@) P i 5 . SHMIESH B ERARTRE

Advanced Data and Machine Intelligence Systems Lab

R’  TONGII UNIVERSITY

YIRFERE & HEFESE
Physical Storage Systems & Data Storage Structures

2= A /Wengen Li
Email: lwengen@tongji.edu.cn

SOHEIESH S EEERFASLI8= (ADMIS Lab)
https://admis-tongji.qithub.io

RIFFAZE HENMNZSRAZR
20265045


mailto:lwengen@tongji.edu.cn
https://admis-tongji.github.io/

> RIEHIE

@) P %+ 5

TONGIJI UNIVERSITY

Part 0: Overview
— Ch1: Introduction

Part 1 Relational Languages
— Ch2: Relational model

— Cha3: Introduction to SQL
— Ch4: Intermediate SQL
— Ch5: Advanced SQL

Part 2 Database Design
— Ch6: Database design via E-R model

— Ch7: Relational database design

Part 3 Application Design &
Development
— Ch8: Complex data types

— Ch9: Application development

Part 4 Big Data Analytics
— Chl10: Big data

— Chl1: Data analytics

Part 5 Storage Management & Indexing
— Chl12: Physical storage systems

— Ch13: Data storage structures
— Chl4: Indexing

Part 6 Query Processing & Optimization
— Ch15: Query processing

— Ch16: Query optimization
Part 7 Transaction Management
— Chl7: Transactions
— Ch18: Concurrency control
— Ch19: Recovery system
Part 8 Parallel & Distributed Database
— Ch20: Database system architecture
— Ch21-23: Parallel & distributed storage, query
processing & transaction processing

Advanced topics
— DB Platform: OceanBase, MongoDB, Neo4J
— RAG, Multimodal retrieval, ... 2
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« Speed

— the speed with which data can be accessed
 Cost

— the cost for storing each unit of data
* Reliability

— volatile storage (B4 7F(E) : lose contents when power is switched off
— non-volatile storage (AEZLMETFENE) : contents persist when power is
switched off
« secondary (%K) and tertiary (=%Z%) storage
 battery-backed up main-memory
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« Cache (5 EER
— the fastest and most costly form of storage
— volatile

« Main memory (EF/AF)

— fast access (about 100 nanoseconds, 1 nanosecond = 10— seconds)

— generally too small (or too expensive) to store the entire database
« capacities of up to tens of gigabytes widely used currently
« capacities have gone up and per-byte cost has decreased steadily

— volatile — contents of main memory will be lost if a power failure or system crash
occurs
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« Flash memory ((N{F)

USB, SSD
Non-volatile, data survives power failure

Data can be written at a location only once, but the location can be erased and
written again
» support 10K — 1M write/erase cycles

Reads are roughly as fast as main memory, but writes are slow (few microseconds)
Cost per unit of storage is similar to main memory
Widely used in embedded devices such as digital cameras
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- Magnetic disk (B££2)

Primary medium for the long-term storage of data
« Typically stores the entire database
Data must be moved from disk to main memory for access, and written back for
storage
* Much slower access than main memory
Capacities range up to several TBs currently
* Much larger capacity and lower cost/byte than main memory/flash memory
« Growing constantly and rapidly with technology improvements
Survives power failures and system crashes
 disk failure can destroy data, but is rare
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- Optical storage (J¢3#1FH42S)

Non-volatile, data is read optically from a spinning disk using a laser
CD-ROM (640 MB) and DVD (4.7 to 17 GB) are the most popular forms
Write-once and read-many (WORM) optical disks used for archival storage
- CD-R, DVD-R, DVD+R
Multiple write versions are also available
CD-RW, DVD-RW, DVD+RW, DVD-RAM
Reads and writes are slower than magnetic disk



> HNFFhERR (28)

(@) P i+ 5

” TONGIJI UNIVERSITY

Optical storage (FE%1F422)

— 201055H, HAFRFEAFUWFHIRKIE—(Shin-ichi Ohkoshi)AFEEIBAAII— 74, AILAA
KHEEEFENATERIGE, TEFSERER—AZDVDRISTE

—- MRER—ERIFREAN, FEERSEINERERNIT, EXEINREESERNIRE
ISR, =R MRS, sEBESEERTIFSNZEEE, EiEEFEEeE
o XFMFRIEREIREIFT R, SERIDEEENITE, MECLENSENE—ADVDHSE,
—Rg—3KDVD/94.7G, —iKEEYEIEEE925G, EAMVIEEaRzy, FMEORETERIAL28G,
RREAFHRFTICREBERIA25000G, RI25T

- 0LFETRATANBAFRICARIH RIS, TSR SCBNEREE, 5
EHHEIER, BRGNSk 0ENS R, BLRRSNKEHSRAIAISTE
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Tape storage (B TFiEee)

Non-volatile, used primarily for backup (to recover from disk failure), and for archival
data
- IBM, EMC. Dell...

Sequential-access — much slower than magnetic disk and flash memory (direct
access)

Very high capacity (1TB to tens of TB tapes are available)
Can be removed from drive (RZi53KEISE)
Storage cost is much cheaper than disk, but the drive is expensive

11
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e R—MaEREIEFELTN. ALREEREFNREZIUREEZE L
1B, BAERNEIE, KEoRATED. &F, EXKEEANEK
, WA MIERFEEEEAR. AR, REINEKSE.
ETLTORFIMT, Ultrium 8RS HRABaFe (FIEkEMHLIERS
B, AEEITEFNIKEERERAR, #EKESOM, BE
12.65mm, EE5.6um, LTO Ultrium 8& 4 aam=iA30TB (5
[E4aRd212TB) , 2RI mEIRES, MmEIERERNA750MB/s (R
[E4aA42360MB/s) , 4BENRSEEELLHODERZEGNE, &S
KHEHRFEELHIE.

