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Abstract

Declustered data organizations have been proposed to achieve less-intrusive reconstruction of a failed disk’s contents.
In previous work, Holland and Gibson identified six desirable properties for ideal layouts. Ideal layouts exist for

a very limited family of configurations. TheRPVE data layout deviates from the stated ideal only slightly and its
run-time performance is very good for light workloads. TherDm data layout does not meet one of the ideal layout
properties but has very good run-time performance for heavy workloads. We present the Permutation Development
Data Layout (PDDL) which has excellent run-time performance for both light and heavy workloads. Moreover, PDDL
has straightforward space and run-time efficient implementations. Our simulation studies show that the new layouts
provide excellent parallel access performance and reduced incremental loads during degraded operation. PDDL can
easily accommodate multiple failure tolerant redundancy schemes.

1 Introduction

Many applications require high availability and throughput from cost effective storage subsystems. Disk arrays can
offer significant advantages over individual disks improving both throughput and availability of the ensemble. Aggre-
gating multiple disk drives within the array achieves better transfer bandwidth. Storing redundantinformation provides
the mechanism to reconstruct data thereby improving availability. Allocating spare space for the reconstructed data
also improves availability. [5, 11, 15]

We propose a novelata layout, mapping client data, redundant data and spare space onto the disk array. Data is
organized irstripes (a.k.a. reliability stripes, reliability groups, parity groups, or clusters). Each stripe contains a fixed
number of identically sizedtripe units and each stripe unit is mapped to contiguous sectors of a disk. To tolerate
a single disk failure, all but one stripe unit in a stripe data units, the remaining stripe unit is eheck unit. The
check unit contains the parity of the data units in the stripe. Different stripe units of a stripe are mapped to different
disks. The stripe units of an unavailable disk can be reconstructed via the redundancy of the scheme and stored in the
allocatedspare space.

In a declustered data organization (originally suggested by Muntz and Liu [13], evaluated by Holland and Gib-
son [9, 10], and more recently improved upon by Alvarez et al[1, 2], Merchant and Yu [12], Ng and Mattson [14].
Reddy and Bannerjee [16], and Schwabe and Sutherland [17]) each stripe is mappddhen disks in the array



(wherek < n), to achieve significant performance improvements during both degraded operation and on-line disk
reconstruction. These layouts are based on balanced incomplete block designs (BIBDs) [7, 8] which exist for many
array configurations and require the storage of potentially large tables for calculation of the mapping between logical
and physical addresses.

Holland and Gibson [9] investigated thiRarity Declustering scheme in which the mapping is implemented by
storing the complete BIBD in a table and usirmation to evenly distribute parity. The data layouts discussed this
paper, with the exception of PDDL and the Pseudo-Random schemes, are based on BIBDs and can be viewed as special
cases of Parity Declustering. We will use the Parity Declustering nomenclature to designate the BIBDs explicitly
presented by Holland and Gibson currently at http://www.pdl.cs.cmu.edu/ftp/DeclusteringtBBase.tar.Z.

Merchant and Yu [12] propose tiRseudo-Randomscheme to replace the table lookup with on-demand calculation
using pseudo-random permutations to obtain the mapping. Both parity and reconstruction workload are expected to
be evenly distributed.

Alvarez, Burkhard and Cristian [1] investigate them data layout which utilizes the binomial number system
(based upon complete block designs) to obtain the mapping; the scheme calculates addresses on-demand. Alvarez,
Burkhard, Stockmeyer, and Cristian [2] study theif?E and RELPR layouts which utilize on-demand calculation to
obtain the mapping. These schemes come very close to meeting the layout goals that we discuss below.

Schwabe and Sutherland [17] introduce a slightly relaxed BIBD designs which obtain approximately balanced
layouts implemented via on-demand calculation. Reddy and Banerjee [16] as well as Ng and Mattson [14] also
present declustering schemes based upon BIBDs.

All these schemes are logically correct; however, the run-time performance varies dramatically depending upon
the BIBD. Some of the earlier schemes do not depend upon particular families of BIBDs; the more retert, D
PrIME and RELPR data layouts however utilize specific BIBDs. Our motivation is to provide families of data layouts
with excellent good run-time performance as well as efficient implementations. We begin by considering desirable
properties of our mapping functions. These natural conditions are not easy to meet; Alvarez et al. [2] presents an
existential result showing that these properties can be met in very few configurations. Thus we will are forced, in
general, to consider schemes that “almost” meet these properties. Our approach is to move beyond B&Ds to
resolvable designs [8] which allow sparing as well.

There are six desirable properties of single-failure tolerating declustering layouts, originally identified by Holland

and Gibson [9] and discussed in Alvarez et al. [1, 2]:
1. Single failure correcting: No two stripe units of the same stripe are mapped to the same disk.
2. Distributed parity: All disks should have the same number of check units mapped to them.

3. Distributed reconstruction: When any disk fails, its user workload should be evenly distributed over the surviving

disks. When renewed, its reconstruction workload should be evenly distributed.

4. Large write optimization: Each stripe contais- 1 contiguous stripe units of client data.
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Figure 1:Virtual RAID Level 4.

5. Maximal read parallelism: A read afcontiguous data units induces a stripe unit read on each of tleks.

6. Efficient mapping: The functions that map client logical addresses to array physical addresses are efficiently

computable, with low time and space requirements.

