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Abstract. Flash memory can be a viable solution for the future em-
bedded systems. Embedded systems usually carry database asa part of
embedded software. It is well known that 
ash memory is far fa ster than
usual hard disk storages especially for read however it takes much time
for 
ash memory to delete than to read or to write. For a databa se sys-
tem, index tree on 
ash memory has been widely studied for its better
performance, but there have been no standard measure for 
ash memory
database performance. In order to �nd the storage access performance
of index trees, we measured index tree access time.
We choose B-tree, R-Tree and MR-tree for prominent index tre es. We
also choose hard disk and 
ash memory for storage devices. With several
indexing pro�les having di�erent mixture of insert, search (read) and
delete of indices, we measured access time performance withdi�erent
combination of index tree structure and storage device. We hope our
result will work as a basis for 
ash memory database system design and
performance trimming.

1 Introduction

Nowadays ubiquitous computing environment with mobile devices, consumer
electronics and so on widely adopts 
ash memory system with rapid develop-
ment of memory technologies. Mobile phones, PDA, smart card, digital cameras
are rapidly consumed by consumers and almost of them are using 
ash memory
with nice characteristics such as low power, non-volatility, high performance,
physical stability, portability, etc. Flash memory has been discussed as a fu-
ture replacement of hard disk storages. And the memory characteristics of 
ash
memory are still under road to be developed.

Usual Flash Memory (FM) is consisted of several blocks with 32 sectors, one
sector of 512 byte data area and 16 byte spare area. Di�erent from Hard Disk
Drives (HDD), the read access to FM is comparable to that of Dynamic RAM
(DRAM) however it has very slowly write access and has no ability of overwrite.
Overwriting can be done by writing after block delete. In order to solve these
problems, there are FTL (Flash Translation Layer) between � le systems and
FM. Delete operations can be translated by mapping of logical sector address
to physical memory address which has been already deleted. Such sort of FTL
operations can help the use of FM with usual �le system. However, most of FTL
are also under for future development with huge options.
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In case of constructing database system with FM, index will be stored on FM
while actual records will be stored on HDD. With rapid increase of FM capacity,
actual records will be also ported on FM in the near future. The use of FM as
index storage will be naturally increase DB access performance, but it totally
depends on the type of index trees and the access pro�le as well.

We can discuss three types of index trees. B-tree is a data structure with
e�cient DB indexing. R-tree is for spatial data access index with multimedia DB.
Also, we can consider MR-tree as an upgraded version of R-tree. These index
trees must be updated with Insert, Delete, or internally by Split operations. Once
we implement HDD based B-tree on FM, it may cause performancedegradation.
Most of past researches concentrated on delete operations and improved with
bu�ering such as BFTL [5] or BOF [11]. But both of improvement s lead in
overhead of read operation and management overhead of bu�ers with data.

In addition, the limited number of FM writes will cause index update be
evenly distributed over blocks in order to fully utilize FM l ife cycle.

Under those situations, we are going to measure the access time of various
index trees on FM. With three types of index trees with several access pro�les,
we will compare performance of each index tree on FM and HDD. We believe this
measurement will inform researchers a key to improve their database systems on

ash memory.

Following sections are consisted as follows. In section 2 wewill discuss 
ash
memory, index trees and related works in detail. The next section contains our
result of measurement with detailed database access pro�les design. We will
conclude this paper in the �nal section.

2 Background and Related Works

We will discuss about the characteristics of FM as well as index trees in this
section. From the characteristics of FM, the index trees on it will have di�erent
nature of operations and new mechanism for tree indexing will be studied further.

2.1 Flash Memory

We focus on the NAND FM since it has better characteristics than NOR FM.
The NAND 
ash is one of the prominent FM currently under commercial man-
ufacturing. The access characteristics of NAND 
ash memoryis as follows [3]:

{ 1.2 microseconds for 2 Byte read
{ 35.9 microseconds for 512 Byte read
{ 201 microseconds for 2 Byte write
{ 226 microseconds for 512 Byte write
{ 2 milliseconds for 16 KB block delete

NAND FM has operations of read and write on the unit of sector,and write
operation must be done after deleting the corresponding block. Delete operations
are done in the unit of block, thus it take far more time than read and write
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operations which can be done in the unit of sector. Because ofthis di�erence
between the unit of write and delete operations, write operations cannot be done
immediately. Write-pending pages should be copied on otherblank pages with
modi�cations and this speci�c operations are called out-place update. Free page
is a clean page never has been written. Dead page is a page having out-of-date
data after out-places update. Live page is a page having up-to-date data after
out-places update [9]. The number of dead pages will increase with cumulated
write operations and the number of free pages will be degenerated. Therefore
garbage collection will be required. We need block recycling policy to choose a
speci�c dead page deleted and converted to free page. Also weneed wear leveling
in order to uniform selection of dead page to be deleted sincethere are limitations
in the number of block delete. Thus it is clear that write operation requires extra
cost with wear leveling and garbage collection.

