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1 In tro duction

This document describesthe architecture and designof a generalpurposeprotot ype Data Stream Management
System(DSMS) called STREAM , for STanford stReam datA Manager. A more comprehensive intro duction to
DSMSesand the motivation for building one can be found in [MW + 03].

2 Functionalit y

STREAM supports declarativecontinuous queriesover two typesof inputs: streamsand relations. A continuous
query is simply a long-running query, which producesoutput in a continuous fashion as the input arrives. The
queriesare expressedin a languagecalled CQL, which is described in [ABW03]. The input types|streams and
relations|are de�ned using someordered time domain, which may or may not be related to wall-clock time.

De�nition 2.1 (Stream ) A stream is a sequenceof timestamped tuples. There could be more than one tuple
with the same timestamp. The tuples of an input stream are required to arrive at the system in the order
of increasing timestamps. A stream has an associated schema consisting of a set of named attributes, and all
tuples of the stream conform to the schema. �

De�nition 2.2 (Relation ) A relation is time-varying bag of tuples. Here \time" refers to an instant in the
time domain. Input relations are presented to the systemas a sequenceof timestamped updates which capture
how the relation changesover time. An update is either a tuple insertion or a tuple deletion. The updates
are required to arrive at the system in the order of increasingtimestamps. Like streams, relations have a �xed
schema to which all tuples conform. �

Note that the timestamp ordering requirement is speci�c to one stream or a relation. For example, tuples of
di�eren t streamscould be arbitrarily interleaved.

2.1 Output

The output of a CQL query is a stream or relation depending on the query. The output is produced in a
continuous fashion as described below:

� If the output is a stream, the tuples of the stream are produced in the order of increasing timestamps.
The tuples with timestamp � are produced once all the input stream tuples and relation updates with
timestamps � � have arrived.

� If the output is a relation, the relation is represented as a sequenceof timestamped updates (just like
the input relations). The updates are produced in the order of increasing timestamps, and updates with
timestamp � are produced once all input stream tuples and relation updates with timestamps � � have
arrived.

Someadditional clari�cations:

1. Note that the systemcan infer that all the tuples of a stream (resp. updatesof a relation) with timestamps
� � have arrived only when the �rst tuple (resp. �rst update) with timestamp > � arrives. So the output
tuples with timestamp � are produced only when at least one tuple or update with timestamp > � has
arrived on every input stream and relation.
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2. Currently there is no way of providing information (called heartbeats in [ABW03, SW04, TMSF03]) to
the system about the progressof time in input streams and relations. This could causeproblems for
applications with an input stream that is mostly \silent".

3. The representation of a relation asa sequenceof timestamped updates is not unique, sincetuple insertions
and tuple deletions with the sametimestamp and the sametuple value cancel each other. The system
doesnot specify which of the several possiblerepresentations of a relation is produced.

2.2 CQL Restrictions

STREAM currently doesnot support all the featuresof CQL speci�ed in [ABW03]. In this section,we mention
the important features omitted in the current implementation of STREAM . In the next section, we describe
how queries which require these features can be speci�ed in an alternate fashion using named intermediate
queries(or views). The important omissionsare:

1. Subqueriesare not allowed in the Whereclause. For example the following query is not supported:

Select *
From S
Where S.A in (Select R.A

From R)

2. The Having clauseis not supported, but Group By clauseis supported. For example, the following query
is not supported:

Select A, SUM(B)
From S
Group By A
Having MAX(B) > 50

3. Expressionsin the Project clauseinvolving aggregationsare not supported. For example, the query:

Select A, (MAX(B) + MIN(B))/2
From S
Group By A

is not supported. However, non-aggregatedattributes can participate in arbitrary arithmetic expressions
in the project clauseand the where clause. For example, the following query is supported:

Select (A + B)/2
From S
Where (A - B) * (A - B) > 25

4. Attributes can have one of four types: Integer , Float , Char(n) , and Byte . Variable length strings
(Varchar(n) ) are not supported. We do not currently support any casting from one type to another.

5. Windows with the slide parameter are not supported.

6. The binary operations Union and Except is supported, but Intersect is not.
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2.3 Named Queries (Views)

A CQL query can be assigneda name and a schema to allow its result to be referencedby other queries.
This feature allows us to expresssomeof the esoteric,omitted features of CQL mentioned in Section 2.2. The
following query is an exampleof a CQL view (it producesa relation):

AggS (A, Sum_B,Max_B):

Select A, SUM(B), MAX(B)
From S
Group By A

It can be used in a di�eren t query just like an input relation:

Select A, Sum_B
From AggS
Where Max_B> 50

Note that the combination of these two queriesproducesthe sameoutput as the query with a Having clause
that we mentioned in Section 2.2 (item # 2).
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3 Installation

The latest version of the code can be downloaded from http://www- db.stan fo rd. edu/ str eam/code/ . The
code has been packaged using the standard GNU tools, so the usual technique for installing such packages
works. We assume,for illustration, that the code will be extracted, built, and installed in the following set of
directories:

� Directory where the code is extracted: /home/user/stream -0 .5. 0

� Directory where the binaries are installed: /home/user/stream /bi n

� Directory where the libraries are installed: /home/user/strea m/lib

� Directory where the headersare installed: /home/user/stream /i nclud e

3.1 Building the system

1. cd /home/user/stream -0 .5. 0/

2. ./configure --bindir=/home/ user/ st ream/bin / --libdir=/home/us er /st re am/li b/ \
--includedir=/h ome/u ser/s tr eam/i nclud e

3. make

4. make install

Thesefour stepsgeneratea command-lineclient gen client at /home/user/stream /b in , the stream library at
/home/user/strea m/l ib and the header�les for usewith the library at /home/user/stre am/in cl ude. Details
of using the command-line interface and the library are provided in Section 4.