These goals were formulated for disk arrays without spare space. A sistyibuted spare disk provides sufficient

spare space to store the reconstructed data of a failed disk [11]. The spare space increases data reliability considerably
and reduces the workload of individual disks after a failure, once the data on the failed drive have been reconstructed
and stored on the spare space. For declustering layoutswditks, g stripes of widtht and a distributed spare disk

withn = gk + 1, we add the following criteria:
7. Distributed sparing: All disks contain the same number of spare stripe units.

8. Maximal degraded read parallelism: A reachof g — 1 contiguous data units induces a stripe unit read on each

of n — g — 1 disks during both reconstruction and post-reconstruction operation.

Reconstruction operation occurs prior to writing the failed disk stripe unit to spare space. Post-reconstruction operation
occurs when spare space contains the desired stripe unit. Goal #8 is weaker than #5, but if #8 is met, we will be close
to meeting #5. Moreover, as we will see later in the paper, having good, if not excellent, response time performance is
not generally tied to goal #5 or to #8!

The first five cannot goals can be simultaneously fulfilled for a very limited set of configurations [2]. The contri-
bution of this paper, PDDL satisfies the basic properties #1, #2, #3, #4, #6 and #7 as well as providing good, if not
excellent, response time performance. PDDL comes close to satisfying #8. PDDL satisfies #6 very well; a variant
of PDDL, presented in the appendix, is a candidate for the fastest possible mapping scheme. There are numerous
reasons for considering architectures capable of tolerating multiple concurrent failure [1]. PDDL allows “arbitrary”

fixed combinations of check and data blocks.

2 PDDL Data L ayout

We describe our approach and demonstrate its simplicity in terms of a small storage server example consisting of seven
disks. The storage server user interface will be RAID Level 4 with stripe width three; there are two stripes and one
spare disk as shown in Figure 1. A higher level virtual disk user-interface would also be interesting; our approach is
applicable in this environment as well as we will demonstrate below. The RAID Level 4 interface uses disks 3 and 6
as parity disks and disk 0 as the spare; the other four disks contain client data.

PDDL declusters the layout by permuting the roles of all seven disks thereby spreading the parity, spare, and client

data units throughout the array. The mapping for our storage server example is presented in Figure 2; The left-hand



array contains the RAID Level 4 data layout while the right-hand array contains the PDDL declustered layout. The
stripe units are labeled with uppercase letters, the spare space withaad the check/parity stripe units with
For example, stripe unitd0 andA1 are mapped to disks 1 and 2 while the parity for stpis mapped to disk 4.
More generally, virtual addregd, 7) consists of a disk numberand and a stripe unit numbérln our example, the
addresseél, 1), (2,1), and(3,!) always form a stripe for any stripe uriéis do the addressés, 1), (5,1), and(6,1).

Our mapping is derived from the permutatiph, 1, 2, 4, 3, 6, 5) which maps the stripe units of the top row
of the virtual RAID Level 4 of Figure 2. For examplal on disk 2 maps to disk 2 whilBA on disk 3 maps to disk
4. The stripe units of the next row are mapped via the permutétior2, 3, 5, 4, 0, 6). In this row,D1 on disk 5
maps to disk 0 an®D on disk 6 maps to disk 6. The stripe units of the following row are mapped according to the
permutation(2, 3, 4, 6, 5, 1, 0). These permutation have a straightforward association with the permutation for
the top row. Specifically, to obtain the permutation for tHerow, we addi mod?7 to the permutation of the top row,
coordinate by coordinate. This approach is referred tpeaswtation development. The figure below presents the
result of permutation development(@d, 1, 2, 4, 3, 5, 6); the first column designates spare space, and the fourth and

seventh columns designate check space, and the others designate client data space.
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The client data is stored within the disk array by repeating the seven row layout pattern. The mapping function for our
seven disk storage server example can be easily implemented as follows:
int permutation[ 1 = { 0, 1, 2, 4, 3, 6, 5 } ;

int virtual2physical( int disk , int offset )

{
return ( ( permutation[disk] + offset ) % 7 ) ;

}

Our permutation development mapping scheme evenly distributes spare and check space. Since each column
contains each of the seven disks names once, we have each disk coritgitithgf the total spare spacg/7t"* of
the tonal parity space anig 7t of the data space. Thus, we meet goals #1, #2, #4 and #7 of the desirable properities
list. These data layouts do not meet the maximal read parallelism goal #5 but we do have a very efficient mapping if
not the most efficient thereby meeting goal #6. We return to the need to meet goal #5 subsequently.

The distributed reconstruction goal #3 is examined next. Suppose disk 0 fails. Within the left stripe of the previous
figure, row 3 indicates that disks 4 and 5 must be accessed to reconstruct the parity unit of the stripe that was on disk
0 and which will be stored on the spare space of disk 3. Similarly, row 5 indicates that disks 2 and 6 must be accessed
to reconstruct the client data that was on disk 0; the reconstructed value is stored on disk 5 spare space. Finally, we
access disks 1 and 3 according to row 6 to reconstruct client data that will be stored on disk 6 spare space. Each
of the surviving disks are accessed once for this process and disks 3,5 and 6 are written once. For the right stripe,

similar analysis shows that each of the surviving disks is accessed once to reconstruct data and disks 1, 2, and 4 are
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Figure 2: PDDL Mapping Example.

each written once. The permutation development structure of this mapping gives exactly the same evenly distributed
reconstruction workload results as in the previous paragraph for any other failed disk as well. Thus, the reconstruction
workload is evenly divided over the surviving disks for any failed disk.