LTO 8RFHHEMIELRE, —MEJUEERELIEN, B/h—Ff
BWROM, EAN—IR, ZRIZEEEERY, XFpSSBIpya] ARG LEEGE
WENEERIMIER, IEET<EMH.
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— Fastest media but volatile (cache, main | _cache ﬁ
memory) I
« Secondary storage (sHBITEAEER) L main memory /
— Non-volatile, moderately fast access time | 1 mem(?rzy Ij
— Also called on-line storage, e.g., flash o
memory, magnetic disks | agnetic ik ﬁ
. Tertiary storage (=R1FHiEse) 1l
N
— Non-volatile, slow access time | optical disk Ij
— Also called off-line storage, e.g., magnetic — ﬁ
tape, optical storage | magnetic tapes

13
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Read-write head (EE5=k)
— positioned very close to the platter surface (almost touching it)
— reads or writes magnetically encoded information

Surface of platter is divided into circular tracks (f£8)
— about 50K-100K tracks per platter on typical hard disks

Each track is divided into sectors (BX)

— sector is the smallest unit of data that can be read or written, typical sector size: 512 bytes
— typical sectors per track: 500-1000 (inner tracks), 1000-2000 (outer tracks)

To read/write a sector
— disk arm swings to position head on the right track
— platter spins continually, and data is read/written as sector passes under head

Head-disk assemblies (f3k-f23EEH)

— multiple disk platters on a single spindle (1 to 5 usually)
— one head per platter, mounted on a common arm assembly.

Cylinder(#M) i consists of the i-th tracks of all the platters(f k) "
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« Earlier generation disks were susceptible to head-crashes
— Surface of earlier generation disks had metal-oxide coatings (8BSt Ii7E) which

would disintegrate on head crash and damage all data on disk
Current disks are less susceptible to such disastrous failures

« Disk controller(f£23=H88) — interfaces between the computer system and
the disk drive hardware

Accept high-level commands to read or write a sector

Initiate actions such as moving the disk arm to the right track and actually reading or
writing the data

Compute and attach checksums(f&5&#0) to each sector to verify that data is read
back correctly.

Performs remapping of bad sectors(¥4 5 X EEiET)

17
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« Multiple disks connected to a computer system through a disk controller
— Controller functionality (checksum, bad sector remapping) is often carried out by

individual disks to reduce the load on controller

system bus

disk
controller

S

disks

« Disk interface standards families
ATA (AT adaptor/attachment) range of standards (1994-2002,7 standards)

SATA (Serial ATA). PATA (Parallel ATA)
SCSI (Small Computer System Interconnect) range of standards
Several variants of each standard (different speeds and capabilities)

18
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Access time(ij5alAt|a)
— the time it takes from when a read or write request is issued to when data
transfer begins, including
« Seek time(F1ERY[E) - the time it takes to reposition the arm over the correct
track.
— average seek time is about 1/2 the worst case seek time
— 4 to 10 milliseconds on typical disks

- Rotational latency(BEtEZEIR) — the time it takes for the sector to be accessed
to appear under the head
— average latency is 1/2 of the worst case latency.
— 4 to 11 milliseconds on typical disks (5400 to 15000 rpm)

19
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Data-transfer rate(ZUREEH=R)

— The rate at which data can be retrieved from or stored to the disk
— Max rate: 50 to 200 MB per second, lower for inner tracks

— Multiple disks may share a controller, so the rate that controller can handle is also
important
« E.g., ATA-5: 66 MB/sec, SATA: 150 MB/sec, Ultra 320 SCSI: 320 MB/s
» Fiber Channel (FC2Gb): 256 MB/s

20
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« Mean time to failure ((FYERERTE, MTTF)

— The average time the disk is expected to run continuously without any failure

— Probability of failure of new disks is quite low, corresponding to a “theoretical MTTF”
of 500,000 to 1,200,000 hours for a new disk

« E.g., an MTTF of 1,200,000 hours for a new disk means that given 1000 new disks, one will
fail every 1200 hours on the average

— MTTF decreases as disk ages
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Block — a contiguous sequence of sectors from a single track
— data is transferred between disk and main memory in blocks

— sizes range from 512 bytes to several kilobytes
« small blocks: more transfers from disk
» large blocks: more space wasted due to partially filled blocks
 typical block sizes range from 4 to 16 kilobytes

Disk-arm-scheduling (f4EE5EE) algorithms order pending accesses to

tracks so that disk arm movement is minimized

— elevator algorithm(EB#8&i%) : move disk arm in one direction (from outer to inner tracks or vice
versa), processing next request in that direction, till no more requests in that direction, then
reverse direction and repeat

22
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File organization — optimize block access time by organizing the
blocks according to the way of data access
— E.qg., store related information on the same or nearby cylinders

— Files may get fragmented(# 514, over time
« data is inserted to/deleted from the file
» free blocks on disk are scattered, and newly created file has its blocks scattered over the
disk
» sequential access to a fragmented file results in increased disk arm movement
— To speed up file access, some systems have utilities to defragment the file system

23
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 Non-volatile write buffers speed up disk writes by writing blocks to a
non-volatile RAM buffer immediately

Non-volatile RAM: battery backed up RAM or flash memory
« Even if power fails, the data is safe and will be written to disk when power returns

Controller writes to disk when the disk has no other requests or the non-volatile RAM
is full

Database operations can continue without waiting for data to be written to disk
Writes can be reordered to minimize disk arm movement

24
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Log disk(EH&#ER)
— a disk devoted to writing a sequential log of block updates