3.2 Testing the system

We have provided a collection of test scripts to check if the system has beenbuilt properly. To run the tests:

1. cd home/user/stream- 0. 5.0 /t est

2. ./test.sh

To remove the temporary �les produced while testing:

1. cd home/user/stream- 0. 5.0 /t est

2. ./cleanup.sh
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4 Using STREAM

Currently , there are two ways of using STREAM :

1. Using the command-line client gen client .

2. Linking the STREAM library directly into your C++ application.

In the next release,we are planning to include a standaloneserver that talks to clients over the network and a
GUI client.

4.1 gen clien t

gen client dynamically loads the STREAM library , so LD LIBRARYPATHshould be set to include the path to
the STREAM library as follows:

export LD_LIBRARY_PATH=/h ome/u ser /s tr eam/l ib/ :\ $LD_LIBRARY_PATH

The usagesyntax of the gen client program is:

gen_client -l [log-file] -c [config-file] [script-file]

[log-file] is the output �le where the execution log of the program is written. [config-file] is an input �le
which speci�es valuesof various server con�guration parameters(e.g., available memory, duration of execution).
Finally [script-file] is an input �le which contains the queriesto be executedand the streamsand relations
involved in the queries. All three arguments [log-file] , [config-file] , and [script-file] are necessary.

We have include examplesof script �les and con�guration �les in /home/user/stream -0 .5 .0/ example s.
You can run the examplescript �les as follows:

1. export PATH=$PATH:/home/u ser/s tr eam/bin /

2. cd /home/user/stream -0 .5. 0

3. gen client -l log -c examples/config examples/scripts /sc ri pt1

(The example scripts assumethat the gen client program is being run from /home/user/strea m-0.5 .0 di-
rectory; running the program from a di�eren t location will causean error.) Details of writing script �les and
con�guration �les can be found in Section 4.4 and Section 4.3 respectively.

4.2 STREAM library

The readercanlook at the sourceof gen client (/home/user/strea m-0.5 .0 /ge n client/generic client.cc ),
which is lessthan 150lines of code, for an illustration of using the STREAM library . Brie
y , the stepsinvolved
in using the STREAM as an embeddedlibrary are within an application are:

1. Create a new Server object.

2. Con�gure the server by providing a con�guration �le.

3. Register the input streamsand relations.
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4. Register the queries(named or unnamed).

5. Generatea query plan.

6. Start the server.

The details of the Server interface that accomplish these tasks is discussedin Section 5. In order to input a
stream or a relation, the application passes an object implementing the TableSource interface
(<interface/table source.h> ) to the server at the time of registering the stream or a relation. Similarly,
in order to get the output of a query, the application passesan object implementing the QueryOutput interface
(<interface/query output.h> ) at the time of registering the query.

4.3 Con�guring the STREAM server

See/home/user/stre am-0. 5.0 /e xampl es/co nf ig for an examplecon�guration �le. The �le also explains the
meaning of all the con�guration parameters, and provides reasonabledefault values. If you are unsure about
what con�guration parametersto use,you can usean empty (!) con�guration �le, and the systemwill con�gure
itself with default values. But note that the default value of memory size is 32MB.

4.4 Script �les

This sectiondescribesthe details of writing script �les input to the gen client program. The script �le is used
to specify:

1. The input streamsand relations and their �le locations, and

2. One or more queriesover the streamsand relations.

White spacescan be freely added anywhere in a script �le. Also lines starting with # are comment-lines
and are not interpreted by the gen client program.

4.4.1 Examples

Example script �les can be found in /home/user/strea m-0.5 .0 /e xampl es/ scri pts / and
/home/user/strea m-0.5 .0 /te st /sc ri pts / . These scripts are probably more useful than the (semi-) formal
descriptions below.

4.4.2 Input Streams and Relations

An input stream and a relation (generically called a table) is speci�ed using two lines. The �rst line speci�es
the schema and the secondthe source�le. The following two lines specify that S is a stream with 4 attributes
A, B, C, and Dof typesinteger , byte , float and char(n) , respectively, and that the sourceof the stream is
the �le S.dat.

table : register stream S (A integer, B byte, C float, C char(4));

source : /home/user/strea m-0.5 .0/ example s/ dat a/ S.dat

(Note the semi-colonat the end of the �rst line.) Example of a specifying a relation:
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table : register relation R (A integer, B byte, C float, C char(4));

source : /home/arvind/str eam/e xampl es/da ta /R. dat

The two lines that specify a table (stream or relation) should appear consecutively in the script �le after ignoring
empty lines and comment lines.