Flash Translation Layer (FTL) helps �le system regard FM as a logical space
such as that of HDD. FTL mapping algorithms are classi�ed as sector mapping,
block mapping and hybrid mapping. Also, the logical-physical address transla-
tion is classi�ed as in place and out of place where logical sector �rst for that
while physical sector �rst for this. For example, FAST(Full Associate Sector
Translation) [10], which improved log block mechanism, logically partites FM
memory space into data block, log block, and sequential write block. It marks
"in-place" on a data block for a sector written with hybrid ma pping. Once an
overwritten takes place for this sector, it choose a speci�csector on log block and
marks it as "out-of-place", except the zero-th sector be overwritten. Instead, a
sequential write block is chosen and then marked as "in-place". Once a zero-th
sector is overwritten again, a merge operation happens or anexchange operation
happens in order to minimize delete operation. There existsseveral log blocks
where there could be FIFO merge operation if there are no freesector on a log
block. FAST supports mapping between �le system and 
ash memory e�ciently
and �le system can regard FM as block device such as hard disk drive.

2.2 Index Trees

B-tree [4] is an index most representatively used in database management system
that is based on disk and main memory. Insert, delete, searchof data are done
easily and it supplies e�cient balance algorithm.

R-tree [1] is guided hierarchic data structure from B-tree structure for spa-
tial data access such as multimedia data. Each node is consisted of smallest
d-dimension quadrilateral including own child node. Leaf node includes pointer
for actuality geometrical object instead of including child of node in database.
Objects are expressed by minimum sorted quadrilateral thatthey are included.
Because R-tree is height balanced tree, it announces node split to parent node,
so about average 70% of entries have �lled in leaf node. R-tree does to increase
often height of tree for height balance of leaf nodes, and this causes unnecessary
cache miss occurrence �nally.

MR-tree [7] uses basic index structure of R-tree, but heightbetween sub trees
can be unbalanced and the di�erence is reconstructed by maximum below 1.
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Fig. 1. R-tree on Flash Memory

Fig. 2. Structure of MR-tree
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If height between sub trees is restricted more than 1, it runsheight balance
algorithm. And, it has special feature that when split is produced, splits are
delivered to parent node. In case of a node exists which has empty entry on
insert operation and it judges re-insertion possibility electively in occasion of
delete. MR-tree structure is shown in �gure 2.

Index nodes of MR-tree are classi�ed to internal node, leaf node and half-leaf
node. Half-leaf node means nodes that have all entries for leaf nodes and data
object. If new object is inserted in the half-leaf node continually, this node is
changed to an internal node that has height of 2. Node structure of MR-tree
other than R-tree shows two distinguished additional �eld. One �eld has a value
that adds 1 to the value of the biggest heights of child nodes to �eld that display
height of node, and is used to search the imbalance state of MR-tree height.
Data entry number �eld used by half-leaf node and stores number of data entry
stored in the node. Split of leaf node is delivered to parent node only if there
is empty entry in internal node on insert operation. Therefore, it can certainly
reduce whole number of node splits. MR-tree shortens tree height and indicate
good performance in search by decreasing internal node MBR's size, improves
entry space utilization ratio for internal node by deliveri ng node split to parent
node when more than one empty entry among internal nodes on insert operation,
controls increase of tree height maximum, and reduces the count of cache miss.

2.3 Previous Works

When applying existing B-tree or R-tree to 
ash memory as it is, in worst case,
we must modify one leaf node for every insert before split occurs. Then, write
operation to 
ash memory space must require the same size as aleaf node. If
leaf node is consisted of m records, write operation for the space of relevant leaf
node is about m insertions in order to compose leaf node. And if modi�cation of
index pointer is required, all nodes inevitability is modi� ed. Also data stored in
the same area to a leaf node must be stored in another block m times with leaf
node space because of out-place update characteristics of FTL. If node space
occupies big space, free page is consumed rapidly and garbage collection and
wear-leveling are done frequently. This causes each operation costs expensively
and spoiled FM lifetime.

Resent researches are concentrated on these phenomena but only a few re-
sults have been reported. Most of them are specialized on B-tree. We have one
prominent example to R-tree. In order to reduce write operation, Wu proposed
BFTL and FTL applying to R-tree [6][5]. It provides a layer fo r tree index nodes
with translation table and reservation bu�er is also includ ed. FTL applied to
R-tree structure is shown in �gure 1. Multiple insertions of leaf nodes will be
translated to one write operations to FM blocks e�ectively by Wu's mechanism.

3 Access Time Measure

In this section, we will describe the performance measure approaches and will
show performance comparison results. We choose storage device as FM and
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HDD. HDD characteristics are already fully studied by researchers and therefore
discussions are omitted. It is natural that FM performance always outperforms
HDD performance and that is the reason why current technology rapidly adapts
FM as a storage part of mobile or embedded (or both) systems. Even though
it is natural in performance comparison, we have interestedin the quantitative
performance between two storage devices. In addition, the database access pro-
�le clearly controls the index tree performance on two di�er ent storage types.
Considering FM has very low access time requirement of read operation that
matches search operation of index trees while it has the higher cost of write even
with wear leveling and out place update. And with the delete operation of the
highest time requirement, we cannot clearly identify the performance of indexing
on FM. Thus we conduct a simulation with various index pro�le s of database
access on two di�erent types of storages.