There is another point regarding our example — the selection of permutéatidn 2, 4, 3, 6, 5). We refer to this

permutation as thbase permutation as it provided the underpinnings of our mappigy permutation, utilized as a

base permutation, will meet goals #1, #2, #4, #6 and #7 because of the permutation development structure. Moreover,
our base permutation meets goal #3 as well. However, the distributed reconstruction goal #3 is not always met. For
example, if we use the permutati¢n, 1, 2, 3, 4, 5, 6) as our base permutation, the reconstruction workload is
spread over only four disks instead of all six surviving disks. Two of the four disks will be reading two stripe units
instead of one increasing their workload by 50%. This permutation does not meet goal #3. These issues are explored
in more detail in the next section; we present some (known) techniques for selecting base permutations, referred to as
satisfactory base permutations, that evenly distribute the reconstruction workload over all surviving disks.

Another slight generalization of our approach utilizes more than one base permutation in situations where a solitary
satisfactory permutation cannot be found. For example, i$ ten andk is three, we can utilize a pair of base
permutations, neither of which satisfy goal #3, to obtain an evenly distributed reconstruction workload. Here are the
base permutations 0, 1, 2, 8,3, 5,7, 4,6, 9) and(0, 1, 2,4, 3, 7, 8, 5, 6, 9). Let's assume disk 0 has failed.

The reconstruction workload tally for the first base permutation is

disk 1 2 3 4 5 6 17 8 9
stripe units 1 3 2 2 2 2 2 3 1
and for the second base permutation
disk 1 2 3 4 5 6 7 8 9
stripe units 3 1 2 2 2 2 2 1 3

These two base permutations provide a 20 row layout pattern with reconstruction workload of four reads and two
writes for each of the surviving disks per layout pattern.



Number Sripe Width

of Sripes |56 7| 8|9 10
1 1|11 )11)1|1
2 11211~
3 111221
4 111|111
5 1/1(1 |13 2
6 1111|361
7 11125 |?]1
8 1124?21 2
9 22|51 (?]°?
10 1111 |?2|?|1

Table 1: Satisfactory PDDL base permutations; an apostrophe denotes a solution for a non-prime number of disks
obtained or compiled by Furino[8].

3 PDDL Base Permutations

Satisfactory base permutations are the fundamental component of the PDDL scheme; furthermore these permutations
remain constant. Our goal is to efficiently obtain satisfactory base permutations (or groups of base permutations) given
the stripe sizé& and the number of stripgswhere the number of disksis g k + 1.

If nis a prime, the well-known construction of Bose [3], which we describe here, always yields a solitary satis-
factory base permutation. This construction creatasaa resolvable design which is a well-studied combinatorial
object. The Bose construction also works wheis a power of a prime but the results generally are less attractive for

our purposes.

1. Determine a primitive element, w is a primitive if each non-zero element can be expressed as a power of

modulon.
2. Distribute all non-zero elements in round-robin fashion insmbsets3,, Bs, . . ., B, as follows.
By = {uW w9, ..., wg(kfl)}
B, = {wl, wItt wg(k_1)+1}
B, = {wg—l, w2g—1’ e wgk_l}
The base permutation is
(0, W% w9, ..., WI=D) Gl ot ek el 2kt ).

As an example of the algorithm, we construct the permutation for our seven disk storage server. We=have
andg = 2. 3is a primitive element sinc® is 1, 3! is 3, 3%is 2, 3% is6, 3* is4, and3® is 5; these powers are evaluated
modulo 7. ThemB; = {1, 2,4}andB, = {3, 6, 5} and our base permutation(§, 1, 2, 4, 3, 6, 5).

We are left to consider configurations in whiehs not a prime. When is a power of a prime, the Bose construc-

tion obtains a satisfactory base permutation; however, the addition operation utilized in our mapping function must be



Workload

Access sizes: 8,24,48,72,96,120,144,168,192,216,240,288,336 KB
Concurrency: 1,2,4,8,10,15,20,25 clients
Alignment: 8 KB (stripe unit boundary)
Random accesses uniformly distributed over all data
Array
Stripe unit: 8 KB
Data layouts: PRIME

Parity Declustering
Left-symmetric RAID-5

PDDL
DATUM
Number of disksp: 13
Stripe width k: Prime, Parity Declustering, PDDL,

DATUM: 4 stripe units
RAID-5: 13 stripe units

Disk (HP 2247)
Capacity: 1.03GB
Geometry: 1981 cylinders, 13 heads, 8 zones
Average seek time: 10 ms.
Rotational speed: 5400 RPM (11.12 ms./rev.)
Head scheduling: SSTF on 20-request queue

Table 2: Simulation parameters.

addition within the underlying finite field? 7' (n ). For primen, the addition operation is addition modulcand for
n a power of 2, the addition operation is bitwise exclusive-or which is available in most hardware environments. We
continue this discussion in the Appendix.

To further our knowledge of satisfactory base permutations, we have implemented computer searches to locate
both solitary as well as multiple base permutations. Using simple hill-climbing from random starting points, our
program locates permutations which are satisfactory or almost satisfactory. If it cannot find a satisfactory permutation,
it combines almost satisfactory permutation into small groups of base permutations that obtain evenly distributed
reconstruction workload. Far up to 60 and small stripe sizes, we have been fairly successful in locating satisfactory

base permutations for which modular addition suffices. Table 1 contains our current results.

