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I ntroduction

The CMUcam is a SX28 microcontroller ( http://www.ubi com.com/products/processors/sx28ac.html )
interfaced with an OV6620 Omnivision CMOS camera (http://www.ovt.com/omnicmosshtm) on a chip
that all ows smple high level datato be extracted from the amera s streaming video. The board
communicates via aRS-232or aTTL serial port and has the foll owing functionality:

Track user defined color blobs at 17 Frames Per Second

Find the centroid o the blob

Gather mean color and variancedata

Transfer areal-time binary bitmap o thetracked pixelsin an image
Arbitrary image windowing

Adjust the canera©simage properties

Dump araw image

80x143 Resolution

115200 baud o 38,400 baud serial communication

Slave pardll e image processng mode off a single camera bus
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Ports

Power
The inpu power to the board goesthrougha vdt regulator. It isideal to supply the board with between

6-16 volts of DC power that is capable of suppying at least 200 milliamperes of current.

Level Shifted Serial Port

This port provides full | evel shifting for communication with a aomputer. Though it only uses 3 of the 10
pinsit is packaged in a2x5 pin configuration to fit sandard 9 pin ribban cable dip-on serid sockets and 10
pin female dip on serial headersthat can bath attach to a 10 wireribban cable.



TTL Serial Port
This serial port tapsinto the serial 1/0 before it goes through the MAX 232 chip. This port may beideal for
communication with amicrocontroll er that does not have ay built in level shifting.

Programming Port
The programming port all ows the firmware to be downloaded to the SX28 wsing a SX-Key / Blitzer or
equivalent programmer. These can be purchased from Parallax Inc (www.parallaxinc.com).



Camera Bus

Thisbus interfaces with the CMOS camera chip. The CMOS camera board is mounted paralle to the
processng part of the board and conneds daring at pin 1. (See over picture) Under normal use, the top
two pins (33 and 34) of the bus are not used. In the Demo Mode, pin 33 outputs the servo pwm signa (See
demo mode for more details).

Parallel Processngin Save M ode

The CMUcam supports a mode of operation that all ows multiple boards to processdata from the same
camera. If a PC104 style passthrough header isused ingead of the standard double row female header, it
is possble to rack multiple boards along the same @mera bus. Upon startup, if pin 34 on the camerabusis
pulled to ground, the board will operate in dave mode. (Pin 33 on the camera busis pulled low while pin
34 isbeing chedked, so ajumper between the two pins can serve to engage slave mode.) Slave mode stops
the ameraboard from being able to configure or interfere with the CMOS camera’s sttings. Instead it just
processes the format setup by the master vision board.  When linking the buses together you must only
have one magter, all other boards should be setupto bein dave mode. In this current version of the system
thereis no message passng between boards other than the image data from the canerabus. This means
you have to communicate to each slave board via aseparate serial link. This communication to the board
should be identical to usingasingle CMUcam. For example, you could have the master board tracking
some color while the dave board could be told to get mean color data. Each board runs independently of
one another and anly the master can control cameraregisters.



Demo Mode and Baud Rate (Jumper 1 and Jumper 2)

Jumper 1 putsthe camerainto a demo mode. Demo mode causes the amerato call the track window
command and then begin outputting a standard hobby servo PWM signal from pin RB6 (pin 33 an the
camera) on power up. The vision board was NOT designed to be a servo controller, so you will neel to
wirein your own power supgy for the servo. Pin RB6 simply outputs the signal needed to drive the servo.
The servo attemptsto divethe caneramounted on it towards the middle massof the clor deteded on
startup. Note that upon power up in thismode the canerawill wait for 5 seconds before grabbing a color
and servoing to all ow the canerato stabilize. Thisfeature @n be enabled manually without the jumper by
sending the MM 2 command. If when the servo is mounted on the amerait appeasto be tracking in the
incorred diredion try fli pping the orientation of the camera.

Jumper 2 an the canera switches the baud rate from 115,200 baud to 38,400 baud.



Testing the Board

Onceyou have set the board upand downloaded the firmware, a good way to test the system isto conned
it to a mmputer’s ria port.

Step 1: Build a serial and power cable.
Step 2: Plug bath of them in.

Step 3: Open theterminal emulator of your choice and set the communication protocol to 115200 Baud, 8
Data bits, 1 Stop bit, no perity, local echo on, and if posshble turn on "add linefeed" (add \n to areceved
\r).

Step 4: Turn on the board, the LED should light up.

Step 5: You should seethe foll owing on your terminal emulator:
CMUcam v1.0

Onceyou have seen this, the board was able to successfully configure the canera and start the firmware.

Step 6: Type gv followed by the enter key. Y ou should seethe foll owing:
v

ACK

CMUcamv1.0

This shows the aurrent version of the firmware. If thisis successful, then your computer comm port isalso
configured corredly.

