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1 Introduction

The objective of this effort was to develop a scalable declarative programming
environment that facilitates flexible decision-making in sensor networks.

We believe that procedural programming paradigms are inappropriate for highly scalable
and flexible applications built on sensor networks. Realistic applications should instead
be developed declaratively based on a high-level logical abstraction of the system. This
approach separates the behavior of the application (specified by the queries) from its
implementation, leading to the promise of efficiency, flexibility, and scalability.

In the Cougar project at Cornell University, we have developed distributed database
techniques to process queries over sensor networks. Our approach allows users to
formulate queries that involve functionalities provided by sensors out in the network. Our
system then optimizes these queries to (a) reduce response latency and to (b) take
maximal advantage of the resources available in the sensor network while at the same
time balancing the utilization of critical resources.

The Cougar system resides directly on the sensor nodes and creates the abstraction of a
single processing node without centralizing data or computation. Cougar provides
scalable, fault-tolerant, flexible data access and intelligent data reduction. Its design
involves a confluence of novel research in database query processing, data mining,
networking, and distributed systems.

2 Reporting Period: This is the final annual report.

3 System Overview

Cougar has a three-tier architecture:

e QueryProxy - a small database component that runs on sensor nodes to interpret
and execute queries.

e Frontend - a more powerful QueryProxy that serves as a gateway for connections
to the world outside of the sensor network.

e GUI - a graphical user interface through which users can pose ad-hoc and long-
running queries on the sensor network.

Our system forms clusters out of the sensors to allow intelligent in-network aggregation
to conserve energy by reducing the amount of communication between sensor nodes.
The query processing component handles distributing queries to the sensor nodes and
retrieving and processing results before sending the data to the user.
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The QueryProxy runs on each sensor node in the network, while the FrontEnd runs on
selected nodes and acts as a gateway between the GUI and the QueryProxies. The
QueryProxy and FrontEnd are built using C++, and the GUI using Java.

The QueryProxy and FrontEnd run under Linux on either x86 or Sensoria WINS NG
node hardware. The GUI runs on any platform that supports Java and Swing.
Communications within the sensor network are transmitted using ISI’s Directed
Diffusion and are formatted as XML. The GUI and FrontEnd communicate over TCP/IP
sockets.
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Figure 1: System Overview



3.1 QueryProxy

The QueryProxy consists of three parts: the device manager, the node layer, and the
leader layer. The sensor nodes are capable of acting as leaders or normal query
processing/signal processing nodes. When the network is set up, clusters are formed and
leaders are elected from the nodes in the clusters. The QueryProxy system has a
hierarchical structure, with the FrontEnd communicating with nodes that act as cluster
leaders, and with cluster leaders communicating with the FrontEnd and with the other
sensor nodes in their clusters.

The device manager takes readings from the sensors. On the Sensoria nodes this involves
interacting with the BAE Systems signal processing module. BAE’s signal processing
can generate either raw readings directly from the sensors or high level events (e.g.
detections). The device manager is fully integrated for processing all of these types of
data.

The node layer manages the execution of queries on the sensor node and the interaction
with the device manager. This code is active on all the nodes. When a query is being
processed, the node layer requests the required tuples from the device manager. Then,
the query is processed using those tuples, and the results are sent to the cluster leader.

The cluster leader is a specially designated node in the cluster that is elected when the
system forms clusters. In addition to its node processing layer it has an active leader
processing layer which receives tuples from the other members of the cluster. The leader
layer then processes the queries using the received tuples and sends the replies to the
FrontEnd that initiated the query. When appropriate, tuples are aggregated before being
sent out.

3.2 FrontEnd

The FrontEnd issues queries it has received from the GUI to the QueryProxy software
running on the sensors. It keeps track of the queries currently running for the GUIs
running on the system and receives messages from nodes that are cluster leaders. The
FrontEnd delivers each tuple to the interested queries, does some processing of the
tuples, and sends a response to the GUI that initiated the query. It can also output tuples
to a remote MySQL or Postgres database.

3.3 GUI

The GUI allows the user to pose queries using SQL and to display query results in tabular
format. A map component allows the user to visualize the topology of sensors in the
network. The user can collect nodes into clusters which automatically elect a leader to
communicate with the FrontEnd. The map is also used to specify a region that the query



should run over (Figure 2). Results from the query are displayed in a simple table for
easy viewing (Figure 3). Event queries such as detection and tracking queries are
displayed visually on the map in real time (see Figures 4-5).
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4 System Internals

4.1 Directed Diffusion Interests

The QueryProxy component and the FrontEnds communicate with each other using ISI’s
directed diffusion. Four types of interests are set up:

1. Leader -> Front End channel. The front ends in the network all subscribe to a
common Interest. This allows all Leaders in the network to publish data for the
Front Ends to receive. The Leader nodes use this channel to send query results
back to the front end that initiated the query.