4.4.3 Source �les

See/home/user/stream -0. 5. 0/ examples /d at a/* .d at for examplesof source�les. The �rst line of the source
�le contains the augmented schemaof the stream or relation. For a stream, the �rst attribute in the augmented
schemais the timestamp (integer) attribute. The remaining attributes are the data attributes that are speci�ed
in the register stream ... script-line. For example, the schema line for the stream S above looks like:

i,i,b,f,c4

Here 'i' stands for integer, 'b' for byte, 'f' for 
oat, and 'c4' for char(4) . Note that there are two 'i' s.
The �rst 'i' corresponds to the timestamp attribute, and the secondto the data attribute A of S.

For a relation, the �rst attribute in the augmented schema is again a timestamp (integer). The second
attribute is a 'sign' (byte) attribute. For example, the schema line for the relation R looks like;

i,b,i,b,f,c4

All the remaining lines of the source�les encode data tuples, oneper line. The attribute valuesof a tuple are
commaseparated. For streams,the �rst attribute is the timestamp attribute, and this hasto be non-decreasing.
For relation, the �rst attribute is the non-decreasingtimestamp, and the secondis the sign attribute. The sign
takesonly two values'+' and '-' . A '+' indicates that the tuple was inserted into the relation at the speci�ed
timestamp and a '-' indicates that the tuple was deleted from the relation at the speci�ed timestamp. For
example, the line 1,+,1,1.1,a,abc indicates that the tuple h1; 1:1; a; abci was inserted into relation at time 1.
A '-' tuple should correspond to somepreceding '+' tuple.

4.4.4 Queries

As described in Section 2, queries are speci�ed in CQL. Example CQL queries can be found in
/home/user/strea m-0.5 .0 /ex ample s/ cql -q uerie s.

Recall from Section 2 that queries can be named or unnamed. An unnamed query producesan external
output, while a named query producesan internal output that can be referencedby other queries. The two
lines:

query : select * from S;

dest : outfile

specify an unnamedquery whoseoutput is written to �le outfile . The query refers to a stream S, which could
be an input stream or the output of a named query. The following two lines illustrate named queries:

vquery : select A, B from S Where A = 5;

vtable : register stream FilteredS (A integer, B byte);
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This query �lters stream S on attribute A and projects out attributes A and B. The secondline assignsnames
to this query and its attributes. FilteredS can be referencedin other named/unnamed queries. Example:

query : select * from FilteredS;

dest : ...

All namesshould be "registered" beforethey are referenced.For example,the register stream FilteredS
... line should occur before the select * from FilteredS line. Also, currently , it is an error to specify a
named query that is not usedby any other query.
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5 In terface

This section describesthe three classes:

1. Server

2. TableSource

3. QueryOutput

which constitute the external interface to STREAM .

5.1 Server class

Synopsis

#include <stream/interfa ce/ serve r. h>

class Server {
public:

static Server *newServer (std::ostream &);
int setConfigFile (...);
int beginAppSpecific at ion () ;
int registerBaseTabl e( ... );
int registerQuery(.. .) ;
int registerView(... );
int endAppSpecificat io n() ;
int beginExecution() ;

};

Description

The STREAM server interface. It contains methods to con�gure the server, register new streamsand relations,
register new continuous queries,and run the continuous queries. The server operatesin two phases:in the �rst
phaseall the registering (of CQ, streams,and relations) is done,and in the secondphasethe continuousqueries
registered in the �rst phaseare executed. The reasonfor separating out these two phasesis performance: this
design lets us perform someoptimizations acrossqueriesbefore generating the �nal plan.

Mem ber functions

1. static Server* newServer(std::os tr eam&log)

Construct and return a new STREAM server.

Parameters

log : The log parameter speci�es the output stream to which the server log entries are written.

2. int setConfigFile (const char *configFile)

Specify the location of the con�guration �le. Section 4.3 givesdetails of con�guration �les. This method
should be called before any of the other methods of Server class.
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Parameters

configFile : The location of the con�guration �le.

Returns

zero on success,non-zeroon error.

3. int beginAppSpecific at ion ()

This method is called before the actual speci�cation of an application (which is done using the
registerQuery() and registerTable() methods).

Returns

zero on success,non-zeroon error.

4. int registerBaseTabl e (const char *tableInfo,
unsigned int tableInfoLen,
Interface::Table Sourc e *input)

Register an input stream or a relation (generically called a table) with the server by specifying (1) the
name-relatedinformation about the table and (2) the TableSource object that provides the input tuples.
The name-related information consistsof the table type (stream or a relation), the table name and the
namesof the attributes of the table. An input table should be registered before it is referencedin any
query.

Parameters

tableInfo : String encoding the name-related information about the table. For example, the string
\ register stream S (A integer, B char(4)) " is usedto register a stream S with two attributes Aand
B. Similarly, the string \ register relation R (A integer, C float) " is used to register a relation R
with two attributes A and C.

tableInfoLen : The length of tableInfo parameter.

input : The TableSource object that provides the input data tuples of the stream or relation.

Returns

zero on success,non-zeroon error.