— used exactly like non-volatile RAM
« write to log disk is very fast since seeking is not required
no need for special hardware (NV-RAM)

File systems typically reorder writes to disk to improve
performance
— Journaling file systems(HE&EX A4 %t) write data in safe order to NV-RAM or log disk
— Reordering without journaling: risk of corruption of file system data

25
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NOR flash vs NAND flash

— NAND flash

» used widely for storage, cheaper than NOR flash

* requires page-at-a-time read (page: 512 bytes to 4 KB)
— 20 to 100 microseconds for a page read
— Not much difference between sequential and random read

» Page can only be written once
— Must be erased to allow rewrite

Solid state disks (SSD,

— Use standard block-oriented disk interfaces

S ER)

— Transfer rate of up to 500 MB/sec using SATA, and up to 3 GB/sec using

NVMe PCle

27
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« Erase happens in units of erase block
— Takes 2to5ms
— Erase block typically 256 KB to 1 MB (128 to 256 pages)

 Remapping of logical page addresses to physical page addresses avoids
waiting for erase
— Flash translation table (3%#23&) tracks mapping, also stored in a label field of flash
page
« After 100,000 to 1,000,000 erases, erase block becomes unreliable and cannot
be used

— wear leveling (3RFELY1ED)

28
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Random reads/writes per second
— Typical 4 KB reads: 10,000 reads per second (10,000 IOPS)
— Typical 4KB writes: 40,000 IOPS

— SSDs support parallel reads

» Typical 4KB reads:
— 100,000 IOPS with 32 requests in parallel (QD-32) on SATA
— 350,000 IOPS with QD-32 on NVMe PCle

» Typical 4KB writes:
— 100,000 IOPS with QD-32, even higher on some models

Data transfer rate for sequential reads/writes
— 400 MB/sec for SATA3, 2 to 3 GB/sec using NVMe PCle

Hybrid disks: combine small amount of flash cache with larger
magnetic disk

29
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Storage class memory (fFiEZEEEES)
— Allow to read and write bytes or words

3D-XPoint memory technology pioneered by Intel

Available as Intel Optane SSD
— SSD interface shipped from 2017
» Allows lower latency than flash SSDs
— Non-volatile memory interface announced in 2018
» Supports direct access to words, at speeds comparable to main-memory speeds

30
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RAID: Redundant Arrays of Independent Disks

— Disk organization techniques that manage a large numbers of disks,
providing a view of a single disk of

« High capacity and high speed by using multiple disks in parallel

» High reliability by storing data redundantly. Data can be recovered even if a disk
fails

32
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« The chance that some disk out of a set of N disks will fail is much
higher than the chance that a specific single disk will fail

— E.g., a system with 100 disks, each with MTTF of 100,000 hours (approx. 11 years),
will have a system MTTF of 1000 hours (around 41 days)

— Techniques for using redundancy to avoid data loss are critical with large numbers of
disks

« Originally a cost-effective alternative to large and expensive disks

— | in RAID originally stood for “inexpensive”
— Now the “I” is interpreted as independent

33
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 Redundancy — store extra information that can be used to rebuild information
lost in a disk failure
— Mirroring ($21%): Duplicate every disk, and each logical disk consists of two physical
disks
— Every write is carried out on both disks
* Reads can take place from either disk
— If one disk in a pair fails, data is still available in the other

« Data loss would occur only if a disk fails, and its mirror disk also fails before the system is
repaired

» Probability of combined event is very small except for dependent failure modes such as fire
or building collapse or electrical power surges

» Mean time to data loss (FEIEHEFESHAT(E]) depends on mean time to failure (F
IS FERTE)) and mean time to repair (Z3S(EERT(8))
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Two main goals of parallelism in a disk system
— Load balance multiple small accesses to increase throughput
— Parallelize large accesses to reduce response time

Bit-level striping ({iZ¢3553): split the bits of each byte across multiple disks
— Inan array of eight disks, write bit i of each byte to disk i
— [Each access can read data at eight times the rate of a single disk

Block-level striping (3RZ%3743): with n disks, block i of a file goes to disk (i mod
n)+1

— Requests for different blocks can run in parallel if the blocks reside on different disks

— Arequest for a long sequence of blocks can utilize all disks in parallel

35
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« Schemes to provide redundancy at lower cost by using disk striping (fZ&#745")
combined with parity bits(E{BRRL&()
— Different RAID levels, have different cost, performance and reliability characteristics
RAID Level 0: Block striping, non-redundant. (EJURF7)
Used in high-performance applications where data lose is not critical

- RAID Level 1: Mirrored disks with block striping (&%)
Popular for applications such as storing log files in a database system

s

(a) RAID 0: nonredundant striping

CEOCEEEE

(b) RAID 1: mirrored disks
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 RAID Level 2: Memory-Style Error-Correcting-Codes (ECC) with bit striping. (
REFXIFSHIZHEERS, BT ERERA)
- RAID Level 3: Bit-Interleaved Parity ({\/32 X BYEHBIRLE)

— a single parity bit is enough for error correction, not just detection, since we know
which disk has failed

When writing data, corresponding parity bits must also be computed and written to a parity
bit disk
To recover data in a damaged disk, compute XOR of bits from other disks (including parity

bit disk)
TFIFFTITT

(c) RAID 2: memory-style error-correcting codes

oouus

d) RAID 3: bit-interleaved parity

37
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 RAID Level 3 (Cont.)

Faster data transfer than with a single disk, but fewer I/Os per second since every disk has to
participate in every 1/O.

Subsumes Level 2 (provides all its benefits, at lower cost).

 RAID Level 4

Block-Interleaved Parity(}R3z X AYEHBREE); uses block-level striping, and keeps a parity block
on a separate disk for corresponding blocks from N other disks.