4 Performance

We compare the performance of our PDDL data layouts wittuM[1], PRIME [2], Parity Declustering [9], and
RAID-5 [15]. Parity Declustering was chosen as the initial and typical representation of BIBD-based layouts; RAID-5
satisfies maximal parallelism optimally, even though it is not a declustered layrugRalmost satisfies maximal
parallelism optimally with a deviation of one from optimal; andiM provides excellent performance under heavy
workloads.

Our experiments were run on RAIDframe [6], a disk array architecture test-bed for run-time performance evalua-

tion. RAIDframe and its predecessor Raidsim have been used in several experiments [1, 2, 6, 9]. Table 2 shows the
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Figure 3:Disk Working Set Size<alculated by averaging the working set sizes for logical accesses for every possible
offset in the array. The prefix “ff” denotes failure-free operation, while the prefix “f1” designates single disk failure.
For PDDL, f1 designates the reconstruction mode.

parameters for the array and disk simulator. The workload serviced by the array consists of interleaved streams of
fixed-sizelogical accesses of the same type (read or write), originated by a fixed number of simulated clients. Work-
loads are synthetic: each client generates an independent logical access starting at a random location with uniform
distribution, the client then blocks until the array services the logical access, and immediately repeats the cycle. Log-
ical accesses span an integer number of stripe units, and are aligned to a stripe unit’s boundary. Traces or synthetic
workloads with a more realistic access mix would be a better predictor of the performance of the arrays in a real
situation. Our goal is to analyze the strengths and weaknesses of the architectures with respect to each other; several
subtle interactions and tradeoffs would have been considerably more difficult to understand with less homogeneous
workloads. The wide range of access sizes is considered to observe the (possibly extreme) effects of the various data
layouts. A very interesting question we leave open here is the issue of the optimal stripe unit size; this has been
considered for Level 5 RAID [4].

Logical accesses are translated by the array controller into spty/@€tal accesses on the individual disks. Our
simulated arrays always have 13 disks. Usable storage capacity varies according to the layout: RAID-5 uses 7.7%
of the disks for parity, RIME, DATUM and Parity Declustering have a parity overhead of 25%, and PDDL has a
parity overhead of 23.1% plus spare overhead of 7.8% in our configuration. RAID-5 and Parity Declustering can
tolerate one failure by definition; the configuration afiRe, DATUM and PDDL used in our experiments also tolerate
single failures. Each disk controller performs dynamic request reordering following the shortest-seek-time-first (SSTF)
policy to choose the next request to be serviced from the disk’s queue.

Our principal performance metric is tlaecess response time: the average time elapsed from the moment a client
requests a logical access, to the moment the array completes the access. Given that both the number of clients and
the size of logical accesses are fixed during each experiment, throughput can be easily calculated from the response
times reported here: Throughput = Requ8ite * Numberof_Clients / Respons&ime. Experiments run until the

measured access response time is within 2% of the true average with 95% confidence.



For logical access, we define itsdisk working set size as the number of disks that perform at least one physical
access to procegs Figure 3 shows the disk working set size for the data layouts, for various access sizes: 1, 6,
12, 18, 24, and 30 consecutive stripe units. For each access size we consider reads and writes separately, and for
each access type we consider both failure-free and degraded modes (when one disk has crashed and has not been
reconstructed). RAID-5 satisfies the maximal parallelism property optimadiyv P has a maximum deviation of one
from the optimal. Neither Parity Declustering nontum satisfy this property. This can be observed in Figure 3 for
failure-free reads when no parity unit will be accessed. The disk working set size, desifpiétedare related as

follows for our access sizes up to 120KB:

DW S(DATuM) < DW S(Parity Declustering< DW S(PDDL) < DW S(PRIME) < DW S(RAID-5)
And for our access sizes larger than 120KB:

DWS(DaTuM) < DW S(PDDL) < DW S(Parity Declustering< DW S(PRIME) < DW S(RAID-5).

The relative sizes for Parity Declustering and PDDL switch in these orderings. RAID-5 peaks out at the maximum
possible values (13 disks for failure-free mode, 12 disks for degraded mode) for smaller access sizes than the other
layouts. In fact, Parity Declustering,ADum and PDDL do not reach these maximum values for any read size in the
figure. Since the average number of physical accesses per logical access is the same for any declustered layout with
the same values of andk, layouts with smaller working sets map more accesses to each disk. Accesses mapped to
the same disk are serviced sequentially in some order; therefore, larger working sets imply fewer serialized operations.
PDDL contains distributed sparing; we could provide reconstruction and post-reconstruction response time per-
formances. The other data layout schemes do not contain sparing and we provide only reconstruction response time
performance for all in Figures 6 and 9. We present PDDL post-reconstruction read response times in Figure 18 in
the Appendix. For accesses much larger than the stripe unit size, the post-reconstruction and reconstruction reponse
times are practically the same since we do essentially the same work in either case. For approximately stripe unit
sized accesses, the post-reconstruction response time is much better than the reconstruction response time. The post-
reconstruction response time performance, even for stripe unit sized accesses, is worse than the fault free read response
times since there is one less operational disk. We note that selecting the stripe unit equal to the access size can greatly

improve the read response time in post-reconstruction operations.