2. Front End -> All Nodes channel. All nodes in the network subscribe to a
common Interest. This allows all Front Ends in the network to publish data for all
nodes on the network to receive. The Front Ends use this channel to send queries
to leaders and to create clusters.

3. Cluster Nodes -> Cluster Leader channel. Each cluster leader subscribes to an
Interest that allows it to receive published query results from other nodes in its
cluster. Each cluster will have a different CN->CL channel.

4. Cluster Leader -> Cluster Nodes channel. Each node in a cluster subscribes to an
Interest common to that cluster. This allows the cluster leader to publish queries
for the cluster nodes to process. This channel is also used for leader selection.

4.2 Creating Clusters

The user at a FrontEnd creates a cluster by specifying the number of clusters to create in
the GUI. The GUI will then proceed and choose a subset of the nodes in the network to
act as centeroids. The centeroids act as cluster leaders. Then, the centeroids are
broadcast to all nodes in the network. Nodes that are centeroids act as cluster leaders,
and other nodes join the cluster that has the closest centeroid.

Each node can belong to multiple clusters. The user can specify a box region and nodes
within that region are grouped into a single cluster. With this functionality, the user can

optimize the clustering for better performance according the query workload and
distribution of sensor nodes.

4.3 Query Types

Several different types of queries are supported by the Cougar system:

1. Network Status Queries — What is the current operational status of nodes in region
R?



2. Periodic Sensor Queries - Return the light reading of each sensor in region R
every S seconds.

3. Aggregated Sensor Queries - Calculate the average temperature of the sensors in
region R every S seconds.

4. Detection Queries - Report the detection of any vehicle in region R.

5. Perimeter Queries - Alert whenever an intruder enters region R.

6. Trigger Queries — Trigger alarm when the average temperature goes above a
threshold 7 in region R.

7. Tracking Queries — Show tracks for vehicles heading North in region R.

4.4 Query Processing

When a query is posed at the FrontEnd, the FrontEnd translates the query into a XML
message that the leader nodes understand. This message is sent to all leaders within the
network. The leader node is responsible for checking to see if the query involves any
nodes within its cluster region. If it does, then the leader must generate a plan to execute
the query. After the plan is generated, the leader node sends out tasks for the nodes
within its cluster to execute. The leader node is then responsible for receiving replies
from the nodes within its cluster and generating an appropriate reply for the FrontEnd.
The FrontEnd may need to combine results received from various leader nodes before
presenting it to the user who posed the query, as each leader node is only responsible for
its own cluster region, and a query may involve multiple clusters.

4.5 Steps to Pose a Query

1. FrontEnd receives a query in SQL form from the user. In addition, the user must
also specify a region in which the query applies, as well as a duration and
frequency.

2. FrontEnd translates the SQL query and duration and frequency into a XML Query
message and sends it to the cluster leaders.

3. All nodes that belong to clusters that have regions that intersect the region being
queried will process the message.

4. Leader nodes will generate a plan for the execution of the query. Then, the leader
nodes will execute the query by publishing XML Query messages to its cluster
nodes.

5. The cluster nodes will place the query in their query caches. This is necessary in
case the leader node fails. If this occurs, another node must take its place as the
leader and will need to know what queries are currently being executed.

6. Periodically, as specified by the Frequency supplied by the user, the cluster nodes
will send back results to the leader.

7. The Cluster leader will receive XML Responses from its cluster nodes
periodically. It must process these responses appropriately and, at the user
supplied frequency, must return a result to the FrontEnd.



8. The FrontEnd receives replies from cluster leaders and processes their results
accordingly and updates query results at the supplied frequency.
9. Repeat 5 through 7 until the query is complete.

A node may also receive a delete query message which is identical to the create query
message except for a tag. The node will then remove the query from its internal
structures so that it no longer schedules the query to be executed and no longer sends
results back.

Certain queries such as aggregation queries are modified by the leader nodes before being
send to the other nodes in the cluster. The leader node in this case would remove the
aggregation from the query before sending it out to the nodes. When it receives all the
results, it performs the aggregation and returns the value to the FrontEnd.

5 Source Level Documentation

5.1 Code Layout and Directory Structure

e queryproxy: Contains makefiles for the components of the system
bae: Code for running BAE’s signal processing module
FrontEnd2: Code for the FrontEnd. Pulls in some code from the
QueryProxy?2 directory.

GUTI: Java GUI code for querying the sensor network

@)
O

O O

Images: Image files used by the GUIL

QueryProxy2: Code for the QueryProxy.

Common: Code common to both the Leader and Node layers.

Debug: Debugging related code.

Leader: Code pertaining to the Leader layer of the QueryProxy.

Mot e: Code for interacting with the Berkeley Motes.

Node: Code pertaining to the Node layer of the QueryProxy.
QueryProcessor: Query processing code used by the QueryProxy
and the FrontEnd.