3.1 Database Access Pro�les Design

It is critical that the delete operations must be a governing parameter of index
timings. We can defer delete operations with the help of FTL however they can't
be omitted and thus must be done in the long run.

Therefore we designed three pro�les with di�erent characteristics respec-
tively. Each pro�le has more than ten thousand operations on index trees with
di�erent patterns of access sequence and frequency. The �rst one is random pro-
�le (R). We generated totally random pro�le with totally ran dom distributions
of insert, delete and search operations. Of course, split operations are translated
into related sequence of operations. The second one is insert oriented pro�le (I).
We designed number of operations of insert has ten times higher than the number
of delete operations. We considered a very �rst stage of database construction
with one thousand insert operations and one hundred delete operations. The
�nal one is delete oriented pro�le (D). Almost 2000 insertio ns made and 2000
delete operations are then came by search operations. With these three access
pro�les we executed timing based simulation.

In addition, the timings include actual CPU time of tree operations on Win-
dows XP PC with 2.40GHz Intel Pentium CPU and 1Gbyte of DRAM. E ach

ash memory timing is show in section 2 and Each HDD timing is actually mea-
sured by real indexing operations on the PC and resulted in 12.4ms per 512byte
sector average. We put tree nodes in 512Byte block of HDD and FM both for
fair comparison. For the results on following �gures, the X-axis stands for the
number of indexing operations and the Y-axis is the accumulated time of each
indexing operation in microseconds.

3.2 Performance Comparisons

Basically B-tree, R-tree and MR-trees are simulated with three di�erent index
pro�les on FM and HDD respectively. Figure 3 shows a result onrandom pro�le
with three di�erent trees on FM and HDD. B-tree with small nod e size clearly
outperforms other trees since B-tree requires small node size and needs less
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number of splits on 512byte sector size. In addition resultson FM drastically
outperform HDD as expected.

Fig. 3. Indexing timings over random access pro�le (R)

Figure 4 shows a result on insert oriented pro�le with three di�erent trees on
FM and HDD. It does not show any distinguished di�erence from �gure 3 from
the aspect of HDD but concentration on insert operation shows two distinguished
patterns on FM (small graph on upper-left corner). Insert shows abrupt increase
of cumulated times at the �rst stage and then mixture of delete and search
lessens the slope.

Figure 5 shows the e�ect of delete operations. Inserts on front end of the
graph show increase of operation timings while deletes on backend show shaper
increase than insert. However, index timings on FM with hugenumber of deletes
still outperform index timings on HDD. It is clear that the nu mber of delete
cannot exceed the number of insert, by which the e�ect of delete is strictly
bounded.

Then we focused on index tree timings on FM. Every indexing pro�les are
then compared on FM. Figure 6 shows the comparison. Random pro�le with uni-
form distribution of delete, deleted oriented pro�le, and i nsert oriented pro�les
show timing results as expected. The three bottommost results of insert oriented
pro�les shows similar pattern of index timings, and B-tree with small node size
outperforms others with less number of node splits on a FM block while MR-tree
considering cache e�ect outperforms R-tree with the same node size on a block.

As a result, we can conclude that FM with any index tree outperforms HDD
storage, and then MR-tree for multimedia database always outperforms R-tree.
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Fig. 4. Indexing timings over insert oriented pro�le with small num ber of delete (I)

Fig. 5. Indexing timings over delete oriented pro�le with large num ber of delete (D)
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Fig. 6. Indexing timings on 
ash memory

We could recommend the use of FM as index tree storage in any cases. With
normal usage of DB on FM, for example insert oriented pro�les, index trees on
FM shows satisfactory performance. Considering the up-to-date 
ash memories
have better timing characteristics [12] than we used in section 2, we can expect
at least the same performance with actual current DB applications.

4 Conclusions and Future Works

We focused on performance measure of various index trees on 
ash memory
system and hard disk drive system. It is clearly a trend that 
 ash memory will
be a prominent solution for future embedded mobile systems.We draw a natural
solution that index trees on 
ash memory always outperform hard disk system.
And we found that indexing on MR-tree outperforms indexing on R-tree for its
cache based operation when 
ash memory blocks and sectors acts like a cache
block. Other interesting results show that B-tree performance outperforms other
indexing trees because a small node size of B-tree reduces the number of splits
inside a sector. However B-tree is not a best �t for multimedia database indexing
therefore must be considered in another aspect. In the aspect of multimedia, MR-
tree outperforms R-tree because of its considerations of cache e�ect. We hope
our results could provide a guideline for performance measurement and trimming
for existing database with 
ash memory as well as hard disk system.

Our future research will be concentrated in two categories.First, we will
modify the cache block size of MR- tree to that of FM block sizeand harmonize
them. We expect the cache usage of MR-tree will be combined with DRAM like
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read time of FM so that the performance of indexing will be improved. Second,
we will introduce on demand paging [8] especially for indexing trees as well as
wear leveling. With the combination of indexing tree operations and on demand
paging, we consider a higher performance with long lifetimeof 
ash memory.
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