5. int registerQuery(co nst char *querySpec,
unsigned int querySpecLen,
Interface::Query Output *output,
unsigned int &queryId)

Register a query (named or unnamed) with the server. If the output of the query is desired, then the
application should passan implementation of QueryOutput interface. Note that the output of the query
may not always be required externally|a query could be registered with the sole purposeof providing
input to other queries. In this case, the query is a named query (see Section 2.3), and the naming
information of the query output should be speci�ed using the registerView method.

The method returns a queryId parameter which is used to referencethis query in the registerView
method.

Parameters
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querySpec: The speci�cation of the query in CQL.

querySpecLen: Length of the query speci�cation.

output : An object that implements the QueryOutput interface if the output of the query is required by
the application, or 0 if the output is not required.

queryId : Output parameter set by the method on termination.

Returns

zero on success,non-zeroon error.

6. int registerView(uns ig ned int queryId,
const char *tableInfo,
unsigned int tableInfoLen)

Register a name to the output of a previously registered query so that the output can be referencedin
other future queries. The name-relation information consistsof the table type (stream or a relation), the
table name and the namesof the attributes of the table (just like in the registerBaseTabl eMet hod).

Parameters

queryId : The identi�er for the query whoseoutput is being named. The identi�er is the value returned
by the registerQuery method when the query was registered.

tableInfo : String encoding the name-relatedinformation of the query output. Samesyntax astableInfo
parameter of registerBaseTable method.

tableInfoLen : The length of the tableInfo parameter.

Returns

zero on success,non-zeroon error.

7. int endAppSpecificat io n()

This method is called after all the queriesand inputs have beenregistered,and after this method call no
future queriesand inputs can be registered.

8. int beginExecution()

Begin the execution of the continuous queries registered earlier. The duration of execution is speci�ed
within the con�guration �le.
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5.2 TableSource class

Synopsis

#include <stream/interfa ce/ ta ble _source .h >

class TableSource {
public:

int start();
int getNext(...);
int end();

};

Description

The interface that the server usesto get input stream or relation tuples. The application should provide an
object that implements this interfacealong with each input stream and relation (seeServer::registe rQuery( )
method). Di�eren t inputs could have di�eren t implementations, e.g.,onereading from a �le, and the other from
a network.

The main method is getNext() , which the server uses to pull the next tuple of the stream or relation
whenever it desires.Before consumingany input tuples, the server invokesthe start() method, which can be
used to perform various kinds of initializations. Similarly, the end() method is called when the server is not
going to invoke any more getNext() s.

Mem ber functions

1. int start()

This method is invoked by the server (exactly) oncebefore any getNext() calls are invoked.

2. int getNext(char *& tuple, unsigned int& len)

This method is invokedby the server to input the next tuple of the streamor relation that the TableSource
object handles. If the next tuple is available, on return the parameter tuple should point to the encoding
of the next tuple. Otherwise, the parameter tuple should point to null (0). The memory for the location
pointed to by tuple (if it is non-null) is allocated and owned by the TableSource object, which means
that the server doesnot deallocate the memory. The TableSource object should ensurethat the contents
of this memory location is unchangeduntil the next getNext() call.

Setting the tuple parameter to null only indicates that there is no input tuple availabe currently . In
particular, it does not signify the end of the stream. An input tuple might be available later, and the
server keepspolling periodically.

Details of encoding the input tuples are described in Section 5.2.1.

Parameters

tuple : On returning points to the encoding of the input tuple if the next input tuple is available; 0
otherwise.

len : Set by the function to the length of the tuple encoding.

Returns
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zero on success,non-zeroon error.

3. int end()

Called by the server to indicate that it is not going to invoke any more getNext() calls. Currently , never
invoked.

5.2.1 Input Tuple Enco ding

A stream tuple consistsof a timestamp and the values for the data attributes. A relation tuple consistsof a
timestamp, a sign, and values for the data attributes, which represents a timestamped update to the relation
as indicated in De�nition 2.2. The sign is either a +, which indicates an insertion, or a - , which indicates a
deletion.

The encoding of a stream tuple contains the encoding of the timestamp followed by the encoding of the
attribute values. Attribute values are encoded in the order in which they are declared in the stream schema.
Timestamps are encoded as unsigned int s, integer attributes as int s, 
oating point values as float s, byte
valuesas char s, and char(n) valuesas a sequencesof n char s. For example,

unsigned int timestamp;
int a_val;
float b_val;

// Get attribute values
// ...

// Encode a tuple of stream S (A integer, B float, ...)
memcpy(tupleBuf, &timestamp, sizeof(unsigned int));
memcpy(tupleBuf + sizeof(unsigned int), &a_val, sizeof(int));
memcpy(tupleBuf + sizeof(unsigned int) + sizeof(int), &b_val, sizeof(float));

// ...

// Set tuple to point to tupleBuf
tuple = tupleBuf;

The encoding of a relation tuple contains the encoding of the timestamp followed by the encoding of the sign
followed by the encoding of the attribute values(in the order in which they appear in the schema). Timestamps
and attribute valuesare exactly as in the caseof stream tuples. The sign is encoded using a single char .
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5.3 QueryOutput class

Synopsis

#include <stream/interface /qu er y_out put.h >

class QueryOutput {
public:

int setNumAttrs(... );
int setAttrInfo(... );
int start();
int putNext(...);
int end();

};

Description

Interfacethat the server usesto producequery output. An application should provide an object that implements
this interface for each query whoseoutput it desires(seeServer::register Query () method). Di�eren t queries
could have di�eren t implementations, e.g., the output of one could go to a �le, the other to a remote location
on the network.