When writing data block, corresponding block of parity bits must also be computed and written to
parity disk

To find value of a damaged block, compute XOR of bits from corresponding blocks (including
parity block) from other disks.

lElElElc

(e) RAID 4: block-interleaved parity

38
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RAID Level 4 (Cont.)

— Provides higher 1/O rates for independent block reads than Level 3

» block read goes to a single disk, so blocks stored on different disks can be read
in parallel

— Provides high transfer rates for reads of multiple blocks than no-striping

— Before writing a block, parity data must be computed

« Can be done by using old parity block, old value of current block and new value
of current block (2 block reads + 2 block writes)

— More efficient for writing large amounts of data sequentially

— Parity block becomes a bottleneck for independent block writes since every
block write also writes to parity disk

39
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* RAID Level 5

— Block-Interleaved Distributed Parity(3R3z X BV EHEREE); partitions data and
parity among all N + 1 disks, rather than storing data in N disks and parity in 1 disk.

— E.g., with 5 disks, parity block for n-th set of blocks is stored on disk (n mod 5) + 1,

with the data blocks stored on the other 4 disks.

B o

RAID 5: block-interleaved distributed parity
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. RAID Level 5 (Cont.)

— Higher 1/O rates than Level 4.

» Block writes occur in parallel if the blocks and their parity blocks are on different
disks.

— Subsumes Level 4: provides same benefits, but avoids bottleneck of parity disk.

* RAID Level 6

— P+Q Redundancy scheme; similar to Level 5, but stores extra redundant information
to guard against multiple disk failures.

— Better reliability than Level 5 at a higher cost; not used as widely.

(d) RAID 6: P + Q redundancy

41
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« Factors in choosing RAID level
— Monetary cost
— Performance: number of I/O operations per second, and bandwidth during normal operation
— Performance during failure

— Performance during rebuild of failed disk
Including time taken to rebuild failed disk

 RAID 0 is used only when data safety is not important
— E.qg. data can be recovered quickly from other sources

« Level 2 and 4 never used since they are subsumed by 3 and 5

« Level 3is not used anymore since bit-striping forces single block reads to
access all disks, wasting disk arm movement, which block striping (level 5)
avoids

« Level 6 is rarely used since levels 1 and 5 offer adequate safety for almost all
applications

« So competition is between 1 and 5 only 42
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« Level 1 provides much better write performance than level 5

— Level 5 requires at least 2 block reads and 2 block writes to write a single block,
whereas Level 1 only requires 2 block writes

— Level 1 preferred for high update environments such as log disks

« Level 1 had higher storage cost than level 5

— disk drive capacities increasing rapidly (50%/year) whereas disk access times have
decreased much less (x 3 in 10 years)

— 1/O requirements have increased greatly, e.g. for Web servers

— When enough disks have been bought to satisfy required rate of 1/O, they often have
Spare storage capacity
» so there is often no extra monetary cost for Level 1!

« Level 5 is preferred for applications with low update rate, and large
amounts of data

« Level 1 is preferred for all other applications 13
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« Software RAID: RAID implementations done entirely in software, with
no special hardware support

« Hardware RAID: RAID implementations with special hardware
— Use non-volatile RAM to record writes that are being executed

— Beware: power failure during write can result in corrupted disk

* E.g., failure after writing one block but before writing the second in a mirrored
system
« Such corrupted data must be detected when power is restored
— Recovery from corruption is similar to recovery from failed disk
— NV-RAM helps to efficiently detect potentially corrupted blocks
» Otherwise all blocks of disk must be read and compared with mirror/parity block

) P %+ 5

TONGJI UNIVERSITY

44



Gw) P %+ 5

” TONGIJI UNIVERSITY

> Bl (£8)

«  Hot swapping(#3aZ#h): replacement of disk while system is running, without
power down
— Supported by some hardware RAID systems
— reduces time to recovery, and improves availability (F] %) greatly
« Many systems maintain spare disks which are kept online, and used as
replacements for failed disks immediately on detection of failure
— Reduces time to recovery greatly
« Many hardware RAID systems ensure that a single point of failure will not stop
the functioning of the system by using
— Redundant power supplies with battery backup

— Multiple controllers and multiple interconnections to guard against
controller/interconnection failures

45
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Compact disk-read only memory (CD-ROM)
— Removable disks, 640 MB per disk
— Seek time about 100 msec (optical read head is heavier and slower)
— Higher latency (3000 RPM) and lower data-transfer rates (3-6 MB/s) compared to magnetic disks

Digital Video Disk (DVD)
— DVD-5 holds 4.7 GB , and DVD-9 holds 8.5 GB
— DVD-10 and DVD-18 are double sided formats with capacities of 9.4 GB and 17 GB
— Slow seek time, for same reasons as CD-ROM

Record once versions (CD-R and DVD-R) are popular
— Data can only be written once, and cannot be erased
— High capacity and long lifetime; used for archival storage

Multi-write versions (CD-RW, DVD-RW, DVD+RW and DVD-RAM) also
available

47
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Hold large volumes of data and provide high transfer rates
— Few GB for DAT (Digital Audio Tape) format
— 10-40 GB with DLT (Digital Linear Tape) format
— 100 GB+ with Ultrium format
— 330 GB with Ampex helical scan format
— Transfer rates from few to 10s of MB/s
Currently the cheapest storage medium
— Tapes are cheap, but cost of drives is very high

48
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« Very slow access time in comparison to magnetic disks and optical disks
— Limited to sequential access.
— Some formats provide faster seek (10s of seconds) at cost of lower capacity
« Used mainly for backup, for storage of infrequently used information, and as an
off-line medium for transferring information from one system to another.
. Tape jukeboxes(B &L E41) used for very large capacity storage
— terabyte (10'? bytes) to petabye (10° bytes)
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« Storage of database file

