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While the commercial world has standardized on the
relational data model and SQL, no single standard or tool
has critical mass in the scientific community. There are
many parallel and competing efforts to build these tool
suites — at least one per discipline. Data interchange
outside each group is problematic. In the next decade, as
data interchange among scientific disciplines becomes
increasingly important, a common HDF-like format and
package for all the sciences will likely emerge.



SCIENTIFIC DATA MANAGEMENT

» Scientific instruments and computer simulations are
creating vast amounts of scientific data

- Scientific Domains
 Biology
« Chemistry
« Physics
« Astronomy
» Earth science



REQUIREMENTS 1

Complex Data Types
« Arrays, sequences, images, time series, eftc.

 Efficient support for these data types
Storage, indexing, searching, and complex scientific op
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REQUIREMENTS 11

- New Data-Analysis Methods

 Scientific tools and algorithms are complex
N2 or N3 of the data size (N)

* Need for faster and parallel algorithms

- Science Centers
» Too hard to move data (too large)
* Move the programs and tools to the data
« Science centers provide access to data and tools



REQUIREMENTS III

- Metadata Describing Data
* In Scientific applications, data by itself is not enough

« Metadata can describe
How the data is generated/derived (provenance)
Comments about the data (annotation)
Structure of data, e.g., column names, measurement units, etc.

- Uncertainty Processing
* Most scientific data have uncertain value
» Representation of uncertain data
* Query processing of uncertain values



We Will Touch The Following...

- Annotation Management <
- Complex Dependencies

- SciDB- Array Databases



WHY ANNOTATIONS?

Vital mechanism for sharing knowledge and building an interactive
and collaborative environment among database users

Annotations may represent:
« Comments, feedbacks, users experiences, Lineage information, etc.

B1: Curated by user admin

\ B5: This gene has an unknown function

GID \ GName | GSequence
(W0080 | mraw | ATGATGGAAAA. ..
WO0041 | fixB 1 |'ATGAACACGTT. ..
1JWO0037 | caiB |

I
JW0055  |iyabP_ _; |'ATGAAAGTATC...

'ATGGATCATCT. ..

g

B4: pseudogene

Gene B3: obtained from GenoBase

B2: possibly split by frameshift



CHALLENGES IN ANNOTATION
MANAGEMENT

. Combinatorial nature
s L R at various granularities

\ B5: This gene has an unknown function

GID X GName | GSequence

TW0080 | mraW | |IATGATGGEERA. Different behaviors
T under DB operations

JW0041 | fixB N [ATGAACACGTT...

w0037 | caiB__ \'ATGGATCATCT...

e

B4: pseudogene

JW0055 |lyabP_ _ ;i |'ATGAAAGTATC..

Query evaluation and
Gene B3: obtained from GenoBase Gnno‘l‘aﬂon propggqhon

B2: possibly split by frameshift

Bé: under verification [Genes with GName like fix%’ ]



B1: Curated by user admin

\

MAIN FEATURES

B5: This gene has an unknown function

GID X GName | GSequence

1JW0080 | mraW | | I ATGATGGAAAA...

IW0041 | fixB ! |!ATGAACACGTT...!

UW0037 | caiB__; :ATGGATCATCT...E T~

JW0055 |iyahP_ _} |'ATGAAAGTATC . i [B4 pseudogene
Gene B3: obtained from GenoBase

B2: possibly split by frameshift

1- Adding Annotations & Defining Behaviors

2- Storage Optimization Techniques

3- Propagating/Querying Annotations

10




1- ADDING ANNOTATIONS & DEFINING
BEHAVIORS

Declarative and simple mechanisms to annotate the data
Specify behaviors of annotations under different DB operations

; SELECT * SELECT *
ADD ANNOTATION !
______________________ ! | FROM R FROM R
[AS VIEW ] W WHERE <conditions>
TO <annotation_table_names> : 3 dbl | Tuol
VALUE <annotation_value> i (,,,f— S'SBefine diffdlent B&Haviors
ON AGGREGATION PROPAGATE} == - =4 -~
[ ,,]*‘ : SELECT <columns> SELECT <columns>
[ON UPDAIE PROPAGATE]——,—,,'— ——————— - FROM R FROM R
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(Column level) (Cell level)

