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ABSTRACT

We survey research work done on (distributed) storage device
since last decade, especially arranged into three categories : dat

allocation, data migration, and heterogeneity support for effi-
cient object storage/retrieval. In brief, round-robin based strip-
ing, even its simplicity, lacks in on—line scalability and flexibil-

ity, whereas randomized allocation is slowly gaining reputation

because of its easy adaptability to a new environment. Data mi-

gration problem, recently addressed, finds an efficient migration
schedule to move the data from one disk configuration to an-

other. Lastly, separated from data allocation category, hetero- " X ] X .
L gory d cially when adding new disks or removing old disks. [2, 5] Ran-

geneity support issue is also covered in terms of bandwidth an
space utilization.

1. OVERVIEW

As more and more data are archived digitally, it becomes very

blocks and placing them on distributed disks randomly. [4]
These survey is expected to clarify the problem more clearly

on data migration in a distributed way and to provide a good

guide on future research.

The reviewed papers are classified as three areas: data place-
ment, data migration, heterogeneity support. In Section 2, two
different methodologies of data placements are presented: striped
allocations, and randomized allocations. Traditional clustered
storage subsystems, such as disk arrays and disk striping, can
achieve dramatic disk I/O performance gains by accessing disks
in parallel, but they have significant scalability problems espe-

domized algorithms assign objects to randomly chosen storage
nodes and adapt well in a dynamically changing environment. [6,
7, 8, 4] Data migration problem is to find an efficient plan to
move the data from one disk subsystem configuration to another.
In Section 3, we introduce data migration concept in a formal

important to keep data consistent or to make them available when-way. Because data migration problem is addressed recently, it
ever necessary. [1] Due to the nature of the medium which stores has little research work done yet. As this problem is reduced to

the data, which deteriorate over time, it is growing needs to mi-
grate the data efficiently. Traditional striping based data place-
ment algorithms widely used in RAID, however, does not scale
well because of static assignment of disks. [2] Especially, migra-
tions are more difficult to cope with while maintaining the load
balance with minimum efforts in heterogeneous disk systems.

In order to maintain the load balance or keep the higher avail-
ability of the data, you may replicate the data or copy a fraction
of them. Replication is a good approach to isolate the disks from

an NP-complete problem, there are two heuristic solutions sug-
gested by introducing by-pass node concept [9, 10] and by al-
lowing multiple replication of data. [11] As mentioned above,

heterogeneity issue to support different types of disks is hard
to solve, but it is more natural in the real world. In [12], a

stochastically optimal allocation with the same speed disks is
presented. Bandwidth to Space Ratio (BSR) based policy de-
termines to copy or deletes the replicas of the video objects ac-
cording to the current load in a heterogenous disk system. [13]

other system resources rather than to balance the loads. [3] ButLogical disk modelling approach performs an exhaustive search
these replication and caching approaches are out of scope and noto find the configuration parameters to utilize the disks maxi-
covered in this paper. In fact, several researches regarding thesemally. [14]

topics were already covered in the class.

In this paper we focus on discussing the potentials of the on-
line scalability support (disk additions or removals) and the het-
erogeneity support of existing data placement and migration al-
gorithms in distributed disk systems such as RAID, Network At-
tached Storage (NAS), Storage Area Network (SAN), and P2P
networks.

Primary purposes of this survey are (1) to compare all the re-

2. DATA ALLOCATION

For many years many research work has been done to improve
the disk I/0 performance. Especially, from the early 1990s, these
efforts were focused on optimizing the performance of a single
disk drive for an efficient media streaming. Various low-level
and high-level optimizations are suggested : Grouped Sweep-

lated research papers on different data allocation and migrationing Scheduling (GSS) [15], SCAN-EDF, intelligent buffer cache

algorithms with their performance, scalability, and heterogene- mechanisms, reconfiguration of a file system lay-out, and data
ity, and (2) to search several issues not addressed yet in newlylayout based on disk geometry for continuous media.(see Fig-
suggested distributed environments. Specifically, in dynamically ure 1) As such systems evolve, scalability issue became main
changing environments, it is not well investigated to place and concern. However, compared with other system components such
migrate the data efficiently to provide a high degree of availabil- as processor and memory, performance improvement of a disk is
ity. For example, for Content Distribution Networks (CDN) that much slower. Redundant Arrays of Inexpensive Disk (RAID) is
are based on Distributed Hash Table (DHT) techniques we may & commercial success story to promise improvements of an order
distribute the media content by segmenting it into successive data0f magnitude in performance, reliability, and scalability. [2]
Disk striping is a new methodology to achieve high access
concurrency by spreading out the objects across the disks in a
stripe set. Additionally, it prevents load imbalance. This method