41 Reads

Figure 5 shows the response times for failure-free read accesses; we present a complete set of figures and tables within
the Appendix for the reviewers. Since the conference proceedings will limit our page count, ultimately we confine the
Appendix to our report [18]. In the 8KB case, performance is very similar for these layouts. However, we observe
the following behavior for larger accesses: PDDL is faster than both Parity Declusteringaaneh Dvhen the array

is lightly loaded but as the load increases, the response time curves cross and PDDL becomes more efficient and

ultimately its run-time is better than all butaDum.
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Figure 4: Fault free read; seek and no-switch counts

This effect occurs for all failure-free reads smaller than 240KB. To understand it, we consider seek overheads.
Figure 4 shows the average number of seeks and no-switch operations (defined below) for each logical access size
from 8KB through 336KB measured during our simulations. The number of seek and no-switch operations is almost
independent of the workload. Each column contains four components; the black designates non-local seeks which
are defined below. The other three designate local operations; the white label designates seeks resulting in a cylinder
switch, the dark grey label designates seeks resulting in a head switch within a cylinder, and the light grey label
designates operations incurring only rotational delay rather than a cylinder or head switch. We classify operations
as either “local” or “non-local.” Local operations occur between successive operations caused by the same logical
access; the remainder are non-local. Local operations involving seeks are further classified as a cylinder switch or a
track switch; we use the name “no-switch” to designate the remaining local operations. In our simulations, the cylinder
switch service time is 2.9 ms., the track switch service time 0.8 ms., and the no-switch service time is less than 5.6 ms.
The response times for the three varieties of operations are essentially the same for each of the data layouts; however,
their response times differ considerably among the layouts.

The non-local seeks counts obtained in our experiments and presented in Figure 4 and the working set sizes from
Figure 3 are equal; moreover, they are determined independently. Since the shortest seek-time first head scheduling
policy is utilized, a disk will seldom alternate between logical accesses. Most often each operation of a logical access
will be completed before beginning the next access. Therefore, layouts with the larger workingrseits, (RAID
5, PDDL, Parity Declustering) incur more non-local seeks during the execution.

For 8KB stripe units, the data transfer time is negligible compared to the head positioning time. Layouts with
smaller numbers of seeks will achieve smaller response times. There is, however, an important addition to this rule:
when the array is experiencing a light workload, the disks are relatively idle and can respond in a short interval. In this
situation, larger working sets imply better performance because the array takes advantage of the available bandwidth
by performing more parallel accesses. Similarly, when the array is experiencing a heavy workload, the disks are all

busy and the access will be queued at each disk. In this situation, smaller disk working sets imply better performance

10



response time: ms. response time: ms.

response time: ms.

40
DATUM o——o
Parity Declustering ©— - — — — °
35| RAID5 »——x
PDDL o~
PRIME x-------- x
30
8KB stripe unit
25
8KB reads, fault free
20
100 200 300 400 500 600
workload: accesses/sec.
300
DATUM o—o
Parity Declustering ©o— —— — — ©
250
RAID5 »———=
PDDL o - -
200 |~ PRIME  x-------~ X
150 8KB stripe unit
100 96KB reads, fault free
50
40 60 80 100
workload: accesses/sec.
500
<o
DATUM o———o J .
Parity Declustering ©— - — — — ° / h
400 4 ;
RAIDS »———= < 7
PDDL oo e ! /
PRIME - ------- x .
300 ;
8KB stripe unit /
/
ped
200 -
/0
192KB reads, fault free
100

30 40 50

workload: accesses/sec.

20

60

180
X
160 | DATUM oo »
Parity Declustering ©— - — — — °
. 40| RAID5 »——= .
wv 7
g PDDL & - oo v‘
. PRIME »------- x 7
QE, ey
=] 100~ gkp stripe unit
a
@ g0
o
2 60| 48KB reads, fault free
g
40
20
40 60 80 100 120 140 160
workload: accesses/sec.
400 3
DATUM o——o / fa
Parity Declustering ©— —— — — © ;o
RAID5 +——— 0
v 300 PO, n
2 PDDL I
o PRIME x-~~----= x 4
g 2
‘S 900 | 8KB stripe unit //
Q
g 7
o /<>/
s 144KB reads, fault free
L 100
20 30 40 50 60 70
workload: accesses/sec.
600 s
DATUM o——o I
. e !
500 Parity Declustering © o h ’z _
] RAID 5 +———+ ks ok
e PDDL oo I “ L
E 400 ' i
. PRIME »-------- x s
E ’ |
. . /
S 390 | 8KB stripe unit J
[} /
(7] £
= /
o
2 200 | 940KB reads, fault free
4]
S
100

30 40 50

workload: accesses/sec.

20

Figure 5:Read response times: Failure-free mode.

11



response time: ms. response time: ms.

response time: ms.

60

50

40

30

20

DATUM o———o

Parity Declustering ©— - — — —
RAID5 »———~

PDDL - - e

PRIME x-------= x

8KB stripe unit

8KB reads, single failure

350

300

250

200

150

100

50

500

400

300

200

100

100 200 300 400 500
workload: accesses/sec.
DATUM o——o
Parity Declustering o— —— — — ©
X
RAID 5 =
PDDL ¢ - e
PRIME - ~----~~ x

8KB stripe unit

96KB reads, single failure

30 40 50 60 70 80 90

DATUM o———o t
Parity Declustering o— —— — — © /
RAID 5 ~—— h¢
PDDL oo !
PRIME x------- x

~o—

8KB stripe unit

192K B reads, single failure

20 30 40 50
workload: accesses/sec.