11



ANNOTATION BEHAVIOR: AS VIEW

Snapshot vs. View annotations
= Snapshot annotatfions are evaluated once
= View annotations are continuously evaluated

ADD ANNOTATION GID GName | GSequence
JWO0080 | mraW ATGATGGAAAA..
ameiieats tesicl) JW0041 |l fixB ATGAACACGTT... | ——
ON Select Gname, GSequence o S under verification
From GENE JWO0037 | caiB ATGGATCATCT...
Where Gname Like ‘fix%'’ ; JW0055 | yabP ATGAAAGTATC...
JW0070 | fixR | TTTAAAGTAR.. ]

Adopt several optimization techniques
from “Maintenance of Materialized Views”

How to maintain view annotfations
Up-to-date?¢
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ANNOTATION BEHAVIOR: ON UPDATE
@S AE SN

Annotation behavior under update operations

B5: This gene has an unknown function

ADD ANNOTATION GID GName /| GSequence

[ AS VIEW ] TW0080 | mraW . ATGATGGEAAR... |

IO <emmereiion_ieizie memies> JW0041 |fixB  |'ATGAACACGTT...!

VALUE <annotation_value> , I I

(ON AGGREGATION PROPAGATE] JWO0037 | caiB EATGGATCATCT. o L

[ON UPDATE PROPAGATE] JW0055 | yabP | ATGAAAGTATC....

ON <select_statement> ; Gene B3: obtained from GenoBase
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ANNOTATION BEHAVIOR: ON UPDATE
@S AE SN

Annotation behavior under update operations

B5: This gene has an unknown function

ADD ANNOTATION GID GName /| GSequence

S
[AS VIEW] JW0080 | mraW | ||ATGATGGEERR... '
TO <annotation_table_names> b-—mmm - — - — -

JWO0041 fixB {ATGAACACGTT. ..
VALUE <annotation_value>

[ON AGGREGATION PROPAGATE] JWO0037 | caiB

JW0055 | yabP

ON <select_statement> ; Gene

ATGGATCATCT...

B3: obtained from GenoBase
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2- STORAGE OF ANNOTATIONS

B1: Curated by user admin

\

B5: This gene has an unknown function

Straightforward Approach

Significant storage and |/O overhead
because of the replication

™~

B4: pseudogene o N TOble VO'U@S

—- 2N Possible subsets

B2: possibly split by frameshift

GID \L GName | GSequence

{JW0080 | mraW 1 |iATGATGGAAAA.. "

\JW0041 | fixB i ATGAACACGTT... |

JW0037 | caiB__| EATGGATCATCT...E

JWO0055  |iyabP” - | |\ ATGAAAGTATC...
Gene

B3: obtained from GenoBase

to be annotated!

GID GID Ann | GName | GName Ann | GSequence GSequence Ann
JW0080 [ B1,BS, ... mraW B1, BS, ... ATGATGGAAAA... | BS, B3, ...
TW0041 |[BI1, ... fixB BI,... ATGAACACGTT... | B3, ...

Jwo037 | B1,B4, ... | caiB Bl1, B4, ... ATGGATCATCT... | B3, B4

TWO0055 yabP B2, ... ATGAAAGTATC... | B3, ...