Initial round-robin striped layout

Figure 1: Disk geometry based data placement. Figure 2: Example of bad reorganization of data lay-out
based on round-robin striping when adding a new disk.

had been well-studied and widely used in high bandwidth and

space demanding area. There are two well-known striping poli- by the number of simultaneous object accesses, or the number
cies: round-robin policy, randomized policy. Round-robin policy of successfully responded 1/O requests for a given period; load
stripes the data across the disk array in the round-robin order andbalance is measured by counting the average queue length of in-
achieves synchronous parallel access to the disks, resulting individual disks and comparing the variances of the queue lengths.
higher throughput. The round-robin order, however, becomes a However, striped allocation is widely used in streaming area
primary bottleneck when the system reallocates data. Random-due to its easy deployment to increase the disk /O bandwidth
ized striping policy, disseminating the data across the stripe setthrough a simple disk additions. But it is questionable whether
randomly, offers an attractive alternative to round-robin striping. striping can also support small-size file objects as well as large
Unexpectedly, randomized striping performs well and its perfor- files. In [16], it reports the benchmark result that request size of

mance is comparable to the round-robin striping. disk 1/0 should be less than the stripe depth in order to prevent
In this section, we specifically discuss the pros and cons of the load imbalance. Nevertheless, it still has sudden load imbalance
striping based data placement method. because of unexpectedness of the load. Hence, the replication

21  Round-robin Striping may be helpful to prevent the load imbalance.
The main advantages of striping are : 211 RAID
Patterson et al. propose five different organizations of disk
arrays. [2] Among them, only mirroring and RAID level 5 are
commercially deployed. [17] Striping over the disk array which
Faster Response TimeAverage response time of the request is Maximizes concurrent I/O capability of the system is more ben-
faster than conventional data placement implementation. eficial than |nd|V|du_aI access of each disk becau_se |nd|\_/|dual ac-
cess suffers from high load imbalance although it has higher per-
Aggregated bandwidth Total bandwidth is aggregative by the formance gain than striping. By design, stripe size involves all
number of striped disks even though not linearly incre- the disks, which may waste disk bandwidth.
mented.

Load balance Each load of the disks in a stripe set is well bal-
anced statistically.

2.1.2 Staggered Stripping

Staggered striping, a variant of striping based data placement
policies, subdivides a large stripe disk set into several different

Simplicity Due to a simple placement order, next block location
can be easily computed without any lookup operation.

The disadvantages are : Iogical stripe sets, and minimizes the percentage pf disk band-
width that is wasted when the storage server consists of hetero-

Poor heterogeneity support Allocation is more difficult to han- geneous media objects with different bandwidth requirements.
dle due to the heterogeneous nature of the disk. For example, there are 12 striped disks; each disk bandwidth

. . ) . ) L is 20 Mbp; the display requirements of three multimedia objects
Expensive data migration costExpensive data migrationisre-  x 'y~ 7 216 60 Mbps, 80 Mbps and 40 Mbps respectively. Tra-
quired when storage devices join or leave from the stripe itiona| striping allocates the consecutive data blocks across all
set (storage reconfiguration). For example, Figure 2 Shows 15 gisks in a round-robin way. When a serving a request that
that reconfiguring the round-robin striping from a Stripe  references object X, it would sacrifice 75% of the available disk
set 3 to a set 4 requires%(= ;) data movement to  panqwidth. Staggered striping creates three different types of
preserve the rpund-robln order, which is not acceptable for logical stripe sets (G=3 for X:4 for Y:2 for Z) per round, reflect-
many applications. ing the display requirement of each object. Segments of object
In-adaptability for workload changes It is difficult to find ap- X for the first round £0.0, X0.1, X0.2) are allocated at a log-
propriate stripe size, or stripe level because the workload ical stripe set (G=3) individually. For the next round allocation

of stored objects is characterized by the static and dynamic (X1.0, X1.1, X'1.2), new logical stripe set with the same stripe
load imbalance. size is created, shifted and wrapped around along the disks. Fig-

ure 3 illustrates staggered data layout of all segmented objects
There are two primary criteria to compare various striping tech- X,Y, Z. TheY axis of Figure 3 implies the round.
niques: performance and load balance. Performance is measured Staggered striping retrieves segments from the associated log-
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Figure 3: Staggered striping with 12 disks, 3 objects. Figure 4: Data layout and the mapping of PEGs and PEXes

onto disks of HP AutoRAID.

