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Data Streams

Why ?
Much data generated continuously (growing every day)

Financial data
Sensors, RFID
Network/systems monitoring
Video/Audio data
etc ...

Need to support:
High data rates
Real-time processing with low latencies
Support for temporal reasoning (time-series operations)
Data dissemination
Distributed ? (at least data generation)
etc...



Examples of Tasks

Continuous (SQL) queries
E.g. moving average over last hour every 10 mins
SQL extended to support "windows" over streams
Proposed extensions: SEQUENCE, CQL, StreamSQL

Pattern recognition
Alert me when: A, then B within 10 mins
How to specify ? StreamSQL has some support

Probabilistic modeling; Applying financial models
Infer hidden variables
Remove noise (from measured readings)
Do complex analysis to decide whether to buy
We don’t even know how to specify these

Multimedia data ?
Online object detection, activity detection
Correlating events from different streams



Data Streams

Use traditional DBMS ?
Consider simplest case:

Report moving average over last hour every 10 minutes
1. Insert all new items into database
2. Execute the query every 10 minutes

Not easily generalizable to other tasks
E.g. "alert me the moment moving average > 100" ?

Typically 1000’s of such continuous queries
Even for one query, too slow and inefficient

Doesn’t reuse work from previous execution

Application-level modules typically used for complex
tasks



Data Streams

Triggers ?
Similar, but current trigger systems not designed for the
required scale

Publish-Subscribe Systems
Similar concepts: Push-based, reactive execution
Typically no complex queries
Much focus on “dissemination”

Major research systems (late 90’s-early 00’s):
NiagaraCQ (Wisc), Telegraph, TelegraphCQ (Berkeley)
STREAM (Stanford), Autora, Borealis, Medusa
(Brown/Brandeis/MIT)

Commercial
Oracle*Streams, Strembase etc...



Scalable Trigger Processing (Hanesn et al.)

Goal: Handle millions of triggers

Triggers: Commonly used for integrity constraint
checking, alerts etc. . .

2. The TriggerMan Command Language

Commands in TriggerMan have a keyword-delimited,

SQL-like syntax. TriggerMan supports the notion of a

connection to a local Informix database, a remote

database, or a generic data source program. A connection

description for a database contains information about the

host name where the database resides, the type of database

system running (e.g. Informix, Oracle, Sybase, DB2 etc.),

the name of the database server, a user ID, and a

password.  A single connection is designated as the

default connection. There can be multiple data sources

defined for a single connection.  Data sources normally

correspond to tables, but this is not essential.

Triggers can be defined using this command:

create trigger <triggerName> [in setName]

[optionalFlags]

from fromList

[on eventSpec]

[when condition]

[group by attributeList]

[having groupCondition]

do action

Triggers can be added to a specific trigger set.

Otherwise they belong to a default trigger set.  The from,

on, and when clauses are normally present to specify the

trigger condition.  Optionally, group by and having

clauses, similar to those available in SQL [Date93], can

be used to specify trigger conditions involving aggregates

or temporal functions.  Multiple data sources can be

referenced in the from clause.  This allows multiple-table

triggers to be defined.

An example of a rule, based on an emp table from a

database for which a connection has been defined, is

given below.  This rule sets the salary of Fred to the salary

of Bob:

create trigger updateFred

from emp

on update(emp.salary)

when emp.name = ’Bob’

do execSQL ’update emp set

salary=:NEW.emp.salary where emp.name=

’’Fred’’ ’

This rule illustrates the use of an execSQL TriggerMan

command that allows SQL statements to be run against a

database.  The :NEW notation in the rule action (the do

clause) allows reference to new updated data values, the

new emp.salary value in this case.  Similarly, :OLD allows

access to data values that were current just before an

update.  Values matching the trigger condition are

substituted into the trigger action using macro

substitution.  After substitution, the trigger action is

evaluated.  This procedure binds the rule condition to the

rule action.

An example of a more sophisticated rule (one whose

condition involves joins) is as follows.  Consider the

following schema for part of a real-estate database, which

would be imported by TriggerMan using define data

source commands:

house(hno,address,price,nno,spno)

salesperson(spno,name,phone)

represents(spno,nno)

neighborhood(nno,name,location)

A rule on this schema might be “if a new house is

added which is in a neighborhood that salesperson Iris

represents then notify her,” i.e.:

create trigger IrisHouseAlert

on insert to house

from salesperson s, house h, represents r

when s.name = ‘Iris’ and s.spno=r.spno and

r.nno=h.nno

do raise event

NewHouseInIrisNeighborhood(h.hno, h.address)

This command refers to three tables.  The raise event

command used in the rule action is a special command

that allows rule actions to communicate with the outside

world [Hans98].