15



COMPRESSED REPRESENTATION OF
ANNOTATIONS

Time
B1: Curated by user admin
\ B5: This gene has gn-urakrewsa-function s
ID I
G \ GNam(: (_}/i ! _e_n_cie _____ BT \ (B3 T3) olpmns
JW0080 | mraW /. "ATGATG GAARA.. ! / “‘«“t}\\ \“‘:;\ /

|
TW0041 @ N ATGAACAC;G/T’T{E/

|
JW0037 | caiB | {ATGGATCATCT.. O~
JW0055 [yabP ~! | ATGAAAGTATC. .. P4 pseudogene

r

7 Tuples
B2: possibly split by frameshift B3: obtained from GenoBase

Logical database tables > Two-dimensional space >> Less storage overhead

Table cells = Points in two-dimensional space

Annotated cells > Maximum bounded rectangle(s)
in three-dimensional space

>> Less |/O operations at
insertion & query time
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3- PROPAGATING/QUERYING
ANNOTATIONS

Extended Select statement to support annotation

propagation and querying

Propagates annotations from
non—projec’red columns

FROM Relation_name [ANNOTATION(S,, S,, ...)], .~-
[WHERE <data_annotation_conditions>]
[GROUP BY <data_columns>
[HAVING <data_annotation_condition>]
[ORDER BY <data_columns>]

SELECT [DISTINCT] G;, G, ..., [PROMOITE (C,. C,, ...)]-

SELECT GID, GNamePromote(GSeq)
FROM GengAnnotation(lab_comments)]
WHERE GName like ‘Pho%'’

AND lab_comments.curator = ‘Admin’;

Specifies which annotations
to include in the query

17



QUERY EXECUTION

Reverse the mapping from 3D space to logical representation

BI1: Curated by user admin

\

B5: This gene has an unknown function

\\\\\\\\\\\

GID \ GName | GSequence

(TW0080 | mraW | |[ATGATGGAARA .| <—
' TW0041 | fixB i EATGAACACGTT...E
{IW0037 | caiB |} ||ATGGATCATCT... I[{~__ )
JW0055 | Iyabl” _ } |\ATGAABGTATC.. 1 4 pseudogene

B2: possibly split by frameshift

B3: obtained from GenoBase

Tuples

S 4
RN S,
Y
SRR
AN
R Lt

___________
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MANAGING ANNOTATIONS VIA GUI

HEOh=8 )+ bdbms_v5.xIsm - Microsoft Excel - & X
Home Insert Page Layout Formulas Data Review View Developer Add-Ins Database Operations Annotation Management ‘@ - 9 X
Table Name: Attributes : |protein_id protein_name protein_s <%_>| [Z5] Execute QBE Query 5 é ?
Protein ~ | Operators : v v v v v v \ m{ Execute SQL Query ——]
i Add Annotation X Create Add Filter
Field Values: Condition »3dInsert into Database | Annotation Table | Annotation~ | Annotation
Table Name Attribute edicates Data Querying/Insertion - Annotate All J
A B C D E F 24 Annotate Selection
Query: SELECT oid, protein_id, gene_id, protein_name, protein_sequence FROM protein order byNagd: Q Visualize Annotatlons Coverage
Annotation Tables: ALL =
Annotation condition(s):
1
--|protein_public]--:
Woid ___________lproteinid ____lgeneid ________lprotein name ___[protein_sequence meltabak:2008-3-26 7:42:48 Protein sequences are copied from Gefbark |
a4 91950 P001 Jwool apaG MINSPRVCIQVQSVYIEAQSSPDNER g
5 91951 P002 JWoo1 —|protein_public|— PFSYWQQ
6 91952 P003 R JW002 meltabak: 2008-3-26 7:36:41:The corresponding genes are rna genes h
~ ~ |meltabak:2008-3-26 7:37:34:JW002 has change in sequence
7 91953 P004 ‘JW004 meltabak: 2008-3-26 7:34:41:Proteins under test --|DfOtEII'IJJUb|IC|-~
8 91954 P0OOS Jwool apax . WINSPRVCIOQVUSUVITTTTARRTTTT T Nemag L] meltabak: 2008-3-26 7:34:41:Proteins und
9 91955 P006 Jwoo1l yatY QYTSGAIIETPLGTMQVVVAVVAVCCCAGGVPFSYVr™
10 91956 P007 Jwio03 j yuaZ " EVQGEGVVGVQPLIAPVHHFGGTAAAAAA
11 91957 P00S JW0020 " apdH " MMVRFDETYYTTTTDDDXMMVVDTDRRAHHGG A
12 91991 P0O0S Jwoo3 ptrC ETPLGTMQGHYEMIDENGVMINSPRVCIQVQSVYIEAQSSPDNERYVFA
13 91992 P010 JwWoo3 ) ptrD ) MINSPRVCIQVQSGTMQGHYEMIDENGVPFSYVFA i =
14 91993 PO11 JWoo4 ptrF EVMMVRFDETQGEGVVGVQPLIAPGEEY
15 91994 P012 Jwoo1l gafk " MMVRFDETYGEGVVGVQPL
16 91995 PO13 Jwoo7 gtyN GEGVVGVQPLIAPG
17 91996 P4 orotein_public|— QYTSGAIICCAGGVPFSYVFA
18 91997 P(meltabak:2008-3-26 7:41:20:This protein is not expressed under high light N EVQGEGVVETPLGTMQVVVAVVAVCAAAA
19 91998 P016 JWo11 freT MMVRFDETETPLGTMQVVVAVVAVCRRAHHGG
20
Add Annotation @
21 A e o
Filteri~_ «nnotations
22 Annotation tables:
23 Data under test protein.protein_public B THEiEr METTIE ’ admin
24 Annotation
25 text:
26 Timestamp From: To:
27 yyyy-mm-dd yyy-mm-dd
28 ’ s i
29 I :On Aggregation Propagate | I” Treat as annotation on view Annotation value: |
i) ¥ On Update Propagate : : :
31 P pag protein.protein_sysannotations
32 ¥ =
55 Add Annotation ‘ Cancel aunctatopituies
34
35 Current database user: meltabal
= Appl C: 1}
37 pply ancel
38
39 Current database user:
40
4 <« » | Sheetl ~Sheet2 ~ Sheet3  Sheet4 ~¥J [ m
Ready | 3




