sacrificing the QoS. aithh
omputing resources allocated to a parallel program athe .
e actual improvement depends on the real workload, we

usually evenly distributed to all nodes, and idie CPU CyCIe(Jsemonstrate that computing clusters can be utilized much

will result if the resource demand is unbalanced. Althougahtbetter by separating program specification (required numbe
low utilization itself may not be a serious problem in resbar y sep 9 prog P . quired.
of nodes) from maximal resource allocation and utilizing th

oriented clusters, it is important to commercial utilityisters. .
If users are charged even for unused resources, the Clug{éar\re-transferrlng scheduler.
would be neither cost-competitive nor attractive to thersise ~ Our main contributions are (i) separating the maximum re-
Instead of optimizing parallel programs over all possibigource usage from program specification and (ii) using tbe pr
inputs, we would like to enable programmers to decouple tR€sed DPS scheduling mechanism to improve both program
number of nodespfogram specificationfrom the maximum fesponse time and cluster utilization. Two DPS scheduling
run-time resource usageeource specificationrequired by strategies, namelyully-distributed and bank-assisted share-
the underlying applications. In addition to specifying th&xchangeare proposed and implemented. These schemes not
number of nodes a parallel program requires, the user s@fdy lower the cost of running a parallel program on the
the limit of maximum resource the program can use at rufluster, but also ease the creation of parallel programs.
time. For example, one program can use 4 single-CPU nodeJhe paper is organized as follows. We start with the design
but no more than 2.5 CPUs at any time. Time-sharing CRY DPS in Section Il which is followed by the share-exchange
schedulers can then be utilized to optimize resource usaganodels in Section lll. The implementation is detailed in
In order to provide secure and flexible resource allocati@®ection IV and evaluated in Section V. Section VI reviews
and ensure a high degree of performance isolation betwesmme related work and Section VII concludes the paper.



/ of nodes a parallel program requires only reflects the siract
parallel ol — of the program. Wher} submilttmg a parallel program, one
Program B Program Program can separately specify its maximum instantaneous CPU usage
—— P A X Moreover, he need not break down the CPU allocation into
Progtam «Competing Tadjustable each VM as the DPS scheduler—which we introduce below—
System Libraries | Libraries can dynamically move resources between all VMs as needed
Py PV to match the relative resource needs.
SVT‘JL". g\b/rﬁ)ries Opera(tiL?r?uxS)ystem (Freggsm _T_his scheme also frees programmers from _the job of opti-
: mizing the program structure for load-balancing among the
Ciﬁﬁﬁ%,fﬁi{" \(ixr;g]av%agshisncmﬁmg nodes. This may sometimes not even be possible because
: the workload may change dynamically. The load-balancing
Q:Plljhr)r/lzlr?zlr fi.ss‘i“;iiimy \(Cpsh%s:;?rlessiu;ﬁmk)/ 2“%21;?, ésrzgguuarltlzyé ;ranslated into the problem of dynartjca
Traditional Computing Node VM Hosting Machine In addition, dynamic resource allocation also enablessuser

Fig. 1. Comparing traditional computing node and VM hostingchine. ~ With @ limited resource budget to execute unmodified large-

scale parallel programs. He only needs to submit the program

with a low CPU-usage cap and the DPS scheduler will
We first introduce the VM hosting cluster, where eachptimize resource allocation. While the program executson

computing node is transformed intoh@st machingsee Fig- prolonged, the resource utilization is improved.

ure 1). We then build the DPS scheduler to provide coordihate Although the insertion of a hypervisor may incur some

resource scheduling across all nodes. This two-tier achite overhead while executing parallel programs, the advastiége

is similar to a normal operating system (OS), where th@ovides—namely, more flexible and secure resource alloca-

lower-tier manages the underlying resources and the uppéwsn and decoupling program structure from resource usage—

tier schedules processes to coordinate usage of resourcescan better utilize cluster resources and enhance throaighpu

Il. DESIGN

A. VM Hosting Cluster B. DPS Scheduler

In a traditional time-sharing computing cluster, while a The DPS scheduler on each host machine utilizes a
proportional-share CPU scheduler can guarantee eachgmogproportional-share CPU scheduling algorithm, such agnptt
to receive a given share of CPU time, a program still competesheduling [3] or borrowed virtual time (BVT) scheduling,[4
with others for shared resources such as buffer cache. Mai@-assign time slots to VMs. We choose a work-conserving
over, configuration conflicts may even render time-shariraigorithm so that idle slots are also distributed propowity
impossible. In a commercial cluster, customers also requio runnable VMs. The scheduler is also responsible for keepi
the strictest protection to prevent any information leaks. track of each VM's CPU shares and actual CPU utilization.