ical stripe set, whose size is configured with the number of disk

drives necessary for displaying the object with no hiccups. Thus, 2.2 Randomized Striping

it does not waste the bandwidth of the disks. [5] Performance re-  Randomized allocation across the disk array is now gaining
sult also shows that staggered striping is superior to traditional 3 spotlight in data placement area. It is attributable to on-line
striping in terms of performance, eliminating the need for the gcalability, extensibility, and its cost-effectiveness. The RIO [6]
data replication. But load imbalance may happen when there is system and Yima [18] multimedia server are such examples. In
an overlapping area between two logical stripe sets, which can section 2.2.1, it describes the basic concept of randomized allo-
be avoided by postponing the retrieval requests temporarily until cation. Section 2.2.2 reports the performance result when ran-
two overlapped sets become disjoint. Thus, start-up latency after gomized allocation is combined with replication. Section 2.2.3

issuing a streaming request is increased slightly. discusses the applicability of disk addition and removal with ran-
domized allocation theoretically. Finally, Section 2.2.4 presents
2.1.3 HP AutoRAID specific pseudo-random function that can be applicable to effi-

HP AutoRAID system, a small disk array that supports a two- cient disk addition and removal scenario. It also reports whether
level hierarchy, migrates the data from existing subset to another randomness of data can be preserved after the disk scaling oper-
subset to provide a full redundancy and excellent performance ations.
at higher level, and stripes the data across a small subset of all
the disks at lower level. [17] Data layout at lower level canbe 22,1  Randomized I/0 (RIO)

;(E)nflgu;e(:jaf either RAIDtIﬁve(Ij_lkor RAID level 5t S‘s s;hciwn in b: Unpredictability of data access pattern makes it difficult to
jelgtliriallle daP?mySspi(z:igle;)?tr;nt: (Pléxsé:)r € :g%r;];ga? E;Te%tz?c?ug keep optimal data lay-out on striped disks and to provide inter-
(PEG) consists of several PEXes. At least, three of the PEXes in active operations for continuous media suclfeas forward, fast

. i . . rewind, jumpin round-robin striping. In Randomized 1/0 (RIO)
a PEG should be placed in separate disks in order to provide a : . . S . o o
redundancy. A PEG is stored as a form of either RAID level 1 or server system, multimedia objects are divided into fixed-size data

. - - . ... blocks and stored at random locations on randomly chosen disks.
level 5. Segment is the unit of contiguous space (or stripe unit)

and replication of a hot-spot obiect is performed on its seqment Randomized allocation which does not rely on a careful data lay-
basis P P ! P 9 out simplifies the retrieval scheduling and does not worry about

This system includes following features which cannot be found the different types of workload any more. [6] Moveover, this
approach is more flexible and scalable when adding new disks,
atany other RAID systems. deleting existing disks, or replacing old disks, which will be cov-
ered in later section.

Adaptive object replication for workload changes Active data Simulation for comparing randomized allocation and round-
is copied to mirroring storage and then removed from that opin striping says that RIO performs very well, contrary to the
storage space when the data becomes less active. common belief that random allocation is associated with poor

performance. With double buffering and no replication, RIO is
On-line storage capacity expansionWhen a disk is added to  sajd to support approximately the same number of streams as
the array, data is gradually balanced across the previous traditional striping in worst case. With replication, random allo-
disks and a new one. cation may outperform striping. Traditional striping outperforms
RIO only for small amounts of buffer space and the time when
From these features, data migration becomes an important per-RIO does not take advantage of using replication. But the differ-
formance factor of the system. When copying data from one disk ence is relatively small. In the system where maximum start up
to another, efficient migration plan is computed, which is covered latency is a concern, random allocation has significantly superior
in Section 3.1. performance than striping. [6] The main reason why randomized
When updating old disks, it removes one old disk at a time, allocation is comparable to round-robin one is due to the absorb-
inserting a new disk, and then waiting for the automatic data re- tion of the variances of the disk service time with increased 1/0
organization and rebalancing to complete without interrupting its size, which can take advantage of utilizing the contiguous I/O
operation, which ,however, turned out to be a poor decision in operation.
terms of total completion time.(see Section 3.3.) It is expected that rapidly changing disk technology will con-