The main method is the putNext() method which is usedby the server to push out the next output tuple
of the query. Before pushing any tuples to the output, the server �rst indicates the schema of the output
tuples using setNumAttrs() and setAttrInfo() method calls. The method start() is called before the �rst
putNext() call: this can be usedby the object to perform various initializations, resourcesallocation etc.

Mem ber functions

1. int setNumAttrs(unsi gned int numAttrs);

Set the number of attributes in the output schema of the query. This method is called (exactly once) by
the server before any other method.

Parameters

numAttrs : the number of attributes in the output schema of the query.

Returns

zero on success,non-zeroon error.

2. virtual int setAttrInfo(uns ign ed int attrPos,
Type attrType,
unsigned int attrLen)

The server calls this method to specify the type information of a particular attribute in the output schema
of the query. The server calls this method (oncefor each attribute in the schema) after the setNumAttrs()
method and before the start() method.

Parameters

attrPos : The position of the attribute for which the type info is being speci�ed. This is a value between
0 and numAttrs � 1, where numAttrs is the number of attributes in the output schema of the query.
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attrType : The type of the attribute. Type is an enumde�ned in <stream/common/t ypes. h>.

enumType {
INT, // integer
FLOAT, // floating point
BYTE, // 1 byte characters
CHAR // fixed length strings.

};

attrLen :

3. virtual int start()

Called by the server to signal that it is ready to invoke the putNext() calls. The object can use this
method to perform various initializations.

4. int putNext(const char *tuple, unsigned int len)

Called by the server to push the next output tuple of the query.

Parameters

tuple : Encoding of the next output tuple. The memory of the location pointed by tuple is allocated
and owned by the server. The encoding is almost identical to the encoding of input tuples as described in
Section 5.2.1. The only di�erence is that there exists a \sign" column irrespective of whether the output
of the query is a stream or a relation. The sign column is always + if the output of the query is a stream
while it could be + or - if the output of the query is a relation.

Returns

zero on success,non-zeroon error.

5. int end()

Called by the server to indicate that it is not going to invoke any more putNext() calls. Currently , never
invoked.
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6 STREAM Arc hitecture

This section brie
y describesthe architecture of the STREAM DSMS protot ype. The STREAM architecture
is made up of two broad components:

1. Planning subsystem, which storesmetadata and generatesquery plans, and

2. Execution engine, which executesthe continuous queries.

6.1 Planning Subsystem

Figure 6.1shows the main components of the planning subsystem.The components shown with double-bordered
rectanglesarestateful|they contain the systemmetadata. The other components arestateless,functional units,
which are usedto transform a query to its �nal plan. The solid arrows indicate the path of a query along these
components.

Parser
Semantic
Interpreter PlanGen

Logical
PlanGen
Physical

Manager
Query Table

Manager Manager
Plan

Query
Tree
Parse

Internal

Plan
Logical

Plan
Physical

Query
Rep

Figure 1: The planning component

6.1.1 Parser

� Functionality: Transform the query string to a parsetree representation of the query. (The parser is also
usedto parsethe schema of a registeredstream or relation.)

� Relevant Code:

{ dsms/include/pars er /*

{ dsms/src/parser/*

6.1.2 Semantic In terpreter

� Functionality: Transform the parse tree to an internal representation of the query. The representation is
still block-based (declarative?) and not an operator-tree. As part of this transformation, the semantic
interpreter:

{ Resolvesattribute references
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{ Implements CQL defaults (e.g., adding an Unboundedwindow; see[ABW03].)

{ Other misc. syntactic transformations like expanding the \ * " in Select *

{ Converts external string-based identi�ers for relations, streams, and attributes to internal integer-
basedones. The mapping from string identi�ers to integersidenti�ers is maintained by TableManager.

� Relevant Code:

{ dsms/include/quer ygen/ quer y.h

{ dsms/include/quer ygen/ seminterp.h

{ dsms/src/querygen /s eminterp.cc

6.1.3 Logical Plan Generator

� Functionality: Transform the internal representation of a query to a logical plan for the query. The logical
plan is constructed from logical operators. The logical operators closely resemble the relational algebra
operators (e.g., select,project, join), but someare CQL-speci�c (e.g., window operators and relation-to-
stream operators). The logical operators are not necessarilyrelated to the actual operators present in
the execution subsystem. The logical plan generator also applies various transformations that (usually)
improve the performance:

{ Push selectionsbelow cross-products (joins).

{ Eliminate redundant Istream operators (an Istream over a stream is redundant).

{ Eliminate redundant project operators (e.g., a project operator in a Select * query is usually re-
dundant).

{ Apply Rstream-Nowwindow basedtransformations.

� Relevant Code:

{ dsms/include/quer ygen/ lo g*.h

{ dsms/src/querygen /l og*.c c

6.1.4 Ph ysical Plan Generator

� Funcionality: Transform a logical plan for a query to a physical plan. The operators in a physical plan are
exactly those that are available in the execution subsystem(unlik e those in the logical plan). (We have
a separatelogical plan stage in query generation becauseit is easier to apply transformations to logical
plans than to physical plans. Logical operators are more abstract and easier to deal with than physical
operators which have all sorts of associated low level details.)