Instead, we use VMs as a vehicle to execute parallel pro-If a VM does not fully utilize its CPU shares, the scheduler
grams. Each VM can be configured to have a portion of CPday transfer its excess shares to other VMs of the same
time, memory, disk space, and network bandwidth. Parallghrallel program. We will henceforth call the other Viser
programs execute on a cluster of VMs instead of physicdM. Each parallel program can employ different strategies to
nodes. Standardized VM images can be packaged to provitbzide the amount of each transfer and its timing. We have
common program execution environments; customized imagkssigned distributed and centralized share-exchandgegita.
can also be made to include proprietary software packages. Distributed Strategy: In the fully-distributed share-

In addition to the ability of assigning CPU shares to VMgxchangestrategy, a scheduler transfers CPU shares directly
without tweaking the guest OS scheduler, VMs can also be another scheduler. The target of the CPU-share transfer i
migrated between host machines. Two or more VMs can determined by analyzing the network traffic between VMs.
hosted on a single host; they may even be assigned to 8ecifically, if a packet from a remote peer VWX/,.) un-
same parallel program. With these schemes, idle resourbémscks the execution a locally-hosted VMA/;), the execution
can be re-assigned, and hence, more parallel programs o&iv}/; is said to depend oM., called anupstream VMof
be hosted/accommodated at the same time. VM,. For example, a process in a VM may wait for a result

By running parallel programs on VMs, we can also providigom a process in another VM to continue its execution.
better performance isolation and security measures. From d&wo VMs can be in the upstream to each other. If both VMs
parallel program’s point of view, it is the only program rimg  have excess CPU shares, a number of shares may bounce back
within the VM, and hence, no other programs would compe#ad forth between them without causing any harm. If only one
for any of its acquired resources. The guest OS can also dfethem has excess shares, the one with excess shares will
strictly configured to enhance security. initiate a CPU-share transfer to the other. If none of them ha

Once resources are virtualized, the specification of a lghralexcess shares, no share-transfer will occur.
program also needs to be adapted accordingly. Since VMs aréf excess CPU-shares are available for a VM, the DPS
dedicated to a single parallel program, the specified numtseheduler solely determines the amount of share to be trans-



ferred and initiates the transfer. Another DPS scheduker (ismaller than, equal to, or larger thdd. Virtual machines,
ceiver) can either accept or reject the transfer. The receiWM; ... VMy, are created when a program starts running.
usually accepts any transfer, unless its CPU has been fullyResource specification includes the maximum instantaneous
booked. When this happens, the receiver recognizes that €U usagelW and a share-exchange strategy. Initially, a
host machine is a bottleneck and may seek for migration. CPU sharew; = W/N is assigned fol’M;. Other resource
Centralized Strategy:Another approach is to create aspecifications such as maximum execution time and utility
centralized CPU-share bank for a parallel program, calledspecifications such as deadline and reward are not used in
bank-assisted share-exchan@PS schedulers deposit excesthe model for share-exchange.
resources into the bank of a parallel program. If a VM fully Each VM, may be hosted in different host machines.
utilized its CPU share and the host machine is not fullpistributed node-level schedulers report the incremeRil
booked, the scheduler requests more CPU shares from tinge ¢; used byVM,; everyT seconds and conduct a share-
bank. A banker process, which is supplied with a parallexchange. The reporting process need not be synchronized
program, is responsible for redistributing banked shavedlt among all VMs. The CPU utilization, by VM, during the last
VMs of the parallel program. sampling period is then defined §37". The DPS scheduler is
Comparison: The fully-distributed strategy is more ro-configured to guarantee; is at leastw; if 7" is large enough
bust than the centralized counterpart. A scheduler thistfai andVAZ; can fully utilize its CPU time. Note that the scheduler
participate in share-exchanges only renders a limited amois work-conserving sa:;; may be much larger thamw;. An
of CPU shares unavailable. On the other hand, the fullgxcess share; for VM, is defined as; = maxz(w; —u;,0).
distributed strategy only transfers shares between pees.VNtor example, if two CPU-intensive VMs have 0.5 and 0.25
The fully-distributed strategy may take more time to prasag CPU share, the actual CPU utilization will be 0.67 and 0.33,
excess shares to where they are needed while the bankedssistspectively, and there is no excess share. On the other hand
strategy can always relay shares by one hop. Also, if tifea VM has 0.5 CPU share and results in 0.1 CPU utilization
imposed workload fluctuates among distant peer VMs (in the last sampling period, there is 0.4 excess CPU share.
terms of their dependency), the bank-assisted strategyis m L
likely to achieve the global optimum of share distribution(,:' Fully-Distributed Share-Exchange

where the fully-distributed strategy may only find localiopg. N the fully-distributed share-exchange, a list is maimeai
to contain the current upstream VMs for eakh/;, and old
I1l. SHARE-EXCHANGE MODELS entries expire after a certain period of time. We assume the

ﬁt containsP; entries.