the disks is unique in every situatiomhich is in doubt If the ob-
ject size is smaller than the stripe set, randomness of the object
can be preserved. For a large media object, other paper shows
L that the hash function, considered as well-randomized, does not
Yt —— g 1 g - preserve the randomness of data per round after several disk ad-
ditions and removals. [19]
PP For supporting heterogeneous disk environments, it reduces
the problem of placing data in non-uniform (heterogeneous) disks
i to that of placing data in homogeneous disks by evenly distribut-
o —— “n ing the data across the disks until some of disks are satdrdfed
D: D> Dn new disk some disks are saturated, all blocks that cannot be stored due to
saturated disks are attempted to stripe in the re-configured stripe
set which excludes saturated disks at previous allocation step.
Figure 5: Cut-and—paste based block-to-disk mapping and At each striping step, algorithm uses different independent hash
migration. function to avoid the correlation of the data locations of succes-
sive steps. However, this greedy policy does not take into con-
sideration on placing data based on different workload, which
results in load imbalance. Section 4 presents more intelligent
data distribution methods across the heterogeneous disks.
There are several open issues :

N|— (o

tinue to validate this argument.

2.2.2 Random Striping

Random striping® scheme, termed in [7], is to combine repli- e |s there any hash function which preserves the randomness
cation and randomized allocation to randomly place the segment of data after the disk scaling operations?
of each content on the striped disk set. The objects are divided
into several contiguous segments. Each segment is copied several ® If not, what is the upper bound of the number of scaling
times and the copies are allocated on randomly chosen available operations which guarantees to preserve the randomness?

free disks. Even consecutive segments are placed completely in- . .
dependent of each other. 224 (%Céﬁlggﬂ_\lgks for Data Arranged Randomly

Simulation report says that single copy of the data in random
striping may result in an enormous fraction of hiccups of the con- ~ The SCADDAR algorithm [19] assumes that data blocks are
tinuous display at any load. Random striping with two copies €qual in size and randomly distributed across all storage devices
is said to suffer a negligible number of hiccups at the highest in a system. The random distribution has great advantages when
load they simulated. [7] This result is disappointing in that ran- data needs to be reorganized: blocks to migrate can randomly
domized allocation requires at least one more copies in order to chosen and move, resulting in a new random distribution after
provide hiccup-free retrieval and display, which will resultin sig- ~ the reorganization. The core of the algorithm lies in its capabil-
nificant space wastage. It is also contradictory to the simulation ity of keeping track of the location of the blocks after multiple
result done in Section 2.2.1. The only difference is the assump- reorganizations, such that efficient access is still guaranteed, and
tion on the buffering mechanism: Randomized I/O uses double Minimizing the amount of data to be moved. For example, to
buffering, whereas random striping does not consider any buffer- add one disk to a four disk storage system, @ty of the data
ing. Currently, there is no simulation or experimental result to must be moved. However, SCADDAR optimizes for a single op-
measure the buffering effect in randomized environment. We eration termed disk Scaling Operatio.'neither disk additions or
conjecture that more buffering, absorbing the deadline misses, disk removals.

may satisfy both contradictory results. With pseudo-random placement, for each block a random num-
ber X is generated and the block is placed on di&krfiod N),
2.2.3 Cut—and—paste where N is the total number of disks. [19] When adding or re-

Brinkmann et al. [8] investigates the problem of evenly dis- moving disks, one apprpach is to redistribute eqch block to disk
tributing and efficiently locating data in dynamically changing (X mod N;), whereN; is the new number of disks. [19] Un-
distributed storage environments such as Storage Area Networksfortunately, this approach may redistribute all the blocks to new
(SAN). Itis also based on randomized allocation strategy to place locations. In order to minimize the data movement, SCADDAR
the data across the disks. It assumes that there exists a high€xteénds abovenodulo approach by introducinREMAFunc-
quality hash function to assign all the data blocks in the system tion. REMARomputes new random numbaif. 1) of any block
into the uniformly distributed real number with high probability, @t (j + 1)*" disk scaling operation by using old random number

which is mapped to a dedicated storage device. (X;) of that block calculated git" operation.

The placement strategy calledt-and-pasteuts off the range Letgjt1 = (Xj41 div Njp1)andrjin = (Xj110 ModNj41).
(i1 ») from givenn disks, and pastes them to a rafi@e;; ] REMAHor disk removal operation is
for a newly addedn + 1) disk as shown in Figure 5. For disk o =4 G XN+ new(r;) : if r; notremoved
removal, it uses reversing operation which moves all the blocks T g : otherwise

in disks that will be removed to the other disks. ) o )
Cut-and—paste method failed to find an efficient hash function. ~REMAHor disk additions is
g_ortunattzly, SSUCht'a h;séh4function is proposed in [19], which is Xjur = { q; — (g modNjy1) +r; : if (g modN;41) < N;
iscussed in Section 2.2.4. = . i
q otherwise
Cut—and—paste approach also argues that the distribution among !