The physical plan generator is actually part of the plan manager (although this is not suggestedby
Figure 6.1), and the generated physical plan for a query is linked to the physical plans for previously
registeredqueries. In particular, the physical plans for views that are referencedby the query now directly
feed into the physical plan for the query.

� Relevant Code:

{ dsms/include/meta data/ phy op.h

{ dsms/src/metadata /g en phy plan.cc
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6.1.5 Plan Manager

� Functionality: The plan Manager stores the combined \mega" physical plan corresponding to all the
registeredqueries. The plan manageralso contains the routines that:

{ Flesh out a basic physical plan containing operators with all the subsidiary execution structures like
synopses,stores,storageallocators, indexes,and queues.

{ Instantiate the physical plan before starting execution.

� Relevant Code:

{ dsms/include/meta data/ pl an mgr.h

{ dsms/include/meta data/ pl an mgr impl.h

{ dsms/src/metadata /p lan mgr.cc

{ dsms/src/metadata /p lan mgr impl.cc

{ dsms/src/metadata /i nst *.cc

{ dsms/src/plan inst.cc

{ dsms/src/plan store.cc

{ dsms/src/plan syn.cc

{ dsms/src/plan trans.cc

{ dsms/src/static tuple alloc.cc

{ dsms/src/tuple layout.cc

6.1.6 Table Manager

� Functionality: The table Manager storesthe namesand schemaof all the registeredstreamsand relation.
The streamsand relations could be either input (base) stream and relations or intermediate streamsand
relations produced by named queries. The table manager also assignsinteger identi�ers for streams and
relations which are used in the rest of the planning subsystem.

� Relevant Code:

{ dsms/include/meta data/ ta bl e mgr.h

{ dsms/src/metadata /t abl e mgr.cc

6.1.7 Query Manager

� Functionality: The query managerstoresthe text of all the registeredqueries. Currently doesnot serve a
very important role, but might be usedin later versionsfor better error reporting.

� Relevant Code:

{ dsms/include/meta data/ quer y mgr.h

{ dsms/src/metadata /q uery mgr.cc
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6.2 Execution Subsystem

Figure 6.2 shows the main components of the STREAM execution engineand their interactions. Table 6.2 lists
the di�eren t typesof entities that exist in the execution engine,roughly classi�ed basedon their role and at the
granularit y that they function.

Op

Op

Op

Op

Op

Syn

Syn

Store

Syn
Store

Manager
Memory Scheduler

IndexIndex

Query Output

Alloc

Alloc

TableSource

Outside World

Server

Server

Outside World

Figure 2: Architecture of STREAM Execution Subsystem.Op denotesoperators, Syn denotessynopses,Alloc
denotesstorageallocators.

6.2.1 Data

� Tuple: A tuple is the basic unit of data. It is logically a collection of attribute values (as expected). In
the implementation, a tuple is simply a pointer to a memory location (char* ) where the attribute values
are encoded. All the information required to consistently enter and extract attribute values from this
memory location are present in the units that operate over the tuple (e.g., operators).

Relevant Code: dsms/include/ex ecuti on/ in te rna ls /tu pl e. h
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Data Operational Units

� Low-level

{ Tuple

{ Element

{ Heartb eat

� High-level

{ Stream

{ Relation

� Low-level

{ Arithmetic Evaluators

{ Boolean Evaluators

{ Hash Evaluators

� High-level

{ Operators

{ Queues

{ Synopses

{ Indexes

{ Stores

{ Storaga Allo cators

� Global

{ Memory Manager

{ Scheduler

Table 1: Components of STREAM execution subsystem

� Elemen t: An element is a tuple with a timestamp and a sign. Sign is either a + or a � . The interpretation
of a sign should becomeclear from the description of a relation below.

Relevant Code: dsms/include/ex ecuti on/ queues/ el ement .h

� Heartb eat: A heartbeat is a special kind of element with just a timestamp and no tuple or signassociated.
Heartbeats are usedto communicate progressof time among operators; see[SW04] for technical details.

Relevant Code: dsms/include/ex ecuti on/ queues/ el ement .h

� Relation: A relation is a sequenceof elements ordered by timestamps. Logically, such a sequence
represents a time-varying bag of tuples, which is consistent with De�nition 2.2. The bag of tuples in the
relation at timestamp � is obtained by inserting into the bag the tuples of all the elements with timestamp
� � having a + sign and deleting from the bag the tuples of all the elements with timestamp � � having
a � sign. Note that the representation of a relation is not unique.

Relation producedby the STREAM operators (discussedin Section6.2.3) satisfy the following property:
for every � element in a relation sequencethere exists a + element that occurs earlier in the sequence
such that the � element and + element have identical tuples. By identical tuples, we mean tuples that
point to the samememory location, and not tuples with identical attribute values. But two � elements
cannot be mapped to the same+ element in the above sense.