Figure 6:Read response times

12

300
DATUM oo /
250 | - Parity Declustering ©— - — - — °
) RAID 5 «+——+
iy Tr—
X === === X
5} e
E »-//
‘S 150 | 8KB stripe unit &
N i
w
c 12
2 10 ; - -
> 48KB reads, single failure
g
50
40 60 80 100 120 140
workload: accesses/sec.
DATUM o——0 °
400 Parity Declustering ©— —— — — ©
. RAIDS +——=
= PDDL o e
.. S0 PRIME x------ x
g
= 8KB stripe unit
L 200
c
° . -
‘2- 144KB reads, single failure
= 100
20 30 40 50 60 70
workload: accesses/sec.
<o
600 |- DATUM o——o I
!
Parity Declustering ©— - — — - © !
50| RAIDS «~———— ¢
= PDDL o e !
———————— I
5 40| PRIME x ;
b= /
= 8KB stripe unit //
© 300
(V2]
o /
=}
2 200 240KB reads, single failure
g
100

15 20 25 30 35 40 45
workload: accesses/sec.

: Single failure mode.



[l non-local seeks || one cylinder switches [T one track switches | | no-switch

455
422 42.2 422 422
395
36.2 36.2 36.2 36.2
33.6
302 30.2 30.1 30.2
21.6
24.2 242 242 24.2
21.6
18.2 18.2 18.2

122 12.2 12.2
6.2 6.2 6.2 6.2
11 I 12 12
— — -—

8 48 96 144 192 240 288 336 8 48 96 144 192 240 288 336 8 48 96 144 192 240 288 336 8 48 96 144 192 240 288 336 B 48 96 144 192 240 288 336
DATUM Parity Declustering PDDL PRIME RAID 5

Figure 7:Degraded read; seek and no-switch counts

because the queuing time dominates the access run-time.

The run-time performances for the data layouts, are analyzed by considering the number and response times of
the various local operations as well as the disk working set sizes. In Figure 4, all non-black portions of the columns
represent serialized behavior.

DAaTuM has the smallest disk working set of these data layouts; accordingly, its relative run-time performance
is poor for light to moderate workloads but it improves dramatically becoming the very best for heavy workloads.
The local operations have little impact on this since their response time is due primarily to inexpensive no-switch
operations.

PDDL has a relatively small disk working set; its run-time performance is better taauND and Parity Declus-
tering for light to moderate workloads. The local operations, primarily no-switches, have more impact as the access
size increases; the run-time performance is second best for heavy workloads.

PRIME has a large disk working set; its run-time performance is among the very best for light to moderate work-
loads. As the workload increases, both the local operations and the very large disk working set dramatically impact
the run-time performance; its run-time is second worst for heavy workloads.

The RAID 5 layout is better than PDDL for light to moderate workloads due to its large disk working set. As the
workload increases, the impact of the expensive local operations is small. For large sizes, its run-time performance is
better than all but PDDL and &umM.

Finally, Parity Declustering is better thamDum for light to moderate workloads; the relative sizes of the disk
working sets for Parity Declustering and PDDL switch at 120KB access size as mentioned previously. However, the
run-time for Parity Declustering under light to moderate workloads is worse than for PDDL. Parity declustering has
more costly local operations than PDDL. For heavy workloads, its large disk working set and relatively expensive
local operations give rise to the worst run-time performance of these data layouts.

Similar arguments can be made for the run-time performance of degraded reads given in Figure 6. The seek and

no-switch tallies measured in our experiments and presented in Figure 7 are similar to those for fault-free reads. The
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primary differences in the relative performances are quantitative. However, RAID-5's run-time performance degrades
significantly; this phenomenonis, in fact, the rationale for declustering. Within RAID-5, the workload on the surviving

disks doubles during degraded read accesses.

42 Writes

Figure 8 shows the response times for failure-free writes. Again, response times are very similar for all the layouts in
the 8KB case. For all larger accesses)We, DATUM and PDDL show better performance than Parity Declustering

— and the difference increases with access size. The seek and no-switch tally distributions are very similar to those of
fault free reads.

RAID-5 has much higher response times than the declustering layouts for 48KB accesses. This is because, even
though all these layouts satisfy the large write optimization, the stripe size is 13 for RAID-5, compared with 4 for
the other layouts. Therefore, writes to a whole stripe will occur much more often for the declustered layouts than for
RAID-5. In fact, RAID-5 is implementing all its writes as “small writes” in the 48KB case—that is, reading the old
values of data and parity, using them to compute the new parity, and writing the new data and parity. It is easy to
see that this requires at least twice as many physical accesses than full-stripe writes. This effect is less pronounced
for larger access sizes, burRm®E, DATUM and PDDL have a substantial performance advantage in our experiments
especially as the access size increases.