Step 7: Usingthe CMUcam java GUI or by graphicdly interpreting the Dump Frame Packet yoursdlf,
focusthe caneralens. Usually the lensis focused when it sitsafew rotations out from its closest position
to the CMOS array. Turning the lens and re-dumping the frame incrementall y should provide a good feel
for when theimage is $arpest.
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About the Camera

From power up, the camera can take up to 6 seands to automaticdly adjust to the light. Drastic changesin
the environment, such aslights being turned an and df, can induce asimilar readjustment time. When
using the camera outside, due to the sun’s powerful IR emissons, even on relatively cloudy days it wil|
probably be necessary to use ather an IR filter or aneutral density 3 camerafilter to deaease the ambient
light level. Thefield of view depends on the lens attached to the canera. Amazon Eledronics provides a
f3.7mm, F2.0 lenswith a65deg x 500kg field of view. It is posshleto speda order the camerawith wider
or narrower lenses. Individual | enses can be purchased separately.
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Serial Command Set

The serial communication parameters are as foll ows:
115200 Baud
8 Data hits
1 Stop hit
No Parity

No Flow Control (Not Xon/Xoff or Hardware)

All commands are sent using visible ASCII characters (123 is3 bytes"123' ). Upon a successful
transmisson of a command, the ACK string should bereturned. If there was a problem in the syntax of the
transmisson, or if adetedable transfer error occurred a NCK string isreturned. After either an ACK or a
NCK, a\r isreturned. When aprompt (\r' followed by a":") isreturned, thisindicaes that the canerais
waiting for another command in theidle state. White spaces do matter and are used to separate agument
parameters. The\r (ASCII 13 cariagereturn) is used to end each line and activate each command.
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\r

Thiscommand is used to set the canera board into an idle state. Likeall other
commands you should receve the acknowledgment string "ACK” or the not
acknowledge string "NCK" on failure. After acknowledging theidle mmmandthe
camera board waits for further commands which is $own by the":' prompt. Whilein this
idle state a/r by itself will return an "ACK" followed by \r and : character prompt.

Example of how to check if the amera isalive whilein the idle state

ACK

CR [ regl valuel [reg2 value? ... reg16 valuelf] J\r

This command sets the Camerasinternal Register values diredly. Theregister locations and
posshl e settings can be found in the Omnivision documentation. All the data sent to this
command should bein dedmal visible dharacter form. In this current version of CMUcam you
can send up to 16 register-value mmbinations. Previous register settings are not reset between CR
call s, however you may overwrite previous sttings. Calling this command with no arguments
resets the camera andrestoresthe caneraregistersto their default state.

Useful Settings:
Register Vaues
18 Color Mode 36 YCrCb* Auto White Balance On
32 YCrCbh* Auto White Balance Off
44 RGB Auto White Balance On
40 RGB Auto White Balance Off  (default)
17 Clock Spedl
2 17fps (default)
3 13fps
4 11fps
5 9 fps
6 8 fps
7 7 fps
8 6 fps
10 5 fps
12 4 fps
19 Auto Exposure
32 Auto Gain Off
33 Auto Gain On (default)
Example of deaeasing the internal camera clock speed (default speed is 2)
:CR175

ACK

*Red channel becomes Cr which approximatesr-g, Green channel becomes 'Y which approximates
intensity, Blue dhannel becomes Cb which approximates b-g

RGB -> CrYCb

Y=0.59G + 0.31R + 0.11B

Cr=R-Y

Cb=B-Y
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DF\r

GM\r

GV\r

This command wil| Dump a Frame out the serial port to a computer. Thisisthe only
command that will only return anon-visible ASCII character packet. It dumps atype F
packet that consists of the raw video data clumn by column with a frame synchronize
byte and a column synchronize byte. (Thisdata can beread and dsplayed by the
CMUcamGUI java gplication. ) Sincethe datarate required to send the raw video
grealy exceeds the maximum seria port speed, only one mlumn per frameis ent at a
time. Thisallows you to seea slowly upcating view of what the canerasees. To get the
corred asped ratio, double each column of pixels.

Type F data packet format

1 - new frame

2 - new col

3-end o frame

RGB (CrYCb) ranges from 16 - 240
12rgbrgb..rgbrgb2rgbrgbr..rgbrgb..

Example of a Frame Dump from a terminal program
(WARNING: This may temporarily interfere with aterminal program by sending non
visible dharacters)
:DF
ACK
makKP(U A$IU AL<>U ASL*YL%*L L (G AUsonthAYA(KMAy098&34ymawvk....

This command wil| Get the M ean color valuein the aurrent image. AswiththeTC
command this function only operates on a seleded region of theimage. The mean
values will be between 16 and 240 It will aso return a measure of the average absol ute
deviation of color found in that region. The mean together with the deviation can be a
useful tod for automated tracking. InY CrCb mode RGB mapsto CrY Ch.

