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1 Introduction nisms that work together to provide overall performance,
Our solutions are based on formal real-time principles, al-
Many applications—for example, scientific simulatioripwing us to prove and reason about the guarantees that
real-time data acquisition, and distributed reservatiour system will provide.
systems—have 1/O performance requirements, yet mosOur approach is teeserveperformance for applications
large, distributed storage systems lack the ability to guar users centrally, themanagehe operation of each com-
antee 1/O performance. We are working on end-to-epdnent in the system according to those reservations in a
performance management in scalable, distributed storastributed fashion. Where users or applications care only
systems. The kinds of storage systems we are targetingabeutbest-effortperformance, the system works to pro-
clude large high-performance computing (HPC) clusterdde the best performance possible within the available
which require both large data volumes and high I/O rateesources.
as well as large-scale general-purpose storage systems. One possible objection to this approach is that appli-
There are two main issues with performance manageation developers and/or system administrators cannot or
ment in such systems: sharing resources among compgli-not develop performance specifications. We note that
ing users, applications, or tasks, and maintaining high pir practice peoplalo generally think about and manage
formance. Sharing a computing cluster and its associat&l performance—just in amad hocway, without sup-
storage among multiple concurrent jobs is one examplepafrt from the system. Every IT installation we know of
resource sharing: each job should be able to work at fdthes capacity planning when acquiring systems, bench-
speed without interference from the others. When mukarks the systems before putting them into production
tiple jobs contend for the storage resource, it should teeassure they meet the expected performance, and then
shared according to a specified policy such that each gatsnitors and tunes performance after installation. Simi-
the performance it requires. This is in contrast withhoc larly, HPC developers and system administrators routinely
schemes based on, for example, the number of requestsmitor and adjust storage performance, and in some sys-
issued, which may permit a single poorly behaved appiems specifically design the storage resource assignment
cation to effectively overwhelm the system. The need ftw ensure that jobs do not interfere with each other (if only
high performance comes from the need for storage to kdspstaging data onto and off of cluster-attached storage).
up with computation: storage is often a performance b@ur approach leads to a storage system that has support
tleneck and performance management must not in genéoalperformance management built in, ensuring that the
come at the cost of performance itself. mechanisms at each step of the data path work together
We are concerned with end-to-end performance mda-maintain the required I/O performance while providing
agement of data as it moves through the system: fronthe best overall performance possible.
client’s cache, through the network, into a server cache,There are multiple ways to make use of performance
and onto disk (andice versd. Rather than building inde- management in a large distributed storage system, some
pendent pieces that do not work together or provide aofywhich can work with unmodified applications. One
way to reason about the performance that results wheay to introduce performance management in HPC clus-
they are composed, we are developing integrated mectaais is through the job scheduling system, which can make
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Figure 1. The stages in the data pipeline.

reservations on behalf of an unmodified compute job. Aextent-based object file system, runs on each Ceph storage
other way is through virtual machines, which can be prdevice, providing high-performance object 1/O with sig-
visioned with a certain level of storage performanice,( nificant intra-object localityi(e., few intra-object seeks).
a virtual disk) on behalf of the software running within Ceph’s overall architecture is representative of many
the VM. modern distributed file systems. Clients open a file by
At the same time, some applications are directly cotalking with a metadata server cluster responsible for
cerned with performance and can benefit from a systenanaging the file system namespace, permissions, and
that supports performance reservations. Data acquisitiher file metadata. If the requested operation is permit-
and media streaming applications both need to write ted, clients are told which storage devices contain the data
read data to storage at a given sustained rate in ordeofthe specified file. Clients then perform I/O directly with
work properly. System housekeeping operations suchtlhg storage devices containing the regions of the file they
backup and data recovery need to proceed at a minimwish to access. The tightly coupled cluster of metadata
rate to get their job done within a time window, but withservers maintains a coherent unified file system names-
out interfering with other concurrently executing applicgpace and directory hierarchy. Object storage is handled
tions. by a decentralized set of storage devices, allowing a very
In this position paper, we discuss our research ingh degree of parallelism between clients accessing dif-
mechanisms for end-to-end performance managementeifent files or regions of the same file and the potentially
our Ceph scalable file system. We discuss how to tratikousands of storage devices containing them.
form application-level requirements and behaviors into Adding performance management to Ceph involves
I/O reservations and how to guarantee the reservationgrianaging five key aspects of the data pipeline from the
each component in the data path from the client to taient to the storage devices (Figure 1):
server and back, including the client cache, the network