� Stream: A stream is a sequenceof elements with a + sign, ordered by timestamps. Under this represen-
tation, a stream is a special kind of a relation with no � elements in its sequence.
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6.2.2 Low-Lev el Op erational Units

All direct operations over tuples are performed by objects known as evaluators. Each evaluator conceptually
evaluatesa �xed function or procedureover an input set of tuples. Di�eren t setsof input tuples can be \b ound"
to the evaluator before di�eren t evaluations. The evaluation can have \side-e�ects": the contents of one of the
input tuples can be updated as a result of the evaluation. There are three typesof evaluators:

� Arithmetic evaluator: Arithmetic evaluators evaluate simple arithmetic functions de�ned over the
attributes of the input tuples. The result of the arithmetic functions is used to update the contents of
one or more of the input tuples. For example, an arithmetic evaluator can take two input tuples, and
set the attribute #1 of the secondtuple to be the sum of attribute #1 and attribute #2 of the �rst
tuple. Arithmetic evaluators can be useddirectly by operators (e.g., project operator) or within boolean
evaluators to evaluate predicates involving arithmetic.

Relevant Code:

{ dsms/include/inte rn als /a eval. h

{ dsms/include/inte rn als /e val context.h

{ dsms/src/internal s/ aeval .c c

� Bo olean evaluator: Boolean evaluators evaluate simple boolean predicates over the attributes of the
input tuples. The booleanpredicatescan be conjunctions of comparisons,and the comparisonscan involve
arithmetic. The result of the evaluation (true/false) is returned as the output. For example, a boolean
evaluator can take two tuples and return true if the attribute #1 of the �rst tuple is equal to attribute
#2 of the secondtuple.

Relevant Code:

{ dsms/include/inte rn als /b eval. h

{ dsms/include/inte rn als /e val context.h

{ dsms/src/internal s/ beval .c c

� Hash Evaluator: Hash evaluators compute a hash function over a subset of the attributes of the at-
tributes of the input tuples, and return a (currently 32 bit) hash value as output. Hash evaluators are
currently usedonly within hash-basedindexes.

Relevant Code:

{ dsms/include/inte rn als /h eval. h

{ dsms/include/inte rn als /e val context.h

{ dsms/src/internal s/ heval .c c

6.2.3 High-Lev el Op erational Units

� Op erators: Operators are the basicprocessingunits that operate over streamsand relations: an operator
takesoneor more streamsand producesa stream or a relation as output. Table 2 list the set of operators
currently available in STREAM . Semantics of theseoperators are described in [ABW03].

Each operator operates in a continuous fashion. Once an operator seesall its input elements with times-
tamp upto � , it produces all its output elements with timestamp upto � . Each operator produces its
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Operator Signature Code
Binary Join Relation � Relation ! Relation bin join.cc

Binary Stream Join Stream � Relation ! Stream bin str join.cc
Distinct (duplicate elimination) Relation ! Relation distinct.cc

Dstream Relation ! Stream dstream.cc
Except Relation � Relation ! Relation except.cc

Group By Aggregation Relation ! Relation group aggr.cc
Istream Relation ! Stream istream.cc

Partition Window Stream ! Relation partn win.cc
Projection Relation ! Relation project.cc

Range Window Stream ! Relation range win.cc
Row Window Stream ! Relation row win.cc

Rstream Relation ! Stream rstream.cc
Selection Relation ! Relation select.cc

Union Relation � Relation ! Relation union.cc

Table 2: List of data operators in STREAM . This list does not include the input and output operators which talk to
the outside world. All the �les in the Code column are in the directory dsms/src/execution/operators/

output elements in the order of increasing timestamps. Once an operator has produced all its output
upto � � 1, it has the option of asserting that it will not generateany output element with timestamp
< � by generating a heartbeat with timestamp � . This is useful especially if the output of an operator is
sparse|e.g., a selectionoperator with a highly selective �lter|to convey time-related information to the
upstream operators.

Many operators need to maintain state. For example, the binary join operator needsto maintain the
\curren t" bag of tuples in both its inner and outer relation. In STREAM , all the operator state that is
not statically bounded in sizeis maintained in objects known assynopses. Synopsesare discussedin more
detail below.

Operators are connected to each other using intermediate element bu�ers called queues. Queuesserve
to (at least partially) decouplethe running of one operator from another. An operator reads each of its
inputs from one queueand writes its output to another queue.

A global scheduler schedulesthe operators of the systemusing somescheduling strategy. When scheduled,
an operator runs for an amount of time speci�ed by the scheduler, and then returns control back to the
scheduler, which picks a di�eren t operator to run, and so on. An operator could stall while it is running
if its output queuegets �lled up. (Stalling occurs becauseall the queuescurrently have a �xed amount of
memory.) A stalled operator maintains its current state to enableit to resumeprocessingat a later time,
and returns control back to the scheduler.