We Will Touch The Following...

- Annotation Management

- Complex Dependencies <

- SciDB- Array Databases

20



COMPLEX DEPENDENCIES

The cycle of processing the data is complex

* May involve Real-world Activities, e.g. wet-lab experiments, instruments
readings, manual measurements, etc.

(2) Perform real-world activity

(1) Read values from the DB %; )
Database _ é& o\
g

v
-

(3) Reflect the output value into the

DB ;E'

Updating an input value to a real-world activity may
render the output value invalid until the activity is re-
executed. But...

The database system is not aware of the dependency

21



CHALLENGES

In typical scenarios, dependencies cascade

_______ ) Database
Computable dependency
* instantaneous  _ Days
-
\ \
\ \
\ @

—

s .
Real-world dependency & i : ’v,
* Human intervention /
I\:/ Weeks &

* Long delays

Between the updates, parts of the database are temporarily
inconsistent (invalid/outdated)

Data still needs to be available for querying

22



EXAMPLE QUERY

GID StartPos | Binding site | GSeq

JWO0013 | 5130 | AATG... TGCT.. |
JW0014 S GGTT..,

JW0015 | 21112 | GTAA...

JW0018 i CGTT...

Jw0019 | 1905

Jwo0012 | 17404

Select GID, BindingSite
From Gene
Where GFunction = “F2”;

GDirection | GF

/~  Crucial information is missing that affect:
>> The quality of the answer
>> Any decisions based on the results

GID

)| w0014
JW0015

" 23



OBJECTIVE

A qT

GID StartPos | Binding site | GSeq GDirection | GFunction
JW0013 | 5130 TGCT... + F1
JW0014 | 10916 ] GGTT... +

JW0015 | 21112 GGCT... +

JW0018 | 31166 | CGTT...