For eachVM;, the DPS scheduler on its host machine
redistributes its excess shares to BJlupstream VMs at the
A. Cluster Model end of each sampling period/A/; can also withhold part of

) . ) the excess shares to leave some room for workload fluctuation
We consider a VM hosting cluster @i host machines that gjnce a VM does not proactively ask for shares from its peer

are connected to each other via a high-speed network. \¥gs it is also more difficult to identify downstream VMs with
assume that there are sufficient network bandwidth, and &< shares.) Given a withholding facidr; (0 < wh; < 1)

execution time of a program is not affected by its placemenfs nymper of shares; that the scheduler will send to each
The computing capacity’;(j = 1... M) of each node is upstream VM is calculated as:
defined as the number of CPUs installed. The virtualization ei - (1 —why)

overhead can be incorporated by slightly reducitig For Si = P )

example, to compensate a 5% CPU overhead in virtualization . . .
on a dual-CPU SMP node, one can advertise a computi}rf\mte that when the withholding factarh; is set tol/(P; +

We now formalize the cluster and program models and bol{
share-exchange algorithrhs.

capacity of 1.9 CPU instead of 2. The computing capaci 'V]Vﬁ wnhholds\t/hl\(/la slamhe arEount of shalre iafs;]t w\lll:vfrsns_fer
is divided into CPU shares. If a VM can utilize multiplet each upstream h. nL e above example, If the q .ﬁ\émlg
CPUs, the size of a CPU share can range betweemd 0.4 excess CPU share has 3 upstream VMs and withholds

C;. Otherwise, the share size lies betw@eand min(1,C;) 1/(P + 1) of excess shares, it will initiate a share transfer
. , ,Cj). )
For heterogeneous clusters, a CPU speed index needs toOtogjl share to the 3 VMs and, if all transfers are successful,

establisheda priori to account for relative computing power. retain 0.2 CPU share at the end of re-distribution.
D. Bank-Assisted Share-Exchange

_ - In the bank-assisted share-exchange, all excess shares are
A program model includeprogram specificatiorand re-  transferred to the bank. Otherwise, if the capacity of thst ho
source specificatianAmong other things, program speci-nachine is not fully allocated, the DPS scheduler notifies th
fication includes the number of node¥, which can be pank of the CPU share required to match a VM's allocation
. , o to its utilization. This amount is also limited by the remaup
1For simplicity, the subscript for each program and the timedek are h f the h hi Il thi h h
omitted in the discussion. Subscriptsand ; indicate a specific VM and a share of the QSt maching. _\Ne call this amounthe share
specific host machine, respectively. shortagef;, which can be written ag; = min(u; — w;, r;).

B. Program Model



Rapid disk image cloning directory, receiving the upstream inference result froratbd

- e y VMs, and conducts share exchanges. We implemented it in C
™ el | et VM lve migration and use thexc library to control the scheduler.
Repository ) In the fully-distributed mode, the DPS daemon looks up
@ A uliull | Jul [u the host machines of each upstream in the VM directory and
Update utilization/ ‘ connects to the remote DPS daemons directly. It may also

Migration request

receive CPU shares from remote DPS daemons at any time.

Upstream VM inference|

opS ole In the bank-assisted mode, it sends and receives shares to
Dir\efgory Daemon SEREEE bt et and from the bank_er process. After each successful share-
cheduling decision — exchange, scheduling parameters are changed to reflect the
new resource allocation.
Xen Hypervisor Xen Xen
Jc It It C. Upstream Inference
( Common L2 Network In order to identify the upstream VMs, we need to correlate