Request: Classes representing messages and XML parsing code.
Sensors: Code for getting sensor readings from sensors.

scri pt s: scripts for running simulations
si mIr acker : Java code for simulating tracked objects in the sensor network

5.2 QueryProxy Code Summary

e The QueryProxy code consists of several main parts:
e The files under "Leader" pertain to the leader node layer.
e The files under the "Node" directory pertain to the node level layer.



e The files under "Request" pertain to the XML messages that are sent between
queryproxy node and leader layers and the frontend. Some of these classes are
also used by the FrontEnd code.

e The files under "Sensors" are for sampling the sensors on the Sensoria nodes.

e The files under "Debug" define debugging macros such as: ASSERT(x),
DEBUG(x). These macros are also used by the Frontend code.

e The files under "QueryProcessor" pertain to the execution of queries. It does
things like starting and stopping queries, duplicate elimination, and tuple
aggregation and processing. This code runs in the node layer, the leader layer,
and the frontend.

e The code under “Common” includes utility functions, directed diffusion
networking layers, and some common data structures. This code also runs in the
FrontEnd.

5.3 QueryProxy Code Execution

5.3.1 QueryProxy2: The Main Thread

Files: QueryProxy2. {cpp, h}

QueryProxy?2, the executable for the QueryProxy program, takes four arguments - a
nodelD, and X, y, z coordinates. When the QueryProxy starts up, it creates a thread for
the leader layer and a thread for the node layer. It creates a data structure to hold the data
passed in at startup, and then it waits for the two threads to finish and the program quits.

5.3.2 NodeProcessingLayer

Files: QueryProxy2/Node/NodeProcessingLayer. {cpp, h}

The NodeProcessingLayer does all the work for the NodeProxy. This layer creates and
starts a thread that runs a QueryPlan. The main loop of the NodeProcessinglLayer waits
for messages. Query related messages (starting/stopping) are forwarded to the
QueryPlan. The only other messages the NodeProcessingLayer needs to handle are
NodelD messages received from other cluster members during cluster creation, which are
internally (not over directed diffusion) sent to the LeaderProcessingLayer.

5.3.3 QueryPlan

Files: QueryProxy2/Node/QueryPlan. {cpp, h}

A QueryPlan is a class that is responsible for executing queries regularly, doing some
duplicate elimination, and sending out the results to the leader of the cluster. It maintains
and runs all of the currently active queries that run on the node.



The main thread of this class waits on a queue listening for commands issued by its
creator (either a front end, node, or leader) and also timer messages to wake itself up to
process queries periodically.

Processing a new query or deleting a query involves adding or deleting from the
ActiveQuery list. The regular activation of queries is done by the method ‘void
ProcessQuery () ’, which follows this simple outline of steps:

Go through the ActiveQuery table and see which queries need to be run.
Run each of those.

Schedule a timer so that it can wake up to execute the next query that is due.
Sleep until the next query must be run.

e

The QueryPlan uses a DeviceManager created in NodeProcessingLayer, to get the actual
tuples for the sensors involved in the queries it needs to process. The DeviceManager
interacts with the code in QueryProxy2/Sensors.

The actual queries are implemented by the ActiveQuery data structure described in the
next section.

5.3.4 ActiveQuery

Files: QueryProxy2/QueryProcessor/ActiveQuery. {cpp, h}
Internal Representation of Queries - ActiveQuery

The code in ActiveQuery handles the processing of queries. Each ActiveQuery object
represents all queries that are equivalent (only difference will be the ID assigned to each
query). Thus, each ActiveQuery object maintains a list of instances of that specific

query.

When a query is initially posed, the ActiveQuery first analyzes the query and, if running
on the FrontEnd or Leader, creates a possibly different query to ask the next lower level
of nodes (Leaders and Cluster Nodes, respectively). Then the newly created query is sent
to the proper destinations.

When new tuples arrive, they are delivered to the ActiveQuery object via a function call.
The tuples are held in a buffer that keeps only the most recent tuple received from each
cluster node.

When the query is to be processed (by the QueryPlan), ActiveQuery first retrieves all the
tuples it has received from the buffer. Then, depending on the query, aggregates may be
computed and the result is sent to the next higher level.



5.3.5 LeaderProcessingLayer

Files: Quer yPr oxy2/ Leader/ Leader Processi ngLayer . {cpp, h},
Quer yProxy?2/ Leader/ Leader Processi ngLayer Handl ers. cpp,
Quer yProxy?2/ Leader/ Leader Processi ngLayer Messages. cpp

The implementation of functions defined in the . h file is split between these three . cpp
files.

The LeaderProcessingLayer is the main class in the Leader layer. The leader layer
handles clustering, aggregating tuples from the nodes in its cluster, and sending results
and receiving commands from the frontend. It may also need to modify some of the
queries received from the frontend before forwarding it to the nodes in its cluster.