Jw0019 | 1905 TGTG... +

Jw0012 | 17404 TTCG...

a

\_

DBMS needs to be aware of the real-world dependencies

S 4

+ Keeps track and enforces the dependencies
* Maintains the consistency of the data (Best effort)

~

24



MAIN FEATURES

1. Registering Activities and Expressing Dependencies
2. Extended Querying Mechanisms

3. Systematic Tracking of Outdated Data

745)



1- REGISTERING ACTIVITIES AND
EXPRESSING DEPENDENCIES

Regqistering real-world actfivities into the database

Expressing dependencies among the data items on these
activities

Create Function <activity-name> (<input-types>)
Returns <output-type> As real-world activity;

Create Table <R> Alter Table <R>
( Add Dependency Using <func_name>
<columns_definitions > Source <T,.¢ [, T,.Cy, ...] >

Destination <R.c,>
Add Dependency Using <func_name> [Where <predicates>]

Source <T,.¢q[, T,.C5, ...] > [Invalidate Destination] ;
Destination <R.c,>

[Where <predicates>] );

26



EXAMPLE 1: SINGLE-TABLE
DEPENDENCY

Exp1
A g
—’i&q |
GID StartPos | Binding site | GSeq GDirection | GFunction
Jwo013 | 5130 AATG... TGCT + F1
Jwo014 | 10910 TCCA... GGTT + F2
Jwoo15 | 21112 GTAA... GTCT... + F2
Jwo018 | 31161 CCGG... CGTT... F4
Jwo0019 | 1905 AAAT... TGCC... + F5
Jwo012 | 17404 GTAA... TTCG F7
GENE table

> Create Function Exp1 (int)
Returns text As real-world activity;

> Create Function Exp2 (fext, char)
Returns text As real-world activity;

> Create Table GENE(

GID text,
StartPos int,
BindingSite text,
GSeq text,
GDirction  char,
GFunction text,

ADD Dependency Using Expl
Source StarfPos
Destination BindingSite,

ADD Dependency Using Exp2 .
Source GSeq, GDirection
Destination GFucntion);

27



EXAMPLE 2: CROS5-TABLES
DEPENDENCY

Exp3

é

m
),

N

> Create Table Protein(
GID text,
PSeq text,
PFunction text,

GID

. | GSeq

GDirection

GFunction

GID

PSeq

PFunction

“ADD Dependency Using Exp3

JW0013

. | TGCT...

+

F1

JW0015

. | MCGKI...

P1

JW0014

. | GGIT ...

F2

JW0014

. | MNYS...

P2

Destination Protein.PSeq

JW0015

. | GGCI...

F1

JW0013

. | MAKQ...

P3

Where Protein.GID = Gene.GID

,And Gene.GFunction = ‘F1’,

Source Gene.GSeq, Gene.GDirection

GENE table

T PROTEIN table

e
(2,

Exp4

“ADD Dependency Using Exp4
Source Gene.GSeq
Destination Protein.PSeq
Where Protein.GID = Gene.GID
.And Gene.GDirection = ‘+');

28



2- EXTENDED QUERYING MECHANISMS

Reflecting the status of the values in the query results as up-to-date or outdated
Evaluating queries on up-to-date data only (no false-positive results)

Evaluating queries on both up-to-date and outdated data (include false-positive
results)

A

GID StartPos | Binding site | GSeq

Jw0013 | 5130 AATG... TGCT...

Woo14 WL o

JW0015 | 21112 GTAA...

JW0018 ORI CGTT..

JW0019 | 1905 AAAT...

JW0012 | 17404 GTAA... TTCG...

JW0120 | 19803 GTAA... AATT... + F2




EXTENDED QUERY OPERATORS:
EXAMPLE

5

Extended semantics of

predicate evaluation

GFunction = “F2” AND

GID StartPos | Binding site | GSeq GDirection | GFunction BindingSite= “"GTAA..."
Potentially false-
(] 3woo14 Feck ] oot + F2 ve <7
[ JW0015 | 21112 GTAA + SEY +ve < Fotentially false-
RS ‘positive
JW0018 smmnnl CGTTL. - F4 F
Jw0019 | 1905 AAAT... + it F False
JW0012 | 17404 GTAA TTCG... - F7 F A
rue
[ JW0120 | 19803 GTAA AATT... + F2 T i€ J
GENE table

O BinidingSite="GTAA..." And GFunction='F2' (GENE])

30



SUMMARY

m i "=
= —EE-
GID StartPos | Binding site | GSeq GDirection | GFunction
JW0013 | 5130 AATG... TGCT... + F1
JW0014 | 10916 FiF : +
JW0015 | 21112 +
JW0018 | 31166
JW0019 | 1905 +

JW0012 | 17404

Make data updates instantly available for querying
while maintaining the consistency of the derived data
under the presence of real-world dependencies




We Will Touch The Following...