3. System Architecture

The TriggerMan architecture is made up of the

following components:

1. the TriggerMan DataBlade which lives inside of

Informix,

2. data sources, which normally correspond to local or

remote tables.  Most commonly, a data source will be

a local table.  In that case, standard Informix triggers

are created automatically by TriggerMan to capture

updates to the table.  We use the one trigger per table

per update event available in Informix to capture

updates and transmit them to TriggerMan by inserting
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Figure 1.  The architecture of the TriggerMan

trigger processor.



Scalable Trigger Processing (Hanesn et al.)

Goal: Handle millions of triggers
Triggers: Commonly used for integrity constraint
checking, alerts etc. . .
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15.6. Trigger Examples

The following sections illustrate an example of each type of trigger.

15.6.1. Before Statement-Level Trigger

The following is an example of a simple before statement-level trigger that displays a message prior to an

insert operation on the emp table.

CREATE OR REPLACE TRIGGER emp_alert_trig

    BEFORE INSERT ON emp

BEGIN

    DBMS_OUTPUT.PUT_LINE('New employees are about to be added');

END;

The following INSERT is constructed so that several new rows are inserted upon a single execution of the

command. For each row that has an employee id between 7900 and 7999, a new row is inserted with an

employee id incremented by 1000. The following are the results of executing the command when three

new rows are inserted.

INSERT INTO emp (empno, ename, deptno) SELECT empno + 1000, ename, 40

    FROM emp WHERE empno BETWEEN 7900 AND 7999;

New employees are about to be added

SELECT empno, ename, deptno FROM emp WHERE empno BETWEEN 8900 AND 8999;

     EMPNO ENAME          DEPTNO

---------- ---------- ----------

      8900 JAMES              40

      8902 FORD               40

      8934 MILLER             40

The message, New employees are about to be added, is displayed once by the firing of the trigger

even though the result is the addition of three new rows.

15.6.2. After Statement-Level Trigger

The following is an example of an after statement-level trigger. Whenever an insert, update, or delete

operation occurs on the emp table, a row is added to the empauditlog table recording the date, user, and

action.

CREATE TABLE empauditlog (

    audit_date      DATE,

    audit_user      VARCHAR2(20),
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    audit_user      VARCHAR2(20),

    audit_desc      VARCHAR2(20)

);

CREATE OR REPLACE TRIGGER emp_audit_trig

    AFTER INSERT OR UPDATE OR DELETE ON emp

DECLARE

    v_action        VARCHAR2(20);

BEGIN

    IF INSERTING THEN

        v_action := 'Added employee(s)';

    ELSIF UPDATING THEN

        v_action := 'Updated employee(s)';

    ELSIF DELETING THEN

        v_action := 'Deleted employee(s)';

    END IF;

    INSERT INTO empauditlog VALUES (SYSDATE, USER,

        v_action);

END;

In the following sequence of commands, two rows are inserted into the emp table using two INSERT

commands. The sal and comm columns of both rows are updated with one UPDATE command. Finally,

both rows are deleted with one DELETE command.

INSERT INTO emp VALUES (9001,'SMITH','ANALYST',7782,SYSDATE,NULL,NULL,10);

INSERT INTO emp VALUES (9002,'JONES','CLERK',7782,SYSDATE,NULL,NULL,10);

UPDATE emp SET sal = 4000.00, comm = 1200.00 WHERE empno IN (9001, 9002);

DELETE FROM emp WHERE empno IN (9001, 9002);

SELECT TO_CHAR(AUDIT_DATE,'DD-MON-YY HH24:MI:SS') AS "AUDIT DATE",

    audit_user, audit_desc FROM empauditlog ORDER BY 1 ASC;

AUDIT DATE         AUDIT_USER           AUDIT_DESC

------------------ -------------------- --------------------

31-MAR-05 14:59:48 SYSTEM               Added employee(s)

31-MAR-05 15:00:07 SYSTEM               Added employee(s)

31-MAR-05 15:00:19 SYSTEM               Updated employee(s)

31-MAR-05 15:00:34 SYSTEM               Deleted employee(s)

The contents of the empauditlog table show how many times the trigger was fired - once each for the

two inserts, once for the update (even though two rows were changed) and once for the deletion (even

though two rows were deleted).