The LeaderProcessingLayer creates a QueryPlan to handle the execution of queries. For
all query related messages (new query, stop query, new tuple), the message is forwarded
to the QueryPlan. The LeaderProcessingLayer handles cluster creation itself, however.

When a cluster is to be created, a leader must be elected. To do so, the
LeaderProcessinglLayer sends its NodelD to all other nodes in the new cluster (via the
Leader->Node channel). The NodelDs are received by the NodeProcessingLayer and are
internally forwarded to the LeaderProcessinglLayer. Then, after a period of time, the
election is ended and the node with the greatest NodelD is declared the leader.

The LeaderProcessingLayer also handles testing operations such as retrieving node
information and starting/resetting nodes.

5.4 FrontEnd Code Summary

The code for the Frontend is mainly in one directory: FrontEnd?2

e main.h - contains all the main include files

e DDFrontEnd. {cpp,h} - contains some FrontEnd specific networking code
using directed diffusion routing protocol.

e Database. {cpp,h} - handles writing tuples received by the FrontEnd from
the queryproxies into a remote MySQL database.

e FrontEnd.cpp - contains the main function and starts the main thread

e ConnectionHandler. {cpp,h} - processes both directed diffusion
connections with the cluster leaders and a TCP/IP connection with the GUI.

e ActiveConnection.{cpp, h}

The FrontEnd also uses the common, debug, util, QueryPlan, ActiveQuery, and Request
(the XML code) files that are in the QueryProxy?2 tree.
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5.5 FrontEnd Code Execution

FrontEnd binds a defined socket and listens on this socket. When it receives a
connection, it spawns a thread to handle this connection. That connection is processed by
ConnectionHandler: :Process (). For each connection another thread is created
to dispatch the request.

Query messages — Query related operations are forwarded to a QueryPlan, as in the
leader and node layers.

Tuple messages — Tuples coming from the Cluster Leaders are delivered to the
QueryPlan, which is responsible for sending them back to the client.

5.6 GUI Code Summary

The code for the GUI is in one directory: GUI

e ConnectionInfo.java,Connection. java — handles the connection
between the GUI and the FrontEnd/gateway node.

e DatabaseConnection.java — handles connections to an external
database (such as MySQL or Postgres).

e Debug.java — contains the code for printing out Debug messages

e FrontEndGUI.java — this is the main java class with most of the
component layout and interface drawing

e Global.java — global parameters and variables used by the other classes

e ImageFilter.java, ImagePreview.java — classes to aid in loading
an image from a file into the GUI

e JIMTable.java —Java IMproved Table for displaying tuple results

e Query.java — encapsulates a query to the sensor network

e ResultSetUtilities.java — contains helper functions for processing
results from an external database

e SelectionArea.java — contains all of the code drawing the map, e.g. the
nodes, the cluster, the detections, the tracks, etc.

e SQLQuery.java —encapsulates a query to an external database

e XML.java — contains all of the XML parsing code

5.7 GUI Code Execution

When the user clicks “Connect”, the GUI will form a TCP/IP connection to the FrontEnd
node. The connection is verified to be valid and then the user is allowed to start

querying.
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The first query must be a status query to retrieve the position and status of each node.
This is necessary since the nodes must be drawn on the map to allow the user to selected
areas on the map to query further.

Once the status query is finished, all other types of queries are available to be run. The
user can select pre-defined queries to run or can enter ad-hoc queries for the sensor
network. The user can also define a box area to run the query or select a list of nodes that
should respond.

XML query messages are sent from the GUI to the Frontend node. Tuple responses are
displayed in a table for perusal by the user as soon as they arrive. Certain types of
queries may also display information on the map, e.g. detections and tracks.

An interface for interacting with an external database is also provided. It is possible to
output the results of queries to a MySQL or Postgres database for archival and the GUI
can query those results.

5.8 SimTracker Code Summary

The code for the SimTracker is in one directory: SimTracker. Code is not shared
with the main querying GUI, since the functionality is very different.

e ConnectionInfo.java,Connection.java — handles the connection
between the SimTracker and the nodes in the network.

e Debug.java — contains the code for printing out Debug messages

e DetectionForwarder.java — handles sending the simulated detections
to the correct node.

e Global.java — global parameters and variables used by the other classes

e TImageFilter.java,ImagePreview.java — classes to aid in loading
an image from a file into the SimTracker

e Path.java — encapsulates the data for a path that a simulated target travels
through the sensor network.

e SelectionArea.java — contains all of the code drawing the map, e.g. the
nodes, the tracks, the targets, etc.

e SimTracker.java — this is the main java class with most of the component
layout and interface drawing

e Target.java — encapsulates the simulated target data

e XML.java — contains all of the XML parsing code

12



5.9 SimTracker Code Execution

The SimulatedTracker allows users to draw simulated targets in the sensor network for
testing. It does this by forming a direct connection to each node in the network. The user
can then draw a path on the map and choose a target to follow that path. When the target
is within a certain distance of a node, the SimTracker sends a simulated detection directly
to the sensor node (see later section on GUI/SimTracker walkthroughs).