- Annotation Management

- Complex Dependencies

- SciDB- Array Databases <
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SciDB: A Database System for Scientific Data

- Open-source data base system started in 2008
- Team from MIT, Wisconsin, Stanford, and others

- Focus on arrays = Array data model
* Makes scientists in many fields (not all) happy

e



*

*

2

2

SciDB Data Model

Arrays

Superset of tables (tables with a primary key are a 1-D array)

Nested multidimensional arrays

Every cell is a tuple of values

J
[0]
[1]
[2]
[3]
[4]

Figure 1: Simple Two Dimensional SciDB Array.

[0] [1] [2] [3] 14]
(2,07) | (5,05) | (4,09) [ (2,08) | (1,02)
(505) | (3,05) ] (509) | (505) | (505)
(4,03) | (6,01) | (6,05) | (2,01) | (7,04)
(4,025) [ (6,045) | (6,03) | (1,0.1) | (0,03)
(6,05) | (1,06) | (505) | (2,015)] (2,04)

2D Array. Every tuple
has two attributes

34



ENHANCED ARRAYS

» Supports irregular shapes

* New operators to change the shape of a given
array

£



DATA STORAGE

Optimized for both dense and sparse array data
- Different data storage, compression, and access

Arrays are “chunked” (in multiple dimensions)
Chunks are partitioned across a collection of nodes
Chunks have ‘overlap’ to support neighborhood operations
Replication provides efficiency and back-up

Fast access to data sliced along any dimension
« Without materialized views

36



EXAMPLE OF STORAGE

N 107 [1] [2] [3] [4]

[oq] (2,0.7) | (505) | (4,09) | (2,08) | (1,0.2)
[11] (505) | (3,05) | (5,09) | (505) | (50.5)
[2]] (4,03) | (6,0.1) | (6,0.5) | (2,0.1) | (7,04)
[31] (4,025)] (6,0.45) ] (6,0.3) | (1,0.1) | (o0,0.3)
[4]] (6,0.5) (1,06) | (5,05) | (2,0.15) | (2,0.4)

Step 1: Vertically partition attributes in the logical array.

I {A} N {B}
21s1alz2l1 07 ] 05] 09| 08|02
51315151 s 05| 05| 09| 05| 05
416le6l2]7 03] 01| 05] 01| 04
4l6le6l1]o 0.25]1045]| 03 | 0.1 0.3
61]1]|5]|2]2 05| 0.6 | 0.5 |0.15]| 0.4

Step 2: Decompose each attribute array into equal sized, and
potentially overlapping, chunks.

(A N A N A N (A}
51| 4 2 41616 61217
315 51515 416 61]1]0
6|6 2|7 6|1]S5 S| 2

Figure 5: SciDB Storage Manager

Separate attributes first

Divide into overlapping chunks

Distribute these chunks over the
cluster nodes

37



SciDB DDL

CREATE ARRAY Test Array

< A: integer NULLS,
double,
USER_DEFINED TYPE >
[I=0:99999,1000, , J=0:99999,1000,
PARTITION OVER ( Nodel, Node2, Node3 )
USING block cyclic();

chunk
size

1000



Array Query Language (AQL)

SELECT Geo-Mean ( T.B )

FROM Test_Array T User-defined aggregate on an

WHERE attribute B in array T
T.I BETWEEN :Cl1 AND :C2

AND T.J BETWEEN :C3 AND :C4 Subsample
AND T.A = 10
GROUP BY T.I; Filter

Group-by

>> Many new operators for array processing
E.g.. Slicing, mulfiplication, sampling, etc.

>> Many new optimization and indexing techniques

39