— Partitioned into fixed-length storage units called blocks. Blocks are units of
both storage allocation and data transfer

— Database system seeks to minimize the number of block transfers between
the disk and memory. We can reduce the number of disk accesses by
keeping as many blocks as possible in main memory

« Buffer
— The portion of main memory available to store copies of disk blocks
— Buffer manager: responsible for allocating buffer space in main memory

(@) P i+ 5
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p EMXETEEE (Buffer Manager)

* Programs call the buffer manager when they need a block from disk

— If the block is already in the buffer, buffer manager returns the address of
the block in main memory

— If the block is not in the buffer, the buffer manager

- allocates space in the buffer for the block

— Replacing (throwing out) some other block, if required, to make space for the new
block.

— Replaced block is written back to disk only if it was modified since the most recent
time that it was written to/fetched from the disk

* reads the block from the disk to the buffer, and returns the address of the block
in main memory to requester

52



> EHXERRAE

@) P #+ %

TONGJI UNIVERSITY

« LRU (Lest Recently Used, miEg/MER)

Most operating systems replace the block least recently used
Idea behind LRU — use past patterns of block references as a predictor of future
references

LRU can be a bad strategy for certain access patterns involving repeated scans of
data
« E.g., computing the join of two relations r and s by a nested loops

for each tuple t, of r do
for each tuple t, of s do
if the tuples t, and t; match
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Pinned block (#EEJ{ERIR)

— memory block that is not allowed to be written back to disk

Toss-immediate (3ZBPEFR) strategy

— free the space occupied by a block as soon as the final tuple of that block has been
processed

Most recently used (MRU) (RRIEERE{ER) strategy
— system must pin the block currently being processed. After the final tuple of that
block has been processed, the block is unpinned, and becomes the most recently
used block
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 The database is stored as a collection of files. Each file is a sequence
of records. A record is a sequence of fields

« One approach
— Assume that the record size is fixed
— Each file has records of one particular type only
— Different files are used for different relations

(@) P i+ 5
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Note: this case is easy to implement. We will consider variable length records
later
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Simple approach
— Store record i starting from byte n - (i — 1), where n is the size of each record
— Record access is simple but records may cross blocks
» Modification: don’t allow records to cross block boundaries
Alternative methods for deleting record i
— moverecordsi+1,...,ntoi,...,n—1
— move record ntoi
— do not move records, but link all free records on a free list
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» Delete record 3 and move all records
record 0 10101 Srinivasan | Comp. Sci. 65000 record 0 10101 Srinivasan Comp. Sci. 65000
record 1 12121 Wu Finance 90000 record 1 12121 Wu Finance 90000
record 2 15151 Mozart Music 40000 record 2 15151 Mozart Music 40000
record 3 22222 Einstein Phvsics 95000 record 4 32343 El Said History 60000
record 4 32343 El Said History 60000 record 5 33456 Gold Physics 87000
record 5  |EEEEESEONNING O S hyRICS 87000 »record 6 | 45565 | Katz Comp. Sci. | 75000
record 6 45565 Katz Comp Sci. 75000 record 7 58583 Califieri HlStOI'y 62000
record 7 58583 Califieri History 62000 record 8 76543 Singh BRI 30000
record 8 76543 Singh Finance 80000 record 9 76766 Crick Biology 72000
recorg ?0 ;g;gi’ ;r‘d;t lé“’logys _ ;iggg record 10 | 83821 | Brandt Comp. Sci. | 92000
recor ran omp. Sci. -
dl1l1 98345 Ki Elec. Eng. 80000
record 11 | 98345 | Kim Elec. Eng. | 80000 recor = cc. —he
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 Delete record 3 and move the final record

record 0 10101 Srinivasan Comp. Sci. 65000
record 1 12121 Wu Finance 90000
record 2 15151 Mozart Music 40000
record 3 22222 Einstein Phyvsics 95000
record 4 32343 El Said History 60000
record 5 33456 Gold Physics 87000
record 6 45565 Katz Comp. Sci. 75000
record 7 58583 Califieri History 62000
record 8 76543 Singh Finance 80000
record 9 76766 Crick Biology 72000
record 10 83821 Brandt Comp. Sci. 92000
record 11 98345 Kim Elec. Eng. 80000

»

record 0 10101 Srinivasan | Comp. Sci. 65000
record 1 12121 Wu Finance 90000
record 2 15151 Mozart Music 40000
record 11 9k345 Kim Elec. Eng 20000
record 4 32343 El Said History 60000
record 5 33456 Gold Physics 87000
record 6 45565 Katz Comp. Sci. 75000
record 7 58583 Califieri History 62000
record 8 76543 Singh Finance 80000
record 9 76766 Crick Biology 72000
record 10 83821 Brandt Comp. Sci. 92000
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Store the address of the first deleted record in the file header, and use the first
record to store the address of the second deleted record, and so on

These stored addresses are pointers since they “point” to the location of a

record

header
record 0
record 1
record 2
record 3
record 4
record 5
record 6
record 7
record 8
record 9
record 10
record 11

~

D

10101 Srinivasan Comp. Sci. 65000

A
15151 | Mozart Music 40000
22222 | Einstein Physics 95000
33456 | Gold Physics 87000

y
58583 | Califieri History 62000
76543 | Singh Finance 80000
76766 | Crick Biology 72000
83821 | Brandt Comp. Sci. 92000
98345 | Kim Elec. Eng. 80000
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« Variable-length records
— Storage of multiple record types in a file
— Record types that allow variable lengths for one or more fields