The idea is that another user will be querying the network for detections with the main
GUI. When the simulated detections arrive at the intended node, the detection is
processed and handled in the exact same manner as real detections. This enables users to
test the sensor network for problems when running detection or tracking queries.

6 Parsing XML Messages and Requests

6.1 Reading XML Messages with the Request class

The XML messages used by the QueryProxy are read using the Request class, located
in QueryProxy2/Request directory. To parse the XML message, the static function
Request: : fromString is called with the XML message, the type of node that sent
the message, and the NodelD of the node which sent the message. This function will
return a pointer to a Request object if the XML parsing is successful, or NULL
otherwise.

The Request: :GetType () function determines what type of message was received
and returns one of the TYPE * constants defined in Request .h, e.g.
CREATE_CLUSTER, QUERY, TUPLE, QUERY DELETE, etc. Most of the message
types have some data associated with them, which can be obtained via the

Request: :GetData () function. This function returns a pointer to a RequestData
object. The data for each type of message is stored in a subclass of RequestData, e.g.
the CreateClusterData, QueryData, NodeIDData, and Tuple classes.

6.2 Extracting Sensor Data from a Tuple

A Tuple consists of a linked list of SensorFields. Each SensorFieldina
Tuple must have a unique sensor and field. The value of a specific sensor.fieldis
obtained by calling Tuple.GetData () with the sensor and field names and an
optional aggregate.

13



For example, for the query *SELECT MAX (light.value) FROM light’ one
would call ‘tuple->GetData ("1light", "value", "max")'’ to obtain the
value of MAX (1ight.value).

To getalist of SensorFields ina Tuple, the linked list of SensorFields must
be traversed. To do so, GetFirst () is called to get the first SensorField. Each
SensorField is then examined with following functions:

e GetSensor () —returns the sensor name

e GetField () —returns the ficld name

e GetAggregate () —returns the aggregate function (if any)

e GetData () —returns a pointer to the data stored in the DataType class

GetNext () obtains the next SensorField in the list. Note that the
SensorFields in a Tuple may or may not be in any particular order. The actual data
is stored in the DataType object associated with each sensor and there are three
member functions named GetInt (), GetDouble (), and GetString () that return
the sensor value depending on the type of the data.

For more details, the SensorField class is located in the SensorField. {cpp, h}
files and the DataType classes are located in DataType. {cpp, h}.

6.3 Creating New XML Messages

To create a new XML message, one must write a subclass of RequestData to hold an
internal representation of that data, and add functions to read and write the XML
message. A short outline of this procedure follows.

1. First,add anew TYPE constant to the Request.h file.

2. Next, modify Request: :ReadXMLType in RequestXMLRead. cpp to
recognize the new XML message. This function, when supplied with the new
XML message, should return the new TYPE  constant.

3. Request::ReadXMLMessage in RequestXMLRead. cpp must be
modified to have a new case statement for the new TYPE  constant. It should
call a function which will handle the parsing of the new XML message. This
function should return the new subclass of RequestData that represents the
message, or NULL if the message could not be parsed.

4. Finally, add a new case statement to Request:: WriteXML in
RequestXMLWrite.cpp for the new TYPE constant. It should call a function
which handles the writing of the XML message. It is assumed in this function
that the RequestData subclass is valid and can be properly written as XML.
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7 GUI Walkthrough
7.1 Config Panel

@' Map | Ij Query | @ Resulis | E] Help |
() Intro [ config ‘

Configuration options

Tuple limit for query results:

Max # of tuples to display: (100 |
Initial ring radius: |15 |
Radius decrement: |2 |
Time hfw darromaonte fs]: |2 |

c L
lava Applet Window

\_,/I The connection parameters were successfully set.

Frontend connection setup

Hostname:

Port: (44399

e Set connection parameters

Figure 6: Config Panel Setup

The Config panel is used for changing certain query and display options as well as setting
up the connection to the gateway/frontend node.

Connection parameters are set when the GUI is started, but you can recheck them:

o Click on the "Set connection parameters” button to test the network connection to the
sensor network.

e You should get a message verifying that the connection to the sensor network is working.



7.2 Map Panel

@ Intro | % Config |
@ Map [ |3 Query | (£ Results | Help |

@ ‘ ﬁ'. Cluster set 0 -

Figure 7: Map Panel — Show Clusters

From left to right, the top buttons are:

e Update map with current node info
e Show/Hide cluster info on the map
e Select cluster set for display
e Select query for display

Start using the GUI:

1. Click on the "Update Map" button (upper left corner) to retrieve node positions and
statuses.
2. Click on "Show Clusters" button to toggle the display to show cluster information.
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3. If no cluster information appears, the sensor network was not initialized properly and a
system administrator must re-initialize it.
4. Cluster Set 0 is the default cluster set and must appear for any queries to run.