For degraded writes, the response times, presented in Figure 9, of the declustered layouts are slightly better than
in the failure-free case (by a very small margin). This is a well-known phenomenon: for degraded write accesses,
the array actually doekess work in many cases when performing large writes, because the failed disk cannot be
written. The RAID-5 response times degrade with respect to failure-free mode, more significantly for smaller access
sizes. The relative disk working set sizes as well as the local operation run-time overheads give rise to the response
times. For 8KB and 48KB accesses, all logical writes span less than half a stripe, so RAID-5 would ideally implement
them as small writes. However, when one of the disks containing modified data has crashed, every logical write
must be implemented as a “large write"—that is, reading the stripe units that will not change instead of the ones that
will. Therefore, while large writes never occur for RAID-5 in failure-free mode, they are quite common in degraded
mode. Moreover, since no logical write involves more than half the data units of the stripe, implementing it as a large
write results in more physical reads. The average number of physical accesses per logical write is therefore higher
in degraded mode. This effect is less pronounced for larger access sizes, when some large writes do occur even in

failure-free mode.

4.3 Time and Space Performance

The response time performance of Figures 5, 6, 8, and 9 is a principal component of the effectiveness of a disk array
data layout design. We consider several other performance metrics here. The first is the size of memory required
to implement the mapping function, the second is the size of the layout pattern which we refer tpasadthef

the layout, the third concerns sparing, and finally, the fourth (slightly redundant) is the efficiency of the mapping
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Figure 8: Write response times: Failure-free mode.
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Scheme Table Size|  Translation Time Sparing Period
Parity n(n—1) | table lookup & parity k(n—1)
Declustering = rotation no ATt
Pseudo- log(n) Thorpe’s Shuffle & ontional not applicable, ex-
Random +log(D)| table lookup P pected values only|
few arithmetic n—1
DATUM 0 operations no k(i1
few arithmetic
PRIME 0 operations no nk
very few arithmetic
PDDL pn operations & vector yes pn
lookup

Table 3: Comparison of PDDL with other declustering schemes.

function evaluation. Table 3 contains a comparison of PDDL, witlase permutations, and the Parity Declustering,

Pseudo-random, &rum, and RRIME schemes with respect to these metrics.

5 Conclusions

We have presented PDDL a novel declustering scheme that provides excellent response time behavior. PDDL does
meet our goals #1, #2, #3, #4, #6, and #7, but PDDL does not satisfy the maximal read parallelism goal #5. However,
PDDL does meet goal #8 feuper stripes which are row-aligned — g — 1 contiguous stripe units but not for general,
contiguousn — g — 1 stripe unit accesses. Meeting goal #8 for super stripes makes PDDL an extremely attractive
approach for very large data accesses.

PDDL's response time is at least comparable and often better than to alkibutDfor heavy workloads. Whether
a storage server would be routinely pushed to this level of operation is subject to debate and the answer is probably
no. However, in situations where such levels do occasionally arise, PDDL expeditiously carries out its tasks. For light
to moderate workloads, PDDL has among the very best response times especially for write intensive workloads; for
read intensive workloads, it is also very competitive. There is always the situation of designing a server in which the
“typical” access size is determined but then some client will want to make larger accesses. PDDL very efficiently meets
these additional demands as well. PDDL makes very small implementation demands regarding mapping response-time
complexity and mapping space.

Given the excellent performance of PDDL, the issue of whether the stated goals we listed in the introduction are
correct should be considered. In particular our goals #5 and #8 seem to have little direct correlation with response time
performance except possibly for light workloads. Possibly some slightly different goals could be stated — one such
goal might include the disk working set size as well as seek variety counts. We have considered the issue but have
only preliminary results now.

PDDL’s range of application is wide. The number of disks must be prime or as given within Table 1; the number

is a multiple of the stripe width plus one for the spare disk. While there is no generic way to find a single base
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permutation or a group of base permutations, our experiments and analysis indicate that this does not pose an obstacle
for a large range of disk array configurations. Very recently, we have discovered a method, referredaopag,
to combine PDDL and Brum thereby obtaining the benefits of both as well as expanding the range of applicability.
For example, to create a data layout for 30 disks with stripe width seven, we first create & [ayout with stripe
width 29. Then for each of the 30 rows of theaTwm layout, we use the PDDL data layout with four stripes each of
width seven plus a spare. The resulting data layout meets our goals #1, #2, #3, #4, #6 as well as #7. This topic will be
presented in a future paper.

In comparison with the other schemes, PDDL has a much less complex translation algorithm. PDDL uges only
base permutations and its storage requirement is very moderate and proportorRRIdE and DATUM however
do not use any tables. PDDL is based on sparing. Since bandwidth is more important than storage capacity and since
the provision of a spare is one of the most effective way to increase mean time to data loss, distributed sparing [11] is
a sure win. PDDL can even be altered to have more than one spare disk distributed in the disk array. PDDL can be
adjusted to schemes using more than one check block per stripe. Wherever PDDL is possible, it is an attractive choice

over the competition.
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Appendix

The material, presented here for the reviewers, details and expands upon several points from the body of the paper.
The first two are additional experimental results. Most of this material will ultimately appear only within our technical
report [18].

1. Response times.
. Seek counts for fault-free and degraded write operations.
. PDDL mathematical underpinnings.
. nis a power of 2 example.

. Virtual disk interface.

o O~ WN

. n =55 group of satisfactory base permutations.

PDDL schemes have a strong link with combinatorial mathematics. In a general form, PDDL uses an arbitrary
amount of spare space. Then, PDDLs using a solitary base permutation are equivaliiffeterge family. The set
ofdisksD = {0, 1,2, ..., n—1}is partitionedintg blocks{ B; |1 < i < g} each of sizé and one additional,
possibly empty, bloci,.

