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Abstract—NAND flash memories are currently the most widely that usesO(n log 1) block erasures for moving data amomg
used flash memories. In a NAND flash memory, although a cell plocks. With coding, only one empty auxiliary block is needed,
block consists of many pages, to rewrite one page, the whole a4 \we present a very efficient algorithm based on coding

block needs to be erased and reprogrammed. Block erasures
determine the longevity and efficiency of flash memories. So when over GF(Z) that uses onlyn erasures. We further present a

data is frequently reorganized, which can be characterized as a coding-based algorithm using at mast — 1 erasures, which
data movement process, how to minimize block erasures becomesis worst-case optimal. Although minimizing erasures for every

an important challenge. In this paper, we show that coding instance is NP hard, both algorithms that use coding achieve

can significantly reduce block erasures for data movement, and 5 annroximate ratio of two with respect to an optimal solution
present several optimal or nearly optimal algorithms. While the that minimi th b f block
sorting-based non-coding schemes requir®(n log n) erasures to al minimizes the number of block erasures.

move data amongn blocks, coding-based schemes use onfy(#) There have been multiple recent works on coding for flash
erasures and also optimize the utilization of storage space. memories, including codes for efficient rewriting [5] [7] [11],

error-correcting codes [4], and rank modulation for reliable
cell programming [8] [10]. This paper is the first work on

Flash memories have become the most widely used naerage coding at the page level instead of the cell level, and
volatile electronic memories. They have two basic typethe topic itself is also distinct from all previous works.
NAND and NOR flash memories [6]. Between them, NAND Due to limited space, we skip some details in this paper.
flash is currently used much more often due to its higher ddt#terested readers are referred to [9] for the full analysis.
density. In a NAND flash, floating-gate cells are organized as
blocks Each block is further partitioned into multipfgages Il. TERMS AND CONCEPTS
and every read or write operation accesses a page as a Udffinition 1 (DATA MOVEMENT PROBLEM) There aren
Typically, a page has 2 to 4KB of data, and 64 pages forBlocks storing data in the flash memory, where every block
a block [6]. The flash memory has a uniqbeock erasure hasm pages. The blocks are denotedBy . .., B,, and then
property: although every page can be written individuallages in blocB; are denoted by; 1,...,pimfori=1,...,n.
to rewrite a page (namely, to change its content), the thlgt“(i, j) andp(i, j) be two functions:
block must be erased and then reprogrammed. Every block can L
endurel0* ~ 10° erasures, after which the flash memory may ~ ®(i, /) < {1,...,n} x{1,...,m} —{1,...,n};
break down. Block erasures also reduce the quality of cells B, j) {1, n} x{1,...,m}p —{1,...,m}.
and the general efficiency. So it is critical to minimize blockrhe gata in page; ; is denoted byb; ; and needs to be moved
erasures. For this reason, numerowesar levelingtechniques jntg pagep,; : T for (i,j) € {'1,“_,”} x{1,...,m}.
have been used to balance the erasures of blocks [6]. ali) Blij) P

(Clearly, the functions:(i, j) andf3(i, j) together have to form

In a flash memory, data often needs to be moved. Fgrpermutation for thenn pages. To avoid trivial cases, we
example, files can have their segments scattered due to mggs,me that every block has at least one page whose data needs
ifications, and need to be reassembled later. Files of similgfpe moved to another block.)
statistics may also need to be grouped for easier informations ,;mper of empty blocks, calleauxiliary blocks can be
access. To facilitate data movement, a flash translation layglaq in the data movement process, and they need to be erased
(FTL) is usually used in flash file systems to map logical daig the end. The objective is to minimize the total number of

pages to physical pages [6]. How to minimize block erasur@#,ck erasures in the data movement process.
during the data movement process remains a main challenge.

In this paper, we show that coding techniques can sig-The challenge is that a block must be erased before any of
nificantly reduce block erasures for data movement. Besidés pages is modified. Let us first define some terms. There
erasures, we also consider coding complexity and the exé@ two useful graph representations for the data movement
storage space needed for data movement. We show thaiblem: thetransition graphand abipartite graph In the
without coding, at least two empty blocks are needed tmnsition graphG = (V, E), |V| = n vertices represent the
facilitate data movement, and present a sorting-based solutiodata blocksBs, . .., By. If y pages of data need to be moved

I. INTRODUCTION
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@ = 2z 3 4 5 ° to a block-permutation set. If we remove those edges, we get

a bipartite graph of degree — 1 for every vertex. (See Fig. 1
(c), (d).) Similarly, we can find another perfect matching and
further reduce the graph to regular degree- 2. In this way,
we partition thenm edges intom block-permutation sets.|

A perfect matching can be found using the Ford-Fulkerson

Algorithm [3] for computing maximum flow in time (n%m).
So we can partition them pages intom block-permutation
s Y NS S sets in timeO(n?m?).