—— - ) _ o As shown in above equations, computing the new location is
‘within this context, it has different meaning. Itis different from  decided and migrated only when certain conditions are satisfied.
randomized allocation nor randomized striping termed in previ-
ous section. 2there is no available free space




Bypass node

Total stages =3 A Total stages =2 A
(a) no bypass node (b) with bypass node
Eigure 6: Example of Multi-graph representing data migra- Figure 7: Examples of the number of edge color with no by-
tion. pass node and with bypass node.

Otherwise, the data won’t be moved, which reduces significant ~ Above multigraph problem turns out to be theiltigraph edge
amount of data movement. coloring problem which is ,of course, NP-complete. In [9], the

This pseudo-random function, however, is said not to preserve bypass node, with no degree at the graph, is introduced to send
the randomness after several disk scaling operations. True ran-an object to a storage device other than its final destination, as-
domized hash function which preserves its randomness of datasuming it would reduce the number of stages in the migration
has not been known so far. In the SCADDAR paper, sequencesplan. A bypass node is an extra storage device that can be used
or combinations of operations are not dealt with, which motivates to store objects temporarily. After the migration, temporary ob-
the Disk Replacement Problem (DRP). [4] jects stored in the bypass node is removed.

The SCADDAR algorithm is applied to the Yima [18] server For example, Figure 7 shows two data migration graphs whose
system which implemented eight disk nodes support and experi- lower bounds of edge color are identicAl%2). NodeA moves

mented in the real world successfully. two items toB andC, respectively. Nodd moves two items to
C. Figure 7(a) shows the original data migration graph; Fig-
3. DATA MIGRATION ure 7(b) is a modified multigraph with a bypass nbdeBe-

L . ) cause Figure 7(a) performs a single transaction per stage, it re-

The data migrationproblem is the problem of computing an  qyires 6 stages to complete the migration. But Figure 7(b) has
efficient schedule to move data stored on storage devices in ayyg sets of parallel transfer operations (one setbtd B) and
network from one to another. [9, 11] The performance of data (bypass node to C); the other set of 4 to C) and (B to
migration schedule is estimated to measure the elapsed time tobypass node )), which finishes the migration at 4 stages. As
complete the migration task as to its plan. In other words, the jjiystrated, newly allocated bypass nodes increase the parallelism.
performance is to find a mlgratlon schedule using th_e minimum - AssumingA be the lower bound to complete migration, they
_number of rounds to minimize the total amount of time to fin-  ghow that migration will be completed at md$t%l stages using
ish the sc;hedule. The performange of large storage systems de; most2 wheren is the number of vertices it¥ when there
pends critically on having an assignment of data to storage de- gre ng capacity constraints on the storage devices. Under the
vices that balances the load across devices or that optimizes &constrained capacity environments, it remains unclear how much
more complex cost function. Unfortunately, the optimal data lay- nharder this problem is than standard edge coloring, but provides

out changes over time when the workload for the storage requestsg; most4[ 2] algorithm with at most: bypass nodes, or at most
may change, or when storage devices are added, removed, or reaf%1 colors without bypass nodes.

placed. Consequently, it is common to compute a new layout of
data based on newly predicted workloads and storage specifica-3 2 Cloning Based Migration
tions. Once the new assignment is computed, the data must be
migrated from its old configuration to its new configuration.

All the following papers on data migration assume that the size
of data objects are equal and the amount of time to move the data
from one disk to another disk is same.

Khuller et al. [11] argues that new copies may be dynam-
ically created to handle high demand for popular objects. The
maximum degreeX) of a node might be a lower bound on the
number of stages that are required, since in each stage at most
one transfer operation is involved. However, copying operations
3.1 Bypass Migration defer this assumption. For example, Figure 8(a) illustrates a par-

ticular operation, drawing a data migration example where orig-
inal object in one disk is copied to three different disks without
removing the original one. From this graph, it requires at least
hree edge colors to complete the task. However, as shown in
igure 8(b), copied object may be reused at later stage, which
reduces the degree by 2. Migration graph with multiple copies
reduces to a sequence of data migration graphs with no cloning.
Therefore, data migration problem with cloning is harder to solve
than data migration problem without cloning.