Fig. 2. The architecture of a VM hosting cluster. the packets received and the effect to the processes running
] o in a VM. Every packet received by a hosted VM is actually
For example, a VM having 0.5 CPU share but utilizing 0.67girected via the host OS, which re-maps the received packe
CPU has 0.17 CPU-share shortage. and sends a virtual IRQ to the receiving VM via a Xen event
The banker process redistributes all the excess shareg e\@fannel. The event may wake up the guest OS if it was
B seconds. Assuming the bank has a balanck shares and pjocked, and the guest kernel receives the packet fromaevirt
F =5 fi share shortage, the shargshat the banker processpework interface. Standard protocol processing is thefieg

will send to each VM are calculated as: and wake up processes, if necessary.
s; = max(fi, fi - E)_ () Inferring upstream VMs in the host OS or hypervisor is
F VM-neutral and more generic. However, we can only learn

For example, if the banker process has a total of 0.3 excdiss virtual processor’s state (running or blocked) but et t
share and a total share shortage of 0.6, the VM that needs Qparallel process’ state because not every incoming paoleet t
share will be given 0.085 share. Excess shares that had bloicked parallel processes will wake it up. For exampleadat
been redistributed are kept in the bank for the next didfidbu packets may not wake up the receiving process if it was not
cycle. VMs do not withhold shares in this scheme because thagtively waiting for the specific socket. On the other hand,

can explicitly ask the banker for more shares. a data-less TCP ACK packet may indicate a successful data
transmission or a connection establishment, and unblocks a
IV. IMPLEMENTATION process. Unless the protocol is well understood, it is very

We implemented the VM hosting cluster and DPS scheduléifficult, if not impossible, to infer dependency outside &V
on Xen with its BVT CPU scheduler because of its low We instrument a guest Linux kernel to infer upstream VMs.
overhead and live-migration capability. We first brieflyaliss After a packet is delivered to user space, the kernel willavak
the VM directory and then detail the DPS daemon and thg all processes waiting for it. The sending host'’s ID is pdss
upstream inference system. An overview of the VM hostingith wakeup functions. If the receiver process isn't rumnin

cluster implementation is illustrated in Figure 2. nor already in the run-queue, we declare the sending host is
. an upstream VM, and report its IP address and port number.
A. VM Directory A user-space program, the upstream inference agent (L8A), i

When transferring shares, the DPS schedulers and then proxies such information back to the DPS daemon.
banker processes only know the address of the share-nageivi
VM, but not the address of the host machine that hosts the
VM. To deal with this issue, we create a VM directory to We first introduce the testbed setup and benchmark pro-
provide a mapping between the IP address of a VM, its hagtams and then evaluate the overhead and effectiveness of th
machine’s name/IP address, and the Xen domain ID of tB¥S scheduling.

VM. The VM directory also serves as the bank to store excess
CPU shares of each parallel program. Since banker proceded estbed Setup
require very little resource, any reasonable hardware ogh h We constructed a testbed of 4 nodes to evaluate the per-

V. EXPERIMENTAL EVALUATION

the VM directory and many banker processes easily. formance of the proposed VM hosting cluster and the DPS
scheduler. The benchmark is a PVM parallel program called
B. The DPS Daemon pat t er ns, which was developed for the Virtuoso project [5]

At the core of the DPS scheduling is the DPS daem@nd models after bulk-synchronous parallel (BSP) style ap-
running within the host OS (domain 0) on every host malications. The program can be configured to run with any
chine. Its function includes creating VMs, interactingiwihe number of nodes and produce various topologies commonly
BVT scheduler within Xen, reporting utilization to the VMused by parallel programs. The length of program execution



Number of elements per iteration small; it is about 0.4% and 0.6% for domain-0 and domain-U

1000 100 10 1 mode, respectively. A longer network packet processing pat
= 270 e o e ' raises the overall overhead to 14% in domain-U mode [6].
© 260 - Xen dénmugin'o o | Moreover, it took only 13 seconds to boot up a VM, where
E Linuxzﬁvvxlelnoga?%w]; - only _2.5 §ecc_>nds CPU time was used. We cpnpluded that
© 250 ' 1 the virtualization overhead is small, and an optimized &ern
2 configuration can make a performance improvement.
8 240 ]
g C. DPS Scheduling
% 230 | The strength of the DPS scheduling can best be shown in a
> 220 ] resource-competing environment with unbalanced worldoad
g The testbed is set up in such a way that 50% of CPU time on
210 ; : : each node has already been booked, and only the remaining
10 100 _ 1000 10000 50% of CPU time is available for competition. In the absence
Number of iterations of competition, even a program with a small share of CPU
Fig. 3. Xen virtualization overhead. time can use a full CPU under a work-conserving scheduler.