@ Intro | E Config |
@ Map ‘ \j Query | () Results | @ Help |

i 2 ._ .....
ste | W >
H'?"._- o dnurston g
5 | | o 0
sSNes | - lpson
WHall | 4 Hall
o o N - : )

Figure 8: Map Panel — Show Overlapping Clusters

5. Select a different cluster set to display.
6. In this example, Cluster Set 2 has several overlapping clusters.
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7.3 Query Panel

@ Intro | E Config |
@ Map Ij Query ‘ @ Resulis | @ Help |

Enter a query

Query alias: |Aggregate: Count =]
Query text:
< HELECT = "
<daggregate op="count"> )
<sensarfield=
< SENSOr=Sensor_temperature< /sensors
<field=value= field=
< fsensorfield=
< faggregate>
< JSELECT =
< FROM=
< SENSOrFsensor_temperatures /sensaors
< /FROM =
h

Cluster set; |Cluster set 2 v|

Region: [¥] Use map
Period: s |
Units: ms om h
0] select from map ( Clear form

Figure 9: Query Panel

Running an aggregate query:

—

98]

Select a query from the drop down box.

This example is a simple aggregate over the temperature sensor. Since each node has one
(simulated) temperature sensor, the query should return the number of active nodes.

Fill in a period value. 5 seconds is used for this example.

Click on "Use map" for selecting a query region on the map. If the map is not used, all
nodes are selected by default.

Click on "Select from map" to switch to the map panel.
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 Kimball
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Ea R & Clear selection

g OK € cancel

Figure 10: Query Panel — Select Area

Nodes are selected with box regions or by individual selection.

Click on the Box button on the bottom left.

In this example, two box region are drawn on the map to correspond to outer
perimeter of nodes

Click on the Arrow button on the bottom left.

Select the remaining perimeter nodes by clicking on them individually.

All selected nodes will change color to red.

A different cluster set can be chosen for the query at the top of the panel.

. Click on "OK" to start the query.
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7.4 Results Panel

@ Intro | E Config

@ Map |Intro-§|:ction ta the GUI @ Results ‘ @ Help |

Display query: |Aggregate: Count v|

@Tuple results [ES] Resulis summar]r|

Query string:

<?xml version="1.0""= -
<IDOCTYPE message SYSTEM "message.dtd">
<imessage=<query=<cluster-set-index>=0</cluster-set-index
=
<period=5</period=
<region x1="2" xE2="206" y1="204" y2="E302" z1="0" z2="0"}»
<region x1="173" x2="212"y1="90" y2="253" z1="0"
Z2="0"}=
<node-id> 1< /node-id=
<hode-id=29</node-id=
<node-id>=34</node-id=
< SELECT > B
<dggregate op="count"x o
<szensarfield=
< sENsOrrsensor_temperatures fsensors
<field=value< /field=
<jsensarfield=

4]

Output: Gl
Period (s): 5
Start time: 1873 /02 9:41:42 PM
# tuples: g4
. Restart query ki

Figure 11: Results Panel

¢ Individual tuples from the query will appear in the Results panel.
e Periodic queries will usually take twice the period time to return the first tuples.
e Different query results can be selected from the drop down box for display.

e A summary of the query and its results is also available.

e On the Summary Results panel you can also stop and restart different queries by
using the buttons on the bottom.

e The full XML message that is sent to the gateway node is displayed here as well.

e Notice the list of regions and nodeids associated with the query.
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7.5 Detection Queries

@ Intro | E Config |
@ Map Ij Query ‘ @ Results | @ Help |

Enter a query

Query alias: |Detections: All |- |

Query text:

<sensarfield=
<sensor=sim_detection</fsensorx>
<field=speed=/field=
< fsensorfield=
<sensarfield=
“<sensar=sim_detection<jsensor=
<field=range«< /field=
<jsensorfield=
<sensarfield=
<sensor=sim_detection</fsensor:>
<field=confidence« /field=
< fsensorfield=
< fSELECT =
< FROM >
“<sensaresim_detection<jfsensor=
< FROM =

| b

Cluster set; |Cluster set 1 v|

Region: [] Use map
Period: [-1 |
Units: ms (om i h
) Submit query ( Clear form

Figure 12: Detection Queries

—

Detection queries are treated differently than other ad-hoc queries.

2. Select "Detections: All" from the drop down box.

3. The period for detection queries is set to -1 to indicate that tuples are returned
only when a valid detection has occurred

4. For this query, we are not using the map, so we must select a cluster set in this
panel. This example uses Cluster set 1.