In [9], it suggests some algorithms to find a efficient migration
plan in the minimum amount of time. This problem for networks
of arbitrary topology is NP-complete even if all objects are the
same size and each storage device has only one object that mu
be moved off of it. It can be viewed as a directed multi-graph
G = (V, E) without self-loops where each vertex corresponds
to a storage device, and each directed efdge) € E repre-
sents an object that must be moved from storage devioghe
initial configuration to storage device in the final configura-
tion. [9](see Figure 6.) 3a node filled with white circle
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(a) Data migration graph
Degree =3

-

S~—

Eanl
J

(b) Data migration graph with cloning
Degree =2

Figure 8: Example of Transition from data migration graph
without cloning to data migration graph with cloning where
max degree is 2.

Following data migration algorithm can be simply described
as follows: There aréV disks andA data items. Each item
are stored in a subset of disks (sourced. And all disks inD;
want to obtairi (destinationg. After a disk inD; receives object
1, it can be a source of itemfor other disks inD; that have not
received the item as yet. [11] Defipe as the number of different
setsD; that a diskj belongs to, and as an upper bound on the
number of items a disk may needrz;—1,... . ¥3;). In other
words,( is a lower bound on the optimal number of stages. After
choosing optimal source nodes for each object individually, the
algorithm divides each destination group, namgly, into two
groups — one group havind;| > g; the other group having
|D;| < B —to draw a migration graph in a separate way. After
merging two separate transfer graphs, it calculates the number of
edge colors of merged graph, which provides the upper bound on
the number of stages required to ensure that each diBk ipets
item j.

Algorithm 1 Data Migration Algorithm with Cloning
1: For each object, choose a unique source froff} where
minimizes the maximum number of objects that a disk may
be a source or destination for.
2: if |D;| > Bthen

3:  For each objeat, select a disjoint collection of subsets
whereG; C D; and|G,| = | 2.

4: Create a directed data trans{ér graph where each disk is a
vertex and edges drawn from disksGh to (3 — 1)| g
disks ing—:j such that the out-degree of each source vertex
at most(3 — 1) and the in-degree of each destination is 1.

5: RedefineD; as the set of disks whose degree is 0 in the
transfer graph.

6: else

7. Repeat Step 1 with a newly defindd; to find a new
sources;.

8: Add a directed edge from the new source of objectall
disks in 2.

{s7}
9: end if
10: Find a edge coloring of the transfer graph.

Above algorithm is a polynomial-time approximation algo-
rithm, whose worst case bounddss-approximation.

3.3 Disk Replacement Problem (DRP)

The Disk Replacement ProblefDRP), a subset problem of
data migration problem, is the challenge of finding a sequence of
disk drives removals and additions to obtain a final, target storage
system while minimizing the data migration cost. [4] The migra-
tion cost may depend on the requirements of the application and
could either be the total amount of data moved during the disk
replacement operation, or the total elapsed time to complete the
task.

When the system has enough empty disk slots to add all new
disks the operation is termeshboundedOtherwise, it would be
bounded DRP model is proven to be a variation of the single-
source shortest path problem. Thus, the upper bound of the com-
plexity of finding the optimal sequence is polynomial. For un-
bounded disk scaling requests, they propadé&B D andABD
algorithms. ABBD is the native implementation of scaling se-
guences with two atomic operations - disk additions and disk re-
movals. The shortest sequence to minimize both the space and
time cost is to add all new disks first and then to remove all disks
to be deleted. After the installation or de-installation of the disks,
data would be migrated from old disk configuration to new disk
configuration to balance the load. TH& D algorithm improves
upon ABBD by combing two independent data re-balancing
steps into one. For bounded disk scaling requests, an exhaus-
tive search algorithm based on a divide-and-conquer approach,
termedD&C, is proposed to minimize both the time and space
costs. To reduce its search space size, two space cost minimiza-
tion heuristics,D&C + EB and SPACE, and two time cost
minimization heuristics]'IM E and LM I N, are suggested and
simulated. TheD&C + EB algorithm uses théZB compo-
nent only when the system has at least one empty disk slot and
the number of new disks is smaller than or equal to the number
of disks to be removed. Th§ PACE algorithm finds the op-
timal data moving sequence in linear tiniEI M E reduces the
D& C search space by filling all empty disk slots with new disks
at once and then running the&C algorithm. Finally, scaling
sequences found klyM I N are not guaranteed to be optimal but
the search space is again reduced comparedMifi E. All the
algorithms except M IN andABBD are always guaranteed to
answer the optimal solutions for minimizing the space cost or the
time cost.