— Record types that allow repeating fields, e.g., array and multiset (used in some old
data models)
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Block Header Records

Size # Entries

. ... Free Space ---.
Location

End of Free Space

Slotted page (918HYT3) header contains

— number of record entries

— end of free space in the block

— location and size of each record
Records can be moved around within a page to keep them contiguous with no
empty space between them; entry in the header must be updated

Pointers should not point directly to record — instead they should point to the

entry for the record in header
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Sequential (i)

— store records in sequential order, based on the value of the search key of each
record

Heap (i)

— arecord can be placed anywhere in the file where there is space

Hashing (8%%!))
— a hash function computed on some attribute of each record
— the result specifies in which block of the file the record should be placed
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Suitable for applications that require sequential processing of the entire

file

The records in the file are ordered by a search-key

10101 |Srinivasan | Comp. Sci. | 65000
12121 |Wu Finance 90000
15151 |Mozart Music 40000
22222 | Einstein Physics 95000
32343 |El Said History 60000
33456 |Gold Physics 87000
45565 |Katz Comp. Sci. | 75000
58583 |Califieri History 62000
76543 | Singh Finance 80000
76766 | Crick Biology 72000
83821 |Brandt Comp. Sci. | 92000 -
98345 |Kim Elec. Eng. | 80000 B

J AVAVAVAVAVAVAVAVAVAVAN
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« Deletion — use pointer chains

10101 | Srinivasan | Comp. Sci. | 65000 —7

* Insertion —locate the position 12121 | Wu Finance 90000 =
where the record is to be inserted ISUSN || ko feiie 20000 1>

. . . 22222 | Einstein Physics 95000 i

— if there is free space insert there 32343 | Bl Said History 20000 .
— if no free space, insert the record 33456 | Gold Physics 87000 —;
in an overflow block 45565 | Katz Comp. Sci. | 75000 E
— In either case, pointer chain must cebity | Calliedd  Hisliony 200D T
be updated 76543 | Singh Finance 80000 —7

76766 | Crick Biology 72000 .

* Need to reorganize the file from 83821 | Brandt Comp. Sci. | 92000 ;
time to time to restore sequential 98345 | Kim Elec. Eng. | 80000 | |
order =

32222 | Verdi Music 48000
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Store several relations in one file using a multi-table clustering file

organization

— ID name dept_name salary
dept_name building budget
10101 | Srinivasan | Comp. Sci. | 65000
Comp. Sci. | Taylor 100000 33456 | Gold Physics 87000
Physics Watson 70000 45565 | Katz Comp. Sci. | 75000
83821 | Brandt Comp. Sci. | 92000
Comp. Sci. | Taylor 100000

Multi-table clustering 10101

Srinivasan | Comp. Sci. | 65000

of department and 45565 Katz Comp. Sci. | 75000
. 83821 Brandt Comp. Sci. | 92000
INStr I
structo Physics Watson 70000
33456 Gold Physics 87000
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Good for queries involving department < instructor, and for queries
Involving one single department and its instructors

Bad for queries involving only department
Results in variable size records
Can add pointer chains to link records of a particular relation
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 Datadictionary (also called system catalog) stores metadata, i.e., data
about data, such as
« Information about relations
— names of relations
— nhames and types of attributes of each relation
— names and definitions of views
— integrity constraints
 User and accounting information, including passwords
« Statistical and descriptive data
— the number of tuples in each relation
 Physical file organization information
— How relation is stored (sequential/hash/...)
— Physical location of relation
« Information about indices (Chapter 14)
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b HURFHFE (42)

« Catalog structure
— relational representation on disk
— specialized data structures designed for efficient access

« A possible catalog representation:

relation_metadata = (relation_name, number_of_attributes, storage_organization, location)
attribute_metadata = (attribute_name, relation_name, domain_type, position, length)

user_metadata = (user_name, encrypted password, group)
index_metadata = (index_name, relation_name, index_type, index_attributes)

view_metadata = (view_name, definition)
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RTFEIRE

- BIUEREAFTEERMFRVEUERE. ENTHE, NFURSEREESH/INMER, &
SURIREERFRELCAEE Dina)sgss ik RSN RRIMERERIRS, RFEUREF 7 HEEL
EEERES S, ET2EURMERTRENRT TIRREN, HFEESRESR. REFEE
. FHTERELEEHT TENAISH, AT AERIEEE L SR R AR B E R R RRS
, —REMELOEBLIE, AFEUEENSEXNIERER "£N" 8 "TIHRRA" BHRE, BLEs)
FE R 5N AFEIERFRIAEE N TE.

EX

- RBEHUEEZRSDBS, DBIDBSHRIHWERE, DBM(t)/9fERIZIt, DBIERTFRIZHES, DBM()E
FDB. TSAHADBSHEARMNESAKINES. ATOAENZSETENMASHNESE, ATORE
FTS. DYT)AESTERZIFTHRIERIEIESE,

— DyT)/EF DB, HEESIZIt, 8 (ERTETAT(Y) DY(T)EFTDBM()RKIZ, NFRDBSH—1TA
FUEERS, BFRMMDBS;DBA—"AZEIERE, EFRMMDB

- BEIHFIFEMYSQLAIMEMORYTZES |22, eXtremeDB, TT. FastDB. SQLite. Microsoft SQL
Server CompactZ
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ERNEBIRERGTERREEIRE, FFAXTEEEINER, RAEKA. RERSIE.
RESIEE AP EGRERI M. —BUt, (BRI AREIERECIERER RS,
AEEmE DIV AESESINNANEER, EALRESERRFEREREIRSESIE
17RdE), WHEHEENS, HTHEFN. RIMFIEUESGE. RPXEE,. JBAFE
NRIERF(E15F5S LRI T B S B EF B THIEHEERRK, WREGE
PNUEEEBETERN T/ SNMARE, E81SSERMMTIRETIRENI0, NARS
RERAENLAEESIZTE, (F2BERFEISHTRIERME T 50, [
BT tBASEMESAIERRBFT T 7 Eitl. XHERFEERELIMNEERA.
REEUEEMCEENSIEEERE "B 1, BE—ENExETE, SENEFRIEdE~
£, MSBIRYRRHESTNARL. A, SCPRNAPREAEEEERC ISR R
SEEGIESE. MEFREUEESTLIEKA. RENSEE, HitseHIRESHIRERML
EFRAIAHT, IBEURERISCRIMEMZEE SISHENS D —L, SChRN A F RE SR X
— S FEBEXS SR SR A S HIETE.