Type S data packet format
S Rmean Gmean Bmean Rdeviation Gdeviation Bdeviation\r

Example of how to grab the mean color of the entire window
:SW1140143

ACK

:GM

ACK

S®9067563

SP9167562

S8B9066462

This command Getsthe arrent Version of the firmware from the camera. It returnsan
ACK followed by the firmware version string.

Example of how to ask for the firmware vesion

GV

ACK

CMUcamvl1.0
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HM activer

This command puts the camera into Half-horizonta resolution M ode for the DF command and the
LM command when dumping a bitmap image. An acitve value of 1 causes only every odd column
to be processed. The default value of O dsables the mode.

LM activer

This command turns on Line M ode which uses the time between each frame to transmit more
detail ed data about theimage. It adds prefix data onto either C, M or S packets. Thismodeis
intended for users who wish to do more cmplex image processng on lessreduced data. Sincethe
framerate is not compromised, the actual processng of the data output by the vision system must
be done at a higher rate. Thismay not be suitable for many slower microcontroll ers.

Linemode s effed on TC and TW:

When linemode isactive and TC or TW is cdl ed, line mode will send a binary bitmap of
theimageasitisbeing processed. It will start this bitmap with an OXAA flag value (hex vaue AA
not in human readable form). The value OXAA will not ocaur in the data stream. Thisisfoll owed
by bytes each of which containsthe binary value of 8 pixels being streamed from the top-1eft to
the battom-right of theimage. The vertical resolution is constrained by the timein which it takes
to transfer the horizontal data so lines may be skipped when outputting data. In full resolution
mode, the resulting binary image is 80x48. The binary bitmap isterminated by two OXAA’s. This
isthen foll owed by the normally expeded standard C or M data packet (processed at that |ower
resolution).

Example of TC with line mode on

‘LM 1

:TC

(rawdata: AA XX XX XX ... XX XX XX AA AA) C 4572651061851
(rawdata: AA XX XX XX ... XX XX XX AA AA) C 46 7265106 18 52

Linemode' s effed on GM:

When line mode is active and GM is called, line mode wil | send araw (not human
readable) mean value of every line being processed. These packets are started with an OXFE and
terminate with an 0XFD. Each byte of data between these val ues represents the corresponding
line' smean color value. Similarly to the bitmap mode, dueto the serid transfer time the vertical
resolution ishalved. At 17 fps 115,200 baud every other lineisskipped. At any slower framerate
(il 115,200 baud) no lines wil | be skipped.

Example of GM with line mode on

‘LM 1

:GM

(rawdata: FE XX XX XX ... XX XX XX FD) M 45563410158
(rawdata: FE XX XX XX ... XX XX XX FD) M 45563410158
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MM mode\r

This command controls the M iddle M assmode which adds the centroid coordinates to the normal
tracking data. A mode value of 0 dsengages middle mass avalue of 1(default) engages middle
massand a value of 2 engagesthe mode and turns on the servo PWM signal that tries to center the
camera on the center of color mass(seethe Demo Mode Jumper description). Thismodeis goad
if you want a single point representation of wherethe objed is or if there istoo much small
background noise to get agood bounding box.

Example of how to dsable Middle Massmode
‘MM 0

ACK

:TC

ACK

C 3882531283598

C 3882531283598

C 3882531283598

NF active\r

This command controlsthe Noise Filter setting. It accepts a Boolean value 1 (default) or 0. A
value of 1 engages the mode while avalue of 0 deactivatesit. When the modeis active, the
camerais more mnservative about how it seleds tracked pixels. It requires 2 sequential pixelsfor
apixel to betracked.

Example of how to turn on nase filtering
NF 1
ACK

PM mode\r

This command puts the board into Poll M ode. Setting the mode parameter to 1 engages poll mode
while 0 (default) turnsit off. When poll mode is engaged then only one packet is returned when
an image processng function iscalled. This could be useful if you would like to rapidly change
parameters or have aslow processor that can't kegp upwith a given framerate.

Example of how to get one packet at a time
:PM 1

ACK

:TC 502090 130 70 255

ACK

C 3882531283598
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RM active\r

RS\r

This command is used to engage the Raw serial transfer M ode. It accepts aBoolean 1or O
(default) value. A value of 1 engages the mode while O deactivatesit. When the mode is active
the format of the data packets will be tanged so as not to include spaces or be formatted as
readable ASCII text. Instead you will receve a 255 valued byte at the beginning of each packet
followed by the packet including the packet identifying character (i.e. C for acolor packet). There
isno \r sent after each packet, so you must use the 255 to synchronize theincoming data. Any 255
valued bytes that may be