) ) ) ) ) We deployedeat cpu in domain 0 of each host machine to
is controlled by the number of iterations. In an iteratioacl® o, 1ate this immovable background workload.

node receives a message from one of its neighbors, repeatg, top of this background workload, we executed

a simple computation for a number of elements, and sendg & ¢ er ns to create a 4-node workload with the linear topol-

message to one of its topological neighbors. ogy, which is chosen so that we may also compare the fully-
The original program can only generate a uniform amoufstributed and bank-assisted share-exchange stratéifies

of computation workload on nodes. To model unbalanceglare-exchange was configured to be performed once every

workloads, we modified the source code such that for nogeseconds. Conducting the share exchange too often would

i(i=1...N), the amount of computation is scaled1tpi of make the two strategies less distinguishable. On the otiret,h

the specified amount. We also created another serial Progriiequent share-exchanges would make the potential hienefi

eat cpu to simulate a single-node CPU-intensive applicatioRs ppg |ess visible. For the fully-distributed strategy, aet
which merely consumes all CPU time available to it. the withholding factorwh; to 1/(P; + 1).

. The pat t er ns were submitted with a range of resource
B. VM Hosting Overhead specifications, from 0.1 to 0.5 CPU per node, to see how DPS
We first examined the overhead associated with the exeandles different scenarios and program response times are
cution of parallel programs in virtualized environmentfieT plotted in Figure 4. Without DPS, the CPU shares were fixed
pat t er ns program was executed in three different modeand evenly distributed on all host machines. The program
native Domain-Q andDomain-U. In native mode, the programresponse time gets prolonged when fewer CPU shares were
was executed in Linux without any virtualization. In Domaingiven. Note that a 0.1 CPU share only means that at least 10%
0 and Domain-U modes, the program was executed in dom&PRU time is available for this specific VM, and therefore, the
0 and domain U, respectively. In all cases, no other prograssponse time was not 5 times that of executing with 0.5 CPU
was competing for any resource. We configupett t er ns  share. With an initial CPU share of less than 0.5 per node,
to create a 4-node workload with the all-to-all topologydanthere was some unallocated CPU time that DPS can exploit.
each VM was hosted in a different host machine. We fixed totafter a few share-exchanges, CPU shares were redistributed
computation demand but changed the number of elementsatnatch the workload.
each iteration to generate different amounts of network I/O From Figure 4, we can easily see that DPS significantly
(the fewer number of elements per iteration the more networkduces the program response time. The user can submit a
I/O intensive). The program response times in different @sodprogram with less CPU time budget.¢, a total of 1.2 CPUSs)
are compared and plotted in Figure 3. while having a response time very close to a more costly
At first, the results didn’t match our expectation. Althouglsubmissioné.g, a total of 2.0 CPUs). When a total of only 0.4
running in domain U is slightly slower than running in domairCPUs is allocated, DPS with the bank-assisted share-egehan
0, the performance in native mode was actuallgrse than strategy cuts down the response time by nearly 38%.
running in either case. Only when network 1/O is frequent, The performance of DPS also depends on the underlying
the program response time was longer in domain U, where tsieare-exchange strategy. The bank-assisted share-gechan
I/O virtualization overhead was dominant. The explanatbn strategy can redistribute the excess shares faster inadg-t
this counter-intuitive result is a difference in the kertieler ogy. This effect is pronounced, particularly when only 0.1
frequency. We lowered the frequency from 1000Hz (default @PU-share was allocated to each node initially. In this case
Linux 2.6) to 100Hz (default in both Xen domain 0 and Ujhe most demanding node 1 has enough room to accommodate
and the program response time was decreased by 2%. With #hisess shares from the least utilized (also the farthest® no
fix, we observed that the CPU virtualization overhead is vedy Therefore, the benefit of the banker process can be seen



140 r r r . r VII. CONCLUSIONS

& 130 DPS w/ ,:u"y_Dis'}lﬁng S The use of VM enables each hosted parallel program to
o 120 f DPS w/ Bank-Assisted -~ | be executed in a dedicated environment while cluster ad-
g 110 b ] ministrators can easily move resources around. In addition
S ool ] the proposed DPS schedule_r_ ma_lkes it possible to decouple
S program and resource specifications of a parallel program,
2 90r 1 and is experimentally shown to yield considerable benefits.
© 8ot 1 Coupling a VM hosting cluster with DPS creates a flexible
% 70 b i platform for many scientific and engineering applications
g» 60 | and resource utilization is also improved. We believe gmil
T gl ] approaches can be applied to other resources as well and a
complete cluster OS can be defined and grown out of the
40 o1 02 03 04 05 concept of VM hosting cluster proposed here.
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