the server cache. and the disks. 1. The I/0 schedulepn each storage device. Guaran-

tees on disk 1/O are challenging due to their non-
preemptivity, stateful and partially non-deterministic
response times, and the orders of magnitude differ-
ences between best-, average-, and worst-case re-
sponse times.

2 System architecture

Our system is being developed in the context of the Ceph
distributed object-based storage system [2]. Cephisadig The server cachen each storage device. Provid-
tributed file system that provides both high performance ing a buffer between the network (and, further up-
and scalability. Ceph decouples data and metadata oper- stream, the client cache) and the disk, the server
ations, allowing each to be served by specialized clusters cache buffers writes destined for the disk and buffers
and allowing clients direct, high-performance parallel ac  yead data prior to transfer to the client.

cess to storage nodes. Ceph files are striped actwss

jects each of which is stored on a storage device. Ceph’8. The network connectidpetween an individual client
storage devices export a high-level object interface and and a storage device with which it is performing 1/0.
locally manage low-level storage management including An individual network connection must transfer data
block allocation and request scheduling. EBOFS, the between the client cache and the server cache so as to



guarantee the overall /0O performance without over- application A application B
flowing either buffer or unnecessarily stalling the ap- | |
plication.

4. The set of concurrently active network reservations translation translation
between potentially hundreds of thousands of clients
and tens of thousands of storage devices. The aggre- )
gate of all reservations in the system cannot exceed common representation

the aggregate bandwidth of the network, nor can the
demand on any single link exceed its capacity. reservation

spec 1 spec 2

5. The client cach®n each compute or I/0 node. The resource
client cache provides the first layer of performance reservation
management, buffering client writes, storing daggyre 2: Structure of the broker for translating applica-
from client reads, and interacting with the network,, requirements into resource reservations.
and server cache managers to coordinate transfer of
data to and from the storage devices.

reservation into a requiradilization u= b/p and a set of
eser ; deadlines dat which that utilization must hold, each one
3 R vations period apart. Explicitly specifying and controlling these
éwo quantities allows better control over the quantity and
ing of the resources delivered to applications and en-
es greater overall performance because we no longer

overall level of performance to an application’s /O r nave to guess at appllcatlon resource needs or constraints,

guests. We are investigating whether reservations sho 19by thequ"nﬁ a _diSk rgque_sthsimply bgfcausethr_inqak
be hierarchical or not, whether they should be associaﬁ $app ication that issued It mignt starve it we wait just a

with users, sets of files, jobs, or something else, how p e longer.

§|stent the_zy s_hould _be, and so on. We ignore these QuUeSp/e are developing a library of algorithms to translate
tions in this d|scu55|on an_d talk in general about reservigrerent application requirements into this uniform rep-
performance for "applications,” whatever they may be. resentation. Key to the translation is knowledge about ap-
Our reservation mechanism has two gagdseerality pjication behavior, which is often available for those ap-
and device-independence Applications need to makepjications, like multimedia, transaction processing, @ s
reservations in terms meaningful to them, recognizing thatific applications, that require performance guarantees
different applications may specify their needs in différef4nsactions generally involve small, randomly located re
ways. For example, a real-time data acquisition applicgyests, multimedia data is highly sequential, and scien-

tion may need to write some amount of data every periqgic applications generally have very well-characterized
while a transaction-processing system may need {0 P&kuess patterns.