5. Click "Submit query" to start the query.

6. Compare the XML message for the detection query with the previous query.
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@ Intro | E Config |
@ Map |3 Query | @ Results | @ Help |

Enter a query

Query alias: |Detectiuns: Cars |v|

Query text:

<field>canfidence< ffield=
< feensarfield=
< SELECT =
< FROM=
<sensar=sim_detection<fsensor>
< JFROM >
<WHERE >
<condition =
<sensarfield=
“<sensarxsim_detection<fsensar>
<field =target _type«</field=
<jsensarfield=
<cmp-op op="eq"/>
<const type="char">Car</const>
< /condition=
< PWHERE>

[ b

Cluster set: |Cluster set 1 v|

Region: [ Use map
Period: -1 |
Units: ws 'm h
) Submit query ( Clear form

Figure 13: Detection Queries — Filter by Type

Select "Detections: Car" from the drop down box.

Note that the XML for the query is the same as for "Detections: All" except for an
extra "WHERE" clause.

The different possible target types are:

e Unknown

e Pedestrian

Bike

Car

Tank

Helicopter

Airplane

. By changing the "WHERE" clause, you can form a query to select by any type of
target.
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@ Intro | E Config l
@ Map i B Query | [C Results | @ Help

O

ﬁ'. Cluster set 1 -

Detections: All
Detections: Cars

Figure 14: Detection Queries — Show Results

11. On the Map panel, the detection queries will appear in the top selection box.
12. Use the SimTracker to generate simulated detections for your query.

13. After the simulated targets are started, detection results will begin to appear.
14. Different target types display with a different icon and fade over time.

15. You can multi-select which queries to display detections for.

16. This example shows all of the detections.
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7.6 Tracking Queries

@ Intro | E Config |
@ Map Ij Query ‘ @ Results | @ Help |

Enter a query

Query alias: |Trat:king: All |v|

Query text:

<sensarfield=
<sensar=sim_track<jsensor>
<field type="x_speed">x_speed= field=
< fsensorfield=
<sensarfield=
“<sensor=sim_track</sensor>
<field type="y_speed">=vy_speed=</field=
<jsensorfield=
<sensarfield=
<sensar=sim_track<jsensor>
<field=confidence« /field=
< fsensorfield=
< JSELECT =
< FROM=
“<sensaresim_track</sensor=
= JFROM >

| b

Cluster set; |Cluster set 1 v|

Region: [] Use map
Period: [-1 |
Units: mwms om h
) Submit query ( Clear form

Figure 15: Tracking Queries

1. Tracking queries run much like detection queries.

2. The period should also be set to -1.

3. In this example, we are running matching tracking queries for the detection
queries, but tracking queries are completely independent of detection queries.

4. Start a query for all tracks and one for only car tracks.
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Detections: All
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Tracking: All
Tracking: Car
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ﬂh 't&"':. !ﬂ[
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Figure 16: Tracking Queries — Show Results

Run the SimTracker simulation again.

Track results are displayed as colored arrows with the associated trackid.
The arrows fade out over time.

Multiselect to display all tracks and all detections.

With this display, you can see the actual detections along with tracks.
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8 SimTracker Walkthrough
8.1 Map Panel

@ Intru| E Config @ Map
@/l b|e |l m ]| 88
i TT % W1 T ey T -
; Update the map by querying the network for nnde informatian
MPLIS RS . :

: Eﬁpamau

th

Phills
- Hal @
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K
P
5
e

[} Edit selected path € Delete selected path

Figure 17: SimTracker Map Panel

From left to right, the top buttons are:

Update map with current node info
Select paths by clicking

Draw a new path on the map

Save current path being drawn
Clear current path being drawn
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8.2 Drawing Simulated Paths

@ Intru| @ Config @' Map ‘
@l[lpllz | m | %

_|Switch to Draw mode and draw a new path on the map

» . AliFUS oA : 5

Phillips
 Hal

|5t& B
HaII Hmhall

,r_urs on - |-|3||

i

Q;Edit selected path wgelete selected path

Figure 18: Drawing Paths

Click on the "Add new path" (pencil) icon.

Click on the map to mark the start of the path.

Click at the end of the line segment that the target should traverse.

New paths being drawn will appear as dashed.

In this example, I clicked on the upper left of the map and then followed the road
to the intersection at the upper right.

Nk W=
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@ Intro | @ Config @' Map

Halle - o = (L Kimballl -

~ Thurston
AR S

diit selected path wgelete selected path

Figure 19: Saving Paths

. Add more line segments to make a right turn at the intersection and follow the
road to the edge of the map.

. Click on the "Save Path" button (the blue box).

The path lines will become solid, indicating that they are saved.

. Newly saved paths are marked as selected, so the path appears red.
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8.3 Adding Simulated Targets

@ Intra | [52' confin ﬁ Map |
] Add a new target ERR)

lava Applet Window

u @ e - |

; Speed: 20 |
N

7

Detection distance: |20 |

Update period {s)k 0.3 |

Start time offset (s): [0.0 |

| | Cancel |

lava applet Window

Add target | | Delete target |

q
. | Edit target | | Close |

—Wmﬁa‘m—ﬂwgem—selected path

Figure 20: Adding Targets

1. Click on "Edit selected path" on the bottom button panel. The last path drawn
should already be selected in red.

2. The target list for the path will appear. Since this is a new path, the list will be

empty.