15.6.3. Before Row-Level Trigger

The following example is a before row-level trigger that calculates the commission of every new employee

belonging to department 30 that is inserted into the emp table.

CREATE OR REPLACE TRIGGER emp_comm_trig

    BEFORE INSERT ON emp

    FOR EACH ROW

BEGIN

    IF :NEW.deptno = 30 THEN

        :NEW.comm := :NEW.sal * .4;

    END IF;

END;



Scalable Trigger Processing (Hanesn et al.)

Approach:
Identify unique “expression signatures” (based on data
sources and attributes involved)
Group the triggers into “equivalence” classes based on
their signatures
Use efficient main memory data structures to quickly find
triggers that match

Many similarities to AI Rule systems



Triggerman

2. The TriggerMan Command Language

Commands in TriggerMan have a keyword-delimited,

SQL-like syntax. TriggerMan supports the notion of a

connection to a local Informix database, a remote

database, or a generic data source program. A connection

description for a database contains information about the

host name where the database resides, the type of database

system running (e.g. Informix, Oracle, Sybase, DB2 etc.),

the name of the database server, a user ID, and a

password.  A single connection is designated as the

default connection. There can be multiple data sources

defined for a single connection.  Data sources normally

correspond to tables, but this is not essential.

Triggers can be defined using this command:

create trigger <triggerName> [in setName]

[optionalFlags]

from fromList

[on eventSpec]

[when condition]

[group by attributeList]

[having groupCondition]

do action

Triggers can be added to a specific trigger set.

Otherwise they belong to a default trigger set.  The from,

on, and when clauses are normally present to specify the

trigger condition.  Optionally, group by and having

clauses, similar to those available in SQL [Date93], can

be used to specify trigger conditions involving aggregates

or temporal functions.  Multiple data sources can be

referenced in the from clause.  This allows multiple-table

triggers to be defined.

An example of a rule, based on an emp table from a

database for which a connection has been defined, is

given below.  This rule sets the salary of Fred to the salary

of Bob:

create trigger updateFred

from emp

on update(emp.salary)

when emp.name = ’Bob’

do execSQL ’update emp set

salary=:NEW.emp.salary where emp.name=

’’Fred’’ ’

This rule illustrates the use of an execSQL TriggerMan

command that allows SQL statements to be run against a

database.  The :NEW notation in the rule action (the do

clause) allows reference to new updated data values, the

new emp.salary value in this case.  Similarly, :OLD allows

access to data values that were current just before an

update.  Values matching the trigger condition are

substituted into the trigger action using macro

substitution.  After substitution, the trigger action is

evaluated.  This procedure binds the rule condition to the

rule action.

An example of a more sophisticated rule (one whose

condition involves joins) is as follows.  Consider the

following schema for part of a real-estate database, which

would be imported by TriggerMan using define data

source commands:

house(hno,address,price,nno,spno)

salesperson(spno,name,phone)

represents(spno,nno)

neighborhood(nno,name,location)

A rule on this schema might be “if a new house is

added which is in a neighborhood that salesperson Iris

represents then notify her,” i.e.:

create trigger IrisHouseAlert

on insert to house

from salesperson s, house h, represents r

when s.name = ‘Iris’ and s.spno=r.spno and

r.nno=h.nno

do raise event

NewHouseInIrisNeighborhood(h.hno, h.address)

This command refers to three tables.  The raise event

command used in the rule action is a special command

that allows rule actions to communicate with the outside

world [Hans98].

3. System Architecture

The TriggerMan architecture is made up of the

following components:

1. the TriggerMan DataBlade which lives inside of

Informix,

2. data sources, which normally correspond to local or

remote tables.  Most commonly, a data source will be

a local table.  In that case, standard Informix triggers

are created automatically by TriggerMan to capture

updates to the table.  We use the one trigger per table

per update event available in Informix to capture

updates and transmit them to TriggerMan by inserting
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Figure 1.  The architecture of the TriggerMan

trigger processor.



Triggerman

with a node for each tuple variable, and an edge for

each join predicate identified.  The nodes contain a

reference to the selection predicate for that node,

represented as a CNF expression.  The edges each

contain a reference to a CNF expression for the join

condition associated with that edge.  Groups of

conjuncts that refer to zero tuple variables or three or

more tuple variables are attached to a special “catch

all” list associated with the query graph.  These will

be handled as special cases.  Fortunately, they will

rarely occur.  We will ignore them here to simplify

the discussion.