ELPrN AFXAMEIEERRESER, MARUATEIEEENEREIERE.
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N (Flash Memory) 2—MiGaHVAERKRE (FERERIER MERERISF T EMERIEERS
B) BfFiEsS, SURMRARIURE M F T ARMMRIABRENXRAREN, XEBRA/N—
ARJ/9256KBRI20MB, (NFREREFRIEPRARIEFE=s (EEPROM) HYZF), EEPROM5SIA
FAENRE, ErEFHKF LT IESMARBNORES, XERFHMEL
EEPROMRYEFTEREIR, HTEMEBIMERTEYE, NEEREARRFRERSR, W
EREMAIBIOS (BEAMNBLER) . PDA (DAZFENE) | HEESENPRESHE,
B—7HE, NFEMERAM (BEHFEUFERS) — AT ARMNSEE, ELAsEER
RAM,

N+~ (Flash Card) 2FIBN%F (Flash Memory) SAIXZITZHEREHSERF0ERR, —
B N FBFEZNESHEN, E LB, MP3H/ NS~ mHERNFENTR, LTINS, &
W—skkhH, FRLARRZAIRFR. RIEARARNEST BfIARERNNE, NFRXEE
SmartMedia (SM—K) . Compact Flash (CF&) . MultiMediaCard (MMC-K) . Secure
Digital (SD-E) . Memory Stick (121Z#E) . XD-Picture Card (XDK) FRHER (
MICRODRIVE) XENFREARINL. FIEARE, EENANREEBZEER.
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» The Future is Full of Opportunity

» Designing a next Internet — GENI

— Driving advances in all fields of science and
engineering

* Woreckless driving

* Personalized education

» Predictive, preventive, personalized medicine
« Quantum computing (EFitE)

* Personalized health monitoring => quality of life
« Data-intensive supercomputing

Neurobotics (fHEZZH15EA)

Synthetic biology (&&EYI=)

» The algorithmic lens => Cyber-enabled
Discovery and Innovation
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XEEEREFEEER: 4

Kilo
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Nt 1279 BN K R LR R Giga
=1 HB0TBIEIRER Tera
Peta
EMER P.

117742 EERT
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A B [’55322,21@%, PeAE300TB AR

SHEER
Taobao.com
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- HiEh—8BLEE, RREX

S5 (Apple) FdiE ot

2 1(Google) K i L
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PSLEdi

- RAEFIBHIEEFMERA . IREEIEEUCTE, BINERIKEIREVEUE R R
BFRB10E, FERBAENNFESURREINAZESZSE, METHIEUE
RFAIBRNIIA 152 304F,

- WEBENFERAR: #AZE10TBAELERYT, BriEEFAERNERICRX
AFEZBIRIRARNEZEHETEECB, MHFEALINEN s
BifEIC=EAN" (Thermally-Assisted Magnetic Recording: TAR) #0 “{u
IIDEFRAR”  (bit-patterned recording: BPR)
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— BFREEREEEEAER. — MIFAILUESEERINER, M2 RIFEL
FMR T 2FME, MIXFSEEBRREEHUAER, BidEFMEEE
EENE AT EN A IEFIRESIEN S FH et oaEE,

- & —IRNAH2. 1ZITARRTEE, —IRE BRI AT CiREL168EE
, BIR103Gh/sHB AT EREBE RN EREM22400E, EHSET=AE
17.32Tb/s, HHETF2.1{ZXFANE—IRS A L RENEE

— HMCHAR: EHZFANA1TB/s, Hybrid Memory CubefARBLLFZHSERAY
DDR3EREEME L BE/D7TELALERILEE., Hybrid Memory CubefszAR{EF
HERANBEREFECHESEN—NEERN "MAR" | HElaiiEiREmE
0. FSIEEmEOERmEReIAZ1TB/s,
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£t¥IHadoop
- REAHIESTTEREFDremel

« ALATEJ LSRR IEPBRBIRIEER, FHeeiE AN XIRIATEif
— ATRIEZEETTENEZRPregel, RERAITrinity

- FIAMREIRIA (WEER (BFS) . PageRank, &RiEES{E (SSSP) F) .
WE—PMEE/LHITR. ER{25FBRIE, [IF/Ho A 7erk, HHRITHIE
fEEERNANESMEK,
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o FEdEDG
— REFEANEE + tEFAAAE
— HIFER: iRk, mEE
— HFEIE): 24E35Mesh#hth
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Rack (2-D view from the top) .