IIl. CODING FORMINIMIZING AUXILIARY BLOCKS

1 33|41 |43 | 23| 63 | 53
2 21| 42 | 61 | 22 | 32 | 52
3 13 1311|1262 | 11| 51

Fig. 1. Data movement witm = 6,m = 3. (a) The permutation . .
table. The numbers with coordinatés j) are «(i, ), B(i, j). For example, In__thls paper, we fOC_US on the scenario where as few
(«(1,1),8(1,1)) = (3,3), and («(1,2),3(1,2)) = (2,1). (b) Transition auxiliary blocks as possible are used in the data movement

graph. (c) The bipartite graph representation. #ihhick edges are a perfect process. In this section, we show that coding techniques can

matching (a block-permutation set). (d) After removing a perfect matchi r% .. h b " ili block f d il

from the bipartite graph. Here far=1,...,n, vertexi represents blocl;. Inimize the number of auxiliary blocks. Afterwards, we wi
study how to use coding to minimize block erasures.

from B; to Bj, then there arg directed edges from; to B; in A, Data Movement without Coding

G. G is aregular directed graph with outgoing edges anét  \yhen coding is not used, data is directly copied from page
Incoming e?Iges for every vertex. In thépartite graphH = 4 ha4e |t can be shown that in the worst case, more than one
(ViU Vy, E), V1 and V, each has: vertices that represent 5 sijiary block is needed for data movement. (Please see [9]
then blocks. Ify pages of data are moved fraBato Bj, there ¢ 5 getajled analysis.) We now show that two auxiliary blocks
arey directed edges from verte; € V; to vertexB; € Va.  5p0 gufficient. The next algorithm operates in a way similar to
The two graphs are equivalent but are used in different proof hpje sort. And it sorts the data of the block-permutation

o data sets in parallel. The two auxiliary blocks are denoted by
Definition 2 (BLOCK-PERMUTATION SET AND SEMI- Bo and B,

CYCLE) A set ofn pages{pi,j,, 2,js- - Pn,j, } IS a@block-
permutation setif {a(1,j1),«(2,j2),...,&(n jn)} = Algorithm5 (BUBBLE-SORFBASED DATA MOVEMENT)

{1,2,...,-7’1}. If {plrj]’p21j2,..'lpnrjﬂ} IS 'a block- FOfizl,...,Tl—l
permutation set, then the data they originally store — g, j=i+1,...,n

{D1,j;,D2,j,,---, Dy, } — is called a block-permutation CopyB; into By andB; into B); EraseB; andB;;
data set Fork=1,...,m

Let z ¢ {1,2,...,11}.. An ordered set of pages LetD;, ;, andD,, ;, be the two pages of data By
(Pio,jos Pirjis -1 Pizy o) 1S @ semi-cycleif for k= and B, respectively, that belong to theth block-
0,1,...,z2=1, &(i, jk) = ik+1mod z- permutation data set. L@t ;, be the unique page in

. B B; such that some data of theth block-permutation

Example 3 The data movement problem in Fijexemplifies data set needs to be moved into it.
the construction of the transition and bipartite graphs. The If a(ip, j2) = i (which impliesf(iz, j») = js and

nm = 18 pages can be partitioned into three block-permutation

a(i1, j1) # i), copyD;, ;, into p; i, ; otherwise, copy
sets:  {p11, P22 32042 P53, Poits P12/ P21, P33s s v

Dilrj into Pi,j3-
Pajs P52, Pe2}s (P13, P23, P3P, P51, Pest The block —  yyitingg B; them pages of data iy andB} but not
permutation sets can be further decomposed into six semi- R /
in B;. EraseB, andB,,.
cycles: (ps3, p1,1,P32:061), (P22, P42); (P52, P33, P12 . -
P21, P43, P62); (P1,3), (P23, P3,1,Pa1), (P51, P6,3)- In the above algorithm, for every block-permutation data

set, its data is not only sorted in parallel with other block-

Theorem 4 The nm pages can be partitioned into block- Permutation data sets, but is also always dispersedhiocks
permutation sets. Therefore, then pages of data can be(Wwith every block holding one page of its data). The algorithm

partitioned inton block-permutation data sets. uses O(nz) erasures. If instead of bubble sorting, we use
more efficient sorting networks such as the Batcher sorting

Proof: The data movement problem can be representgétwork [2] or the AKS network [1], the number of erasures
by the bipartite graph where every edge represents a pagean be further reduced t0(nlog?n) and O(nlogn), re-
whose data needs to be moved into another block. (See Figpkctively. For simplicity we skip the details.

(c) for an example.) For=1,...,n, anyi vertices in the top ) ) B

layer haveim outgoing edges and therefore are connected fo Storage Coding with One Auxiliary Block

at leasti vertices in the bottom layer. So by Hall's theorem for In Algorithm 5, the only function of the auxiliary block,
matching in bipartite graphs [3], the bipartite graph has a pemd B}, is to store the data in the data blocks B; when the
fect matching. The edges of the perfect matching correspodatta in B;, B; is being swapped. We now show how coding
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