Relevant Code:

{ dsms/include/exec ut ion /o perat or s/* .h

{ dsms/src/executio n/ opera to rs/ *. cc

� Queues: Conceptually, queuesare FIFO bu�ers for elements. Elements are always inserted and read o�
from the queue in timestamp order. (This property is guaranteed by the operators using the queues.)
The simplest queuehasoneoperator that writes to it and oneoperator that dequeuesfrom it. Sometimes
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Figure 3: Con�guration of a sharedqueue

the output of one operator is consumedby several (say n > 1) operators. In such casesthe operators
are interconnectedby a shared queue. Such a sharedqueueis realized by using a collection of objects: 1
sharedqueuewriter and n sharedqueuereadersas shown in Figure 3. The sharedqueuereaderscontain
operator speci�c state, while the shared queuewriter servesa common store for all the currently active
elements (all the elements which have been written by the sourceoperator but not yet read by at least
one sink operator). The operators themselvesare oblivious to sharing.

Relevant Code:

{ dsms/include/exec ut ion /q ueues/* .h

{ dsms/src/executio n/ queues/ *.c c

� Synopses: Synopsesare objects that contain operator state. Each synopsis is owned by exactly one
operator. Currently all the synopsescontain bags of tuples. Also, all the tuples in a synopsishave the
sameschema, and as we will see,are allocated by the samestorageallocator.

There are four types of synopses,listed in Table 3, and they di�er primarily in the interfaces that they
export. The relation synopsis interface allows the owning operator to insert a tuple, delete an existing
tuple, and scanthe current bag of tuples basedon somepredicate. The window synopsisinterface allows
the owning operator to insert a tuple and delete/read the oldest tuple. The partition window synopsisis
identical to the window synopsis,except that it allows the deletion/reading of the oldest tuple within a
partition de�ned using certain tuple attributes. Finally, lineage synopsisis similar to relation synopsis,
except that it allows the operator to specify a \lineage" along with each inserted tuple. The operator can
later usethe lineageto accessthe tuple.

Relevant Code:

{ dsms/include/exec ut ion /s ynopses/*. h
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Synopsis Type Interface Methods

Relation Synopsis
insertTuple(Tuple)
deleteTuple(Tuple)

scan()

Window Synopsis
insertTuple(Tuple)
deleteOldestTuple()

getOldestTuple(Tuple&)

Partition Window Synopsis
insertTuple(Tuple)

deleteOldestTuple(Tuple t, Tuple partition)
getOldestTuple(Tuple &t, Tuple partition)

Lineage Synopsis

insertTuple(Tuple, Tuple* lineage)
deleteTuple(Tuple)

scan()
getTuple(Tuple&, Tuple *lineage)

Table 3: Di�eren t Typesof Synopsesin STREAM

{ dsms/src/executio n/ synopses/* .c c

� Indexes: Synopsescan internally contain an index to speed up scans. The existence of the index is
oblivious to the operator that owns the synopsis. Currently the systemonly supports hash-basedequality
indexes.

Relevant Code:

{ dsms/include/exec ut ion /i ndexes/ *.h

{ dsms/src/executio n/ ind exes/*. cc

� Storage Allo cators: All tuples in the system are allocated by objects called storage allocators. Each
storage allocator is owned by one operator, and is used to allocate tuples of the output elements of the
operator. Not all operators own a storageallocator; for example, the selectoperator simply forwards its
input tuples to its output and does not allocate new tuples. Storage allocators also keep track of tuple
usageand reclaim the spaceof unusedtuples.

Relevant Code:

{ dsms/include/exec ut ion /s to res /s tor e alloc.h

� Stores: The description of storage allocators and synopsesabove was focusedmainly on the interface
that they presented to the operators. Most of the actual logic of storage allocators and synopsesare
implemented within stores. (In fact, a storage allocator is a pure interface which is implemented by the
store objects.) This level of indirection in the implementation was intro duced to enablesharing of space
and computation acrosssynopses.More details about sharing can be found in [ABW03].

Each store supports one storage allocator and a set of synopses. Each synopsis is associated with one
store, and all the tuples of the synopsisare allocated by the store. Table 4 lists the types of stores and
the synopsesthat they support. The set of synopsesassociated with a store are required to satisfy certain
properties as mentioned in Table 4.
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Store Supported Synopses Requirement
Simple Store - -

Relation Store > 1 Relation Synopses All synopsesshould have the sameinsert-delete
sequence.

Window Store
> 1 Window Synopses All synopsesshould have the sameinsert sequence.
> 1 Relation Synopses Sequenceof deletes should be identical to the sequence

of inserts.

Partition Window Store
1 Partition Window Synopsis All synopsesshould have the sameinsert-delete

> 1 Relation Synopses sequence.

Lineage Store
1 Lineage Synopsis All synopsesshould have the sameinsert-delete

> 1 Relation Synopses sequence.

Table 4: Storesand the synopsesthat they support

Relevant Code:

{ dsms/include/exec ut ion /s to res /* .h

{ dsms/src/executio n/ sto re s/ *.c c

6.2.4 Global Op erational Units

� Memory Manager: The memory managermanagesa common pool of memory and allocatesmemory
at a pagegranularit y to stores, indexes,and queueson demand.

Relevant Code:

{ dsms/include/exec ut ion /memory /memory mgr.h

{ dsms/include/exec ut ion /memory /memory mgr.cc

� Scheduler: The scheduler schedules the operators in the system as described earlier. Currently , the
scheduler usesa simple, round-robin scheduling strategy.

Relevant Code:

{ dsms/include/exec ut ion /s chedule r/* .h

{ dsms/include/exec ut ion /s chedule r/* .c c
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