form a minimum number of transactions per minute. And
reservations should not depend upon applications having\s an example, consider a rate-oriented soft real-time
detailed knowledge of the devices, since non-trivial scapecification ofi 1/0 requests per second on average.
able systems are generally composed of heterogeneBGiven knowledge about the application’s 1/0O locality,
populations of storage devices. burstiness, allowed request lateneig, this can be turned
We separate the reservation problem into two paristo a concrete specification of the application resource
translation of application requirements into a commoneservatiornr consisting of a desired number of /0%
representation anddmission contret-testing for feasi- period p, and buffering capacitg. A mean execution
bility and permissability and allowing or denying thdime MET can be derived from the locality and the char-
reservation—on the basis of that common representatiacteristics of the disk in question, allowing us to derive
Based on the RAD model [1], our reservations havke desired disk utilizatiom = n« MET/p. The transla-
two components: audget bspecifying an amount of re-tion also knows a worst-case execution (seek and rotate)
source required and period p specifying a time gran- time WCET from the drive’s characteristics and adds a
ularity with which it is required,e.g10 Mbit/minute or small overhead factor to account for 2 inter-stream seeks
100 Gigabytes/hougtc. Given knowledge about the deper period + 1 extra worst-case execution time to ensure
vice serving the reservation, the system can translate thiat the full desired utilization will always be granted.eTh

We define a “performance reservation” simply and gen
ally as a guaranteed portion of the available resources'
each component of the I/O system that ensure a cer



reserved disk utilization is thus ning on a standard Linux system (a) and one with Fahrrad
(b). The workload combines two “media” streams, a
W= 2-WCET+ma{WCET, (n—1)-MET+WCET)  42hsaction processing workload with highly bursty re-
p 1 quest arrivals, and a random background stream simulat-
brok h d'(k) . il\‘r%%]backup or rebuild. Fahrrad meets both the utiliza-
Our current broker assumes homogeneous disks; guarantees and throughput requirements of the 1/0

are working to extend it to handle heterogeneity based eams and its throughput exceeds that of Linux by about
knowledge about the location of the data being access 0 1/0s per second.

4 Disk request scheduling 5 Server cache

Disk request scheduling ultimately determines the perfathe server cache stores data as it moves between the net-
mance available to the applications. Caches can shapeBek and the disk. Traditionally, it allows reordering re-
traffic going to the disk, but in the end the disk perfoguests, speed matching, and write coalescing. It also al-
mance is a fundamental limitation on overall storage sYgws write-behind and read-ahead, allowing the system to
tem performance. trade cache resources for disk performance.

We have three goals for disk scheduling: that it meetshort periods cause inefficiency by increasing the over-
each application’s reservation; that it ensure isolatien thead for per-period inter-stream seeks (the two extra seeks
tween the requests from different applications; and thapiér period in Equation 1). We can lengthen the period of
provide good performance. the disk reservation for write-only streams by a fadtor

Our disk request scheduler, Fahrrad, meets these gagysallocatingk times as many cache buffers and absorbing
By measuring and accounting for all I/Os issued and seekat many periods worth of requests—thus formalizing the
incurred, Fahrrad ensures that each application gets iigition that write-behind can improve performance. A
resources reserved for it. As long as each application lgnilar argument applies to read-ahead and can be used
haves as it indicated to the broker, this ensures that it wil reason about how far in advance to read-ahead, taking
get the performance it desired. If it breaks the "contradito account the probabilistic accuracy of read-ahead.
with the broker and behaves otherwise, nothing is guar-Qur goal is to identify the amount of buffer space re-
anteed except that it will not interfere with any other aguired to satisfy a given application’s reservation and un-
plication. By correctly accounting for all seeks, incluglinderstand how those buffers can best be allocated across
all "context switches"—seeks between request streamstre different application streams. As part of the admis-
Fahrrad ensures isolation. By aggressively reordering gon control policy, the minimum capacity that should be
quests based on explicit knowledge of application requirgtocated for a particular stream must be known in order
ments, Fahrrad is capable of performance as good or hgtdecide when to reject a new reservation.
ter than best-effort disk schedulers. The server cache must be coordinated with the disk

Fahrrad works as follows. Requests are segregatefheduler below it and with the network above. Since
into distinct streams, each of which is associated withyg are focused on a server cache, where there is a client
reservation with a utilizatiom and deadlines. Fahrrad cache in front that absorbs read hits, we are investigating
temporarily assumes that each requests takes WCET, gifivalue of having the disk scheduler select which cache
moves all requests from each stream that can be accemffers to process from a stream based on the efficiency
plished within the availableudget b= ux p for the cur- of head movement, rather than focusing on cache replace-
rent period and before the earliest deadline in the syfent policies that focus on the likelihood of future buffer
tem into a common buffer called the Disk Scheduling Sgi-use. We discuss the interface between server cache and
(DSS). These requests can be executed in any order gfdnetwork in the next section.
can take any amount of time (up to WCET) without jeop-
ardizing any stream’s reservation. Requests in the DSS
are scheduled as aggressively as possible. As eachGe- Networ k
guests is completed, its actual execution time is measured,
and a new request from its stream may be moved into thata moves between client and server caches over the net-
DSS if sufficient resources remain in the stream’s budgetrk. There are multiple problems to solve related to
for the current period. the network: getting quality of service out of the under-

Figure 3 illustrates the performance obtained witkiing transport connections; managing the transport con-
Fahrrad. It compares a mixed-application workload runections in a large system; and flow control to ensure that
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Figure 3: Behavior of mixed workload during 500 seconds, with and authFahrrad. Points are the average for

5-second intervals.

the receiving cache always has room for data when it af- Client cache

rives (without interfering with other streams).

- . . . The client cache stages data, works with the network pro-
Existing storage pr otocqls like ISCSI pr'owde SOluuor}%cols to move data to and from the server, and provides

for one-to-one relationships between client and serv; & opportunity for cache hits. The Ceph file system pro-

r
but large HPC systems involve many clients—often more . :
vides client cache coherence mechanisms, so we focus on

than the server's network stack can support at any gIVt % interaction between the client cache and the network

moment. In addition, if all the active clients send reques 2d server caches

at the same (low) rate, the server will have very little da AThe client cache uses flow control credits from the

from each one at any given moment, eliminating any POSErver to pace the requests that it sends. It piggybacks in-

sibility of taking advantage of locality within the requx;stf

o . : O{mation about the number of read and write requests in
from an individual client. Both these issues suggest tha .
cacf‘jhe that need to be processed to help guide the flow con-

the server should manage the set of active connecnqns ﬁ‘% and connection management decisions at the server.
should get try to get more requests from any one client al

a given time while maintaining its guarantees. "Fairness”

per seis guaranteed by setting appropriate reservatio8 Conclusion

and is thus a concern of the broker rather than the the net-

work or the servers. We are working on end-to-end performance management

We are currently investigating solutions to these issud@ scalable, distributed storage systems. Our integrated
Our approach bu||ds on existing network protocols thg@lu“on is based on centralized reservations and coordi-
reserve resources to provide basic quality of service. Wated local resource management.
are focusing offlow controlandconnection management
For flow control, we are _|nvest|gat|_ng a sgrve_r-dnven ﬂO\REf erences
control model where clients provide indications of how
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much cache buffer space the server is expected to haveand non-real-time processes. Pmoceedings of the 24th
available for servicing those requests in the near future. IEEE Real-Time Systems Symposium (RTSS 2@a8es
We are also exploring different ways to get larger batches 396-407, Dec. 2003.
of requests from individual clients. For connection mang] s. A. Weil, S. A. Brandt, E. L. Miller, D. D. E. Long,
agement, we are investigating an approach where clientsand C. Maltzahn. Ceph: A scalable, high-performance dis-
send out-of-band connection requests to the server and thetributed file system. IProceedings of the 7th Symposium
server uses a heuristic based on multi-resource job-shopon Operating Systems Design and Implementation (QSDI)
scheduling to select which connections to allow at any Seattle, WA, Nov. 2006. USENIX.
given time.