Consider the following example. A storage system consists of
ten disk drives. Each disk stores 100 GB of data; its bandwidth is
20 MB/s; and the data is evenly balanced across all the devices.A
disk administrator wants to replace two old disks in the current
configuration and also add ten new devices to increase the total
storage space. At the end, the data should be load balanced again
across all twenty disk drives. A naive storage administrator deter-
mines the following sequence: copy the data of the two disks to
be replaced onto the other eight disk drives, and then remove the
two old disks, add two new ones and restore the data. Finally, he
adds ten disks and distribute the data evenly across all the disks.
This scenario requires 900 GB data movement. If you take the
following scenario, data will move 600 GB — 33 % improvement.
In terms of time cost, while the naive approach takes 3.47 hours,
optimal solution takes only 2.08 hours. It also implies that disk
replacement method proposed at HP AutoRAID as discussed in
Section 2.1.3 is incorrect.

It is also proven that multiple disk additions or removals are
preferred over a single disk addition or removal mathematically.
This means that it would be advantageous to perform data re-
organization periodically after "batching” enough disk adds and
removes together, rather than on an individual basis.

4. HETEROGENEITY SUPPORT

A disk drive is characterized by bandwidth, space and its com-



bination. Rapid advances of modern disk manufacturing tech- Fhijsal Logioal ‘\_"jj‘j“jj‘jjAj‘j““““‘ Time
nologies enable much larger capacity and slightly faster disk ser- : i | | |

vice time, making heterogeneous disk drives coexist in a system.

At the time of object placement to disks, data lay-out should be
carefully determined to avoid load imbalance across the disks 4
and to maximize the utilization of both bandwidth and space. "
Wrong decision to place frequently accessed objects on slower
disks would lead to significant performance degradation.

4.1 Heterogeneous Declustering

Declustering is a strategy to enhance 1/O parallelism by dis-
tributing the data among parallel disks so that data which is “
likely to be requested together by a query is allocated to dif- e
ferent disks. In [12], adaptive declusterization methods which e
works efficiently in heterogeneous disks and server systems are
proposed.

In case where all disks are infinite in capacity, optimal declus-
tering scheme that minimizes the response time for the query re-
quests is to have the amount of data stored on each di}lbé
proportional to the bandwidth of each digk,), a; = data size x
ﬁ. If disks are finite in capacity, linearity between band-
width and space becomes invalid.

Assume we have three disks with 1 GB available space; aver- objects such as regular file because the assumptidah camnot
age transfer rates of each disk are 3 MB/s, 2 MB/s, and 1 MB/s. be made.

And we need to store the data of 2.5 GB in the system. Above 42 BSR

optimal declustering scheme would decluster data in a 3:2:1 ratio *
(proportional to the speed of three disks) regardless of the avail-  Two parameters, the bandwidth (the number of objects that can
able disk spaces. If data is declustered according to the band-be served) and the space (the number of objects that is stored on
width, each disk will store 1GB, 833.33 MB, 416.67 MB of data the disk), characterizes heterogeneity nature of a disk. The Band-
respectively. Because of 1 GB limitation of each disk, the total width to Space Ratio (BSR) value of a disk represents the degree
allocated amount is short of 250 MB and maximum bandwidth of similarity with other disks in terms of disk characteristics. The

is not achievable. The declustering paper [12] suggests Max- BSR policy is proposed to provide load balance across the disks
Bandwidth algorithm that places 1 GB on disk 1, 1 GB on disk and maximize the utilization of both bandwidth and space in het-
2, and 0.5 GB on disk 3, resulting in a maximized bandwidth of erogeneous disk storage systems. [13] The idea of this policy is
5 MBI/s. to place the video objects with higher popularity on a faster disk.

A dataset ofC Bytes on a system of disks with each disk Thus, the expected load of the object and its required bandwidth
i having a capacity of’; and a transfer ratd;, such that the  for creating the replica are primary considerations.

Figure 9: Disk Merging.

overall bandwidthB of the system is maximized. Let The algorithm consists of four steps:
T = % Algorithm 3 BSR Policy
FG,T) = min(T x Bi,Cy) 1: Decide whether it requires additional copies of the data.