/N
/ )

(b) Inter-rack
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» =FfE (Cloud Storage)

iﬁ%%ﬁﬁ%%ﬁ%%ﬁ,@@M%m\%FFEmﬁﬁﬁﬁ%L%Fﬁﬁi

TEFERAFEREE, EARAERMENITENFES o EE LS B,

iﬁ%%%%ﬁ%ﬂuﬁﬁ—ﬁm%KEHM%E&%%FO%FE@HE*@

A ERAFME, =ER (18, [ESREBGES) (T2

— BEIEBMNARIEN (WREST) , FEHE=1Mutal LB =FERHAIRS 9 H
IR FZAWebiRSS ;

—- BFPER(FEREEEINERIRS, tLIMEER, ELEE, TS0, SiES
HEEIRSS,

- RPEEXH. BERSEATARENEE
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=fFhiE (£8)

SEFEE=ITE (cloud computing) e EFE(ERR A & KA

— =EESHINAIE(Distributed Computing). FE474ME (Parallel Computing) FIRIS
ITE(Grid Computing)lI&fE, 2&EdMEERARTTEIEREF BRI
RINNFER, BRAZERSSEMARNBARREIT BT B IEEREE
B, BERITERA, NERSEEETUESZA, SEHATHITEECZ
HRYER, 1RZFN" BEITE" REFREREIMEIRSS

- mFEIBRSERITERl, SRIBBIERNA. Mg ARSI G RREFD
BE, BMNEFXESMARRENFHERFEINBREESEXRNEIE, HEXY
AMRIHEERAEFN LSS TERITHEERY— 1N R T

- SEFENERERH, AREE—ERRE, MEE— T EITTEZ2/ FiEigsi
RSB EsFMEBKIERIN. EREFER=FE, AARERE—FEEE, mEFER
%’l\gﬁﬁﬁgéﬁﬁﬂ%ﬂ’ﬂ—ﬂ]?ﬁﬁiﬁ AIIRSS. FTLATI&SKH, ~fFEAEREE, ma—

AR55 !
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SERFRREREL, ZFEAMUNE—MEGT, TE—TRSIRE,
fFiEReE. RSSee. MR, 2RO, ZAKN. NEFIRERF
FZ NP ERIISEREAS. SEPoLFERE D, BTN
RTINS AR 555 RIBRSS

SFERSRSIRER 4=HEK

- FHERSFHSEMITES

- EREEEEREHRRONS, hESMSTIATEED

- NBENERREHERESTNNS

- BEE
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SEERFRISIREE 4RH: TR, EREER. NAROE. HaE

==

- GREERZFHEEMIIED. FEREYLUEFCHTBEFHERE, JLUENASH iSCSIFIP
FhERE, WALUE SCSIEISASE DASTF#IRE. mFETHFMREETEERAESHESA
EbiE, UL A 5. BERMEE FCH A BIEMEIERZE—IT

- FHREZ ER—MR—FEREEERS, JUSHIEERBNEEEICERE. SRR
B, SRR SRS I I PR

Bt EEE

- EEHEERTGHMEZOTD, BESFEPRMELISCHRT . EMEEEETSE. o
HIERGHRIETEERA, SSREEHEPS MAEREZERNETIE, FSTIEHER
FALIIMEHE—MIRSS, FHEHEXRERE TSNS

— CDNHBED KRG, HIEINERARIESFETIVSIEASHARZNAIBFANLE, B, 8
EFEHIES OB REANRRATUMRESFETHRSEARER, REsFRESNEZ2IR
E
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MAEOE

- NARORRZEMERGEZZHED. MNENaFEEE R A RIELR
APSSER, FRARNMARSEO, REAERINARS. LCadsniz

MATA. PVARSIAENATE, MEERNATE, MeiESHn
BTas
Bl =

- (HI— MBI AP BT RN AR AR ORS R SRS, =2
SRS, SIFHEEEING, SRR E T R R
=
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- THFERRRZRE. ZNA. ZRSMETEESIK, ELOREHE:
- oEFBERFEREZIRE. ZNA. SRSHEIENESIR
— WEB2.07K
- NAFENAR
— SRR, MIERAMD UG RS
= Slt DNABFDA. P2PIAR. BUEEAERA. EESHUERIFREAR. SUEINER
— FEREILEIR, FEMNSEEERRAR
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SFEEEIRST BRIXKIESZT

AmazonifEHiYElastic Compute Cloud (EC2: M ER) =FE~R, SERA
PR BEENARS o B iRt E R EF I T & IhEE

NE D AMNEIRSIRHE CDNetworksF W R E RN FEFEIREE Nirvanix 27 7
—INE1E, HEMEMEEEKEXR, DR ANZFEIIASEERSENFEE

AR IR N B R o R AR SSHIWindows Live SkyDrive

EMC:J{J;JI]{})E\EEEJEE&H?E*@EE, BT ot EE PR THEENRT R ERIERIE DK
)

IBME=ITERE FASIRE D ORI ST R EI—ERD
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- oI, =, NF. SeEFHEANER, BBEATERE. BN
. Xtk APKELE (Human Augmentation) SEIANRIEAE, FET
BB, -

- BEE6E

— KHATF%

- SYEFEEEEE
— EBREEFRE

- EFEHE
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o JIIMNKRH BRI D IRAVIAREIAE20155F &3 “The Cloud is Not Enough:
Saving loT from the Cloud“ X&, 1EH¥IBANSBEAMNAI-CINARZAL: FEFA
ZE; Rt REEE,; ER; &k, ATRMH, BAMSEE, A5 FEN
ZEESURAE. &fEE. S, SRFAME. 55—t IhFE|E. ZiEdh
=, BEFEDGCTAERE, FEREISEFRRAERR

Gw) P %+ 5

” TONGIJI UNIVERSITY

Web lo?
Privacy & Security Open for access Personal sensitive data
Scalability Power-law Billion devices + updates
Interaction Model Human Machine
Latency Variable Reactive
Bandwigth Downstream Upstream
Availability None Regquirement
Durability Management Cloud controis Users contro
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Cryptocurency Software Wallets

Cryplocurrency Hasdware Waliets
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