4. Build the A-TREAT network for the rule.

5. For each selection predicate above an alpha node in

the network, do the following:

Check to see if its signature has been seen before by

comparing its signature to the signatures in the

expression signature list for the data source on which

the predicate is defined (see Figure 3).  If no

predicate with the same signature has been seen

before,

• add the signature of the predicate to the list and

update the expresssion_signature catalog table.

• If the signature has at least one constant

placeholder in it, create a constant table for the

expression signature.

If the predicate has one or more constants in it, add

one row to the constant table for the expression

signature of the predicate.

5.2. Alternative Organization Strategies for

Expression Equivalence Classes

For a particular expression signature that contains at

least one constant placeholder, there may be one or more

expressions in its equivalence class that belong to

different triggers.  This number could be small or large.

To get optimal performance over a wide range of sizes of

the equivalence classes of expressions for a particular

expression signature, alternative indexing strategies are

needed.  Main-memory data structures with low overhead

are needed when the size of an equivalence class is small.

Disk-based structures, including indexed or non-indexed

tables, are needed when the size of an equivalence class is

large.

The following four ways can be considered to organize

the predicates in an expression signature’s equivalence

class:

1. main memory list

2. main memory index

3. non-indexed database table

4. indexed database table

Strategies 3 and 4 must be implemented to make it

feasible to process very large numbers of triggers

containing predicate expressions with the same signature

but different constants -- they are mandatory in a scalable

trigger system.  Strategies 1 and 2 are also required in

order to make the common case (a few thousand triggers

or less) fast.   A cost model that illustrates the tradeoffs is

presented in [Hans98b].  Strategies 1 and 2 have been

implemented in TriggerMan and strategies 3 and 4 are

under construction.

5.3. Common Sub-expression Elimination for

Selection Predicates

An important performance enhancement to reduce the

total time needed to determine which selection predicates

match a token is common sub-expression elimination.

This can be achieved by normalizing the predicate index

structure.  Figure 4 shows an expanded view of the

predicate index given in Figure 3. The constant set of an

expression signature contains one element for each

constant (or tuple of constants [const1, … ,constK])

occurring in some selection predicate that matches the

signature.  Each constant is linked to a triggerID set,

which is a set of the ID numbers of triggers containing a

particular selection predicate.  For example, if there are

rules of the form:

create trigger T_I from R when R.a = 100 do …

for I=1 to N, then there will be an expression signature

R.a=CONSTANT, the constant set for this signature will

contain an entry 100, and the triggerID set for 100 will

contain the ID numbers of T_1 … T_N.

We will implement constant sets and triggerID sets in a

fully normalized form, as shown in Figure 4, when these

sets are stored as either main memory lists or indexes

(organizations 1 and 2).  This normalized main-memory

data structure will be built using the data retrieved from

the constant table for the expression signature.

predicate index rootdata source

predicate indexes

… …

…

expression

signature list… … …

…

…

constant set (set of

unique constants)
…

triggerID set (set of IDs

of different triggers

having same set of

constants)

Figure 4. Expanded View of Normalized
Predicate Index Structure.



Triggers

Precursor to data streams work

Event-driven as opposed to query driven

Can handle pub-sub applications well

Can identify quickly queries that should be executed
But, no discussion on how to execute those queries
efficiently

E.g. “moving average” query
Every new tuple will satisfy the query
Trigger action (compute moving avg) will be invoked per
new tuple

No sharing of work from previous execution
No sharing of work between multiple triggers

E.g. If one person wants moving average over last hour,
other person over last two hours



Data Streams: Some Major Concepts

New non-blocking operators
Symmetric hash join, MJoin, XJoin, Eddy etc...