D =ByUB U UB,
|B;| = kforalli=1,---g
{Bi|1<i<n} is a difference family inD / By.

The blockB, contains the spare space. The base permutation is obtained by enumerating the elefgtiten,
and so on. The mapping function utilizes addition fr6if (n ).
Our PDDL scheme is also related iear resolvable designs [7, 8]. A PDDL with a solitary base permutation
gives rise to a near resolvable design but unfortunately a near resolvable design need not provide a PDDL. There are

lengthy lists however of nearly resolvable designs [8].
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Figure 10:Read response times: Failure-free mode.
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Figure 12:Read response times: Single failure mode.

22

40




response time: ms. response time: ms.

response time: ms.

250

)
=]
=

=
o
=)

=
=)
=

50

600

500

400

300

200

100

700

600

500

400

300

200

100

DATUM o———

Parity Declustering ©

RAIDS »————=

PDDL s -------- e )
PRIME - ------- x oo

8KB stripe unit

24KB writes, single failure

40 60 80 100 120
workload: accesses/sec.
DATUM o——o
Parity Declustering o— —— — — ©
'Y
RAID§ =
PDDL - e
PRIME -~~~ x

8KB stripe unit

120KB writes, single failure

20 30 40 50
workload: accesses/sec.
DATUM o——o
Parity Declustering o— —— — — ©
RAID 5 ~——«
PDDL o------o-- e
PRIME x------- x

8KB stripe unit

216KB writes, single failure

20 25 30 35 40

workload: accesses/sec.

15

response time: ms.

response time: ms.

response time: ms.

500 |- DATUM o0 [
Parity Declustering ©— - — — — °
100 RAID5 »———~
PDDL &--------»
PRIME x -~~~ x Ol
/o f
300 - - s
8KB stripe unit s
200 -
72KB writes, single failure o
100
xo ~
20 30 40 50 60 70
workload: accesses/sec.
700
DATUM o o
600 [ Parity Declustering o— — — — — ©
RAID5 »———x
500 [ PDDL o--------»
PRIME »------- x
400
8KB stripe unit
300
200 168KB writes, single failure
100
15 20 25 30 35 40 45
workload: accesses/sec.
<
DATUM © 0 |
800 | Parity Declustering o— — - — — 1
|
RAID5 »———x £
PDDL o - - e /
600 [ PRIME x-------- x ;
! J
8KB stripe unit .
! N
400 -
288KB writes, single failure *
200

10 15

20

25

workload: accesses/sec.
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Figure 14:Response times: 336 KB accesses.
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Figure 16:Degraded write; seek and no-switch counts

Whenn is a power of 2, we obtain an extremely efficient mapping implementation, if not the most efficient. We
obtain the base permutation via our construction algorithm of section 3. As an examples=fot6 andg = 3, we
use primitive element + 1 with irreducible polynomiak* + =3 + z? 4+ = + 1 within GF (16 ). Successive powers
of the primitive element, represented as four-bit integer valuesl,a@e5, 15, 14, 13, 8, 7, 9, 4, 12, 11, 2, 6, 10.

Thus, the base permutation is as follows.
0,1,15,8, 4,2, 3,14, 7,12, 6, 5, 13, 9, 11, 10

Our mapping function utilizes exclusive-or as the addition operation with the four-bit values; th@zfasiaintains
the four-bit width.

int permutation[ ] = { 0, 1, 15, 8, 4, 2, 3, 14, 7, 12, 6,
5, 13, 9, 11, 10 } ;

int virtual2physical( int disk , int offset )
{
return ( ( permutation[disk] ~ offset ) & Oxf )

) ;

We mentioned previously the virtual disk interface. In this interface, the user is aware only of a linear address
space for storage. Stripe units have indices 0 throaugh STRIPEUNIT-1. Our PDDL mapping function is preceeded
by the virtualDisk function.

int offset , disk ;

int virtualDisk ( int stripeUnit )

{
offset = stripeUnit / (g * ( k-1 ) ) ;
disk = stripeUnit % (g * ( k-1 ) ) ;
disk = 1 + disk + disk / ( k-1 ) ;

}
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response time: ms.

response time: ms.

0] 1 18 24 31 40 48 0] 1 2 8 25 46 54
2 3 7 11 13 44 3 6 27 32 41 49
4 19 23 29 32 47 4 11 26 39 43 45
5 21 30 33 36 53 5 18 22 24 36 50
6 17 28 49 52 54 7 10 13 28 40 52
8 12 14 22 34 35 9 17 20 30 48 53
9 10 20 25 39 46 12 31 37 38 42 47
15 16 37 42 50 51 14 16 21 29 44 51
26 27 38 41 43 45 15 19 23 33 34 35

Figure 17:Two permutations provide satisfactory base permutations for 55 disks and stripe width six.

In many configurations, more than a solitary base permutation is evidently required to obtain evenly distributed
reconstruction workload. We have already seen such an example for ten disks in section 2. Figure 17 contains a pair
of larger permutations fot = 55 andg = 9.

The read reconstruction and post-reconstruction response times as well as the fault free response times are pre-
sented in Figure 18; the sparing has the greatest impact for access sizes close to the stripe size. For all access sizes

larger than 72KB, the relative positions of the curves remains similar to those of the 72KB accesses.
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Figure 18:PDDL Read response times: fault free, reconstruction, and post-reconstruction.
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