Click on "Add target".

The "Add target" dialog will appear. Select "Car" from the drop down box.

5. The target parameters can be changed from the defaults. Mouseovers on the
different parameters will display more information.

W
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Figure 21: Editing Targets

After you click "OK", the car will appear in the target list for this path.
. You can add more targets, edit old targets, or delete targets from the same
window.

Once you are done adding targets, click "Close" to return the main Map window.
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8.4 Running A Simulation

@ Intro | & config @' Map
B X

Prillips
~ Hall ¥

A kmoa
o hurston R,

%gﬂit selected path wgelete selected path

Figure 22: Simulated Paths

In this example, the targets were created as:

1. A car driving along the top road and then turning right.

2. A bike coming from the bottom left and moving diagonally through the map.

3. A pedestrian starting in the Upson Hall building and then walking towards the
upper left.

The pedestrian path is highlighted in red since it's selected. The other paths are in
nonselected yellow.
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Figure 23: Running a Simulation

. Now we're ready to start the simulation. The box next to the "Start sim" button

sets the number of times to repeat the simulation. Zero means the simulation only
runs once.

Click on "Start sim" to begin the simulation.

In this example, all three targets start at the same time and move along their
respective paths.

When a target is close enough to a node to set off a detection, the node will turn
red.

The simulation ends after all of the targets have reached their destinations.

If the "Repeat Sim" value is more than zero, the simulation will restart and all
targets will begin again at the start of their paths.
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9 Significant Accomplishments Over the Lifetime of the
Contract

9.1 Software

We have developed two version of the Cougar query proxy: Cougar V1.0 version for the
first WINS NG architecture running Windows CE. In January 2001, a Linux-based
architecture for the second generations of the WINS NG nodes was introduced, and we
the developed Cougar V2.0 query proxy on top of Linux for the WINS NG architecture
2.0. Cougar V2.0 performs in-network query evaluation and distributed query processing.
Cougar V2.0 is integrated with the ISI-East Routing Layer for direct deployment on the
WINS 2.0 hardware, and with BAE signal processing to obtain sensor detections. We
also created interfaces to several sensors for direct reading of sensor values into the
Cougar System.

We supplied integration support and software to University of Maryland, Rutgers
University, BAE Systems, and ISI-East for ongoing integration of their work into our
system. Rutgers has integrated their prediction-based query modification into the Cougar
system and they showed a demo of their integration at the PI meeting in November. We
developed an interface between query processing and tracking through a SensIT working
group. The working group consists of Richard Brooks (PSU), Feng Zhao (Xerox Parc)
and Johannes Gehrke (Cornell).

An online demo of our software is still available at http://cougar.cs.cornell.edu.

9.2 Demonstrations

We demonstrated the Cougar System at every PI meeting, and we also demonstrated the
Cougar system during the field experiment in 29 Palms in California. This first version of
Cougar was demonstrated to the DARPA Directorate in 2000, and we also demonstrated
this version of Cougar at the Intel Continuum Computing Conference in March 2000.

We demonstrated the Cougar system in 29 Palms during the field experiment SITEX
2002 in November 2001.

We also demonstrated the Cougar System at the 2002 ACM Sigmod International
Conference on Management of Data to an audience of over 300 attendees in June 2002.

For the final PI meeting in November 2002 in Boston, we also integrated with BAE
Systems and ISI East for a subgroup-demo, and with University of Maryland for a
complete demo. In addition, the Cougar platform was used by several groups as a
scalable middleware infrastructure for distributed query processing, and thus it built the
foundation for the work of several other groups in the project. We participated in several
live test-bed demos at the PI meeting in Boston in November 2002, including an
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integration with ISI-East (new GUI), ISI-West (diffusion routing), BAE (signal
processing). Besides diffusion routing, our software is the most widely used component
within the SensIT program.

We demonstrated the complete Cougar system during an evening demo session at the PI
meeting in Boston in November 2002. This included superset of the functionality that we
promised to deliver in the grant, including several integrations with other groups in the
SensIT program. In addition, we also showed Mini-Cougar, a version of Cougar on the
Berkeley motes.

9.3 Publications

e Philippe Bonnet, J. E. Gehrke, and Praveen Seshadri. Querying the Physical
World. IEEE Personal Communications, Vol. 7, No. 5, October 2000, pages 10-
15. Special Issue on Smart Spaces and Environments.

e Philippe Bonnet, J. E. Gehrke, and Praveen Seshadri. Towards Sensor Database
Systems. In Proceedings of the Second International Conference on Mobile Data
Management. Hong Kong, January 2001.

e Zhiyuan Chen, J. E. Gehrke, and Flip Korn. Query Optimization In Compressed
Database Systems. In Proceedings of the 2001 ACM Sigmod International
Conference on Manageme