Adaptivity
Dealing with unpredictability

Sharing/Multi-query optimization
1000’s of queries; must share execution

Load shedding
Bursty data: Too much to handle at some times

Declarative languages
Especially for pattern recognition, modeling etc

Theoretical developments
"One-pass" algorithms



Query execution

Duality between queries and data
Traditional: Apply queries to data
Streams: Apply data to queries

New operators
Symmetric hash join, XJoins
MJoin

Predicate indexes

Push vs Pull Execution
Execution using a router

E.g. using an eddy



Query execution: Symmetric Hash Join

Handles updates from both tables
Produces results immediately
Can be extended to handle “sliding windows”

Remove tuples that fall out

XJoin: Extends to handle memory limits

R Hash Table

         Build R

         Probe with S


S Hash Table

         Build S

         Probe with R


RS Tuples


R


Build

Probe


S


Build

Probe




Query execution: Eddy

A tuple router that sits between all operators

Makes decisions of where to send the tuples

Can encapsulate the logic, so easier to handle these
things

Tricky to reason about in many cases
Break into two pieces:

Mechanism: Set limits on what an eddy can do
Where not-to route etc...

Policy: Do optimizations within the limits
For efficiency etc...



Query Execution: MJoin

Extension of symmetric hash join to multiple inputs

Quite useful in stream processing

Optimization policies; Comparisons to using binary joins

R

R.a

S

S.a S,c
S.b

T

T.b

U

U.c

Tuple 
Router

R S T U

MJoin Operator

SELECT *

FROM  R,  S,  T, U

WHERE R.a = S. a 

     AND S.b = T.b 

     AND S.c = U. c

Example Query

T

S

R U

S

R

T U

S

T

U R

S

U

R T

Examples of Probing Sequences



Aurora: Monitoring Streams

Brown/Brandeis/MIT
Monitoring applications over continuous data streams

Alerts/triggers first class objects
Query processing over history/time-series management

Poor support in most DBMSs
Latency-critical

If can’t provide data right now, no use
Aggressive use of approximate query processing, load
shedding etc. . .

Quality of service ??



Aurora

A data-flow system: boxes and arrows paradigm
Operators/boxes:

windowing ops: slide, tumble, latch, resample
relational ops: select/filter, join, groupby
arbitrary op: map
Join: only on time-stamps; not arbitrary joins
Can simulate by cross-product followed by filter

Quality of service fundamentally integrated



Aurora
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Aurora

Processing tasks/queries
Continuous queries: output continuously desired
Views
Ad hoc queries

Queries specified using a graphical user interface

Declarative query language ?
Optimization:

Divide into subnetworks at connection points
Reoptimize each subnetwork independently



Aurora

QoS: delay-based vs drop-based vs value-based
Aside - Value-based Preferences:

CONTROL: Interactive query processing [Hellerstein et
al.]
Interesting issues in pushing user preferences down the
query tree

QoS: Actual adoption somewhat unclear
Users typically only specify “step” functions
Too complex otherwise
Hard to compare across users etc. . .
Dropping may not be acceptable for many applications



Aurora: Query Processing

Scheduler/router controls what gets processed

Based on QoS/Priorities
Uses “batch” (train) scheduling for performance (as with
later implementations of eddies)

To exploit intra-box and inter-box non-linearity

Load shedding
Drop tuples if too much workload
As close to the data sources as possible



Other systems

NiagaraCQ (Wisconsin)
Early work on data streams

TelegraphCQ (Berkeley)
Based on eddies; implemented in PostgreSQL
Focus on adaptivity and sharing issues
Declarative querying interface: SQL-type

STREAM (Stanford)
Addressed many issues including optimization, language
design, approximate query answering, memory
constraints etc. . .

Much other work..



Brief Aside: Sketches

One-pass algorithms: You can only look at each data
item once

Goal: Compute some aggregate of interest
Question: What is the amount of space needed if the
data size is N ?

For exact or approximate computation

Examples:
1. Average: O(1) (number of entries, total sum)
2. Median:

Exact: Space complexity = N
Approximate: O( 1

ε log2 εN), with ε error



AMS Sketches

Alon, Matias, Szegedy: Space Complexity of
Approximating the Frequency Moments; STOC 1996
Consider a stream: (1, 2, 3, 1, 5, 2, 1, 3, 4)
Let mi be the frequency of i in the stream

m1 = 3, m2 = m3 = 2, m4 = m5 = 1.
Frequency moment Fk = Σn

i=1mk
i

F0 = 5 = number of distinct elements in the stream
F1 = 9 = total number of elements in the stream
F2 = 19 = comes in up many places (e.g. self-join size of
a relation)

How to compute ?
Exact computation: O(n), where n is the number of
distinct elements, not the size of stream
Approximate: AMS Result: Can approximate F0, F1, F2 in
logarithmic space, requires O(nΩ(1)) space for others