N 2: If required, select additional disks on which new copies are

Zf(i ) placed. '

— ’ 3: Allocate the expected load to all selected disks to match the
BSR values of the devices.

f(i,T) indicates the maximum amount of data that can be 4: Delete the some of the unused or infrequently accessed ex-
stored on diski, subject to the retrieval time constraint 6t isting copies when the policy cannot place all of the expected
g(T) is the total volume of data that cane be stored on the system load.
subject to the time constraifit. Finally, the maximal bandwidth,
B,y should satisfy the following constraint! = g(7o,:) Where

g(T)

c This straight-forward greedy policy assumes that the expected
Topt = Bopt load on video objects is predictable and changes infrequently.
This assumption, however, is hard to achieve because of a large
Algorithm 2 Max-Bandwidth Algorithm uncertainty in the future demands for video objects.
1: ComputeBaz = > ;- Bi. . .
2: Do a binary search beltween 0 aBg, .. to find a valueB 4.3 Disk Merglng
that satisfie$) < |g(T) — C| < e wheree is a acceptable Disk merging technique suggested by [14] separates the con-
error. cept of logical disk from the physical disks. It is designed to
3: Store the"” disks with (i, £ ). support an arbitrary mix of physical disks and to guarantee a con-

tinuous display of each video object.

. ) . . B For example, as shown in Figure 9, six physical disk drives
The complexity of this Algorithm 'Q(”Xwg?m - (do,- - - ,ds) are configured such that the physical di&Kd3)

Because its running time to compute the optimal bandwidth is supports 1.8 logical diskg (d4) supports 4.0 , and»(ds) sup-

less than one second, optimal solution can be obtainable imme-ports 6.2. The fractions of logical disks can be combined to form

diately and thus applicable to various heterogeneous disk subsys-additional logical disks. Therefore, the total number of logical

tems. However, this algorithm does not take care of non real-time disks in Figure 9 can add up to 24. The way to find the mapping



from physical disk to logical disk is initially determined by the

bandwidth ratio, which is later fined-tuned through the iterative

re-computation.

As expected, there are a lot of space wastage if the BSR of
physical disks are totally different because the allocation size

of a system is limited by the size of the smallest logical Hisk

Decreasing the number of logical disks on some of the physi-

[6]

[7]

cal disks to maximize the disk space results in a wastage of the [g]
disk bandwidth. To find an optimal configuration to minimize

the unused fractions of logical disks, which has a proportional to
maximize the utilization of both bandwidth and space of phys-

ical disks, is exponential by varying the initial value jaf, and

hence an exhaustive search is impractical in the real world. As

Jose Renato Santos, Richard R. Muntz, and Berthier A.
Ribeiro-Neto, “Comparing random data allocation and
data striping in multimedia servers,” Measurement and
Modeling of Computer Systen#)00, pp. 44-55.

J. Alemany and J. S. Thathachar, “Random Striping News
on Demand Servers,” Tech. Rep. TR-97-02-02, University
of Washington, 1997.

Andre Brinkmann, Kay Salzwedel, and Christian
Scheideler, “Efficient, Distributed Data Placement
Strategies for Storage Area Networks (extended abstract),”
in ACM Symposium on Parallel Algorithms and
Architectures 2000, pp. 119-128.

] Joseph Hall, Jason D. Hartline, Anna R. Karlin, Jared Saia,

a consequence, this technique is useful when the BSR values of
the disks are similar.

5.

DIRECTION OF FUTURE RESEARCH

(10]

There are many research issues in distributed storage systems.

Data migration problem has a framework to be extended as a

generalized network problem such as multi-source message dis-
tribution and delivery. Content Distribution Network (CDN) is

another application to use data migration techniques. The CDN,

based on Distributed Hash Table (DHT) technique, may distribute [11]

the media content by segmenting it into successive data blocks
and placing them on distributed disks randomly. The deployment
of many data migration approaches into the real network has not

been studied yet.
Another interesting topic is to support the storage device whose [12]

failure rate is much higher than traditional disk based storage sys-

tem. In Peer-to-Peer network, each peer node may have hetero-
geneous storage space, which is being served for object sharing,
and joins/leaves frequently. In such a environment, assumption [13]

on low failure rate of each system is not valid any more. There-
fore, intelligent data replication and migration to maintain higher

availability and performance is also necessary.
In data allocation area, widening the stripe size extremely also [14]

has an interesting feature. DHT based random allocation is such

an example, where the stripe size will change rapidly as well.

All these issues are expected to be applicable to both Storage
Area Network and Network Attached Storage architecture (NAS)

in the real world.

6.
(1]

(2]

(3]

(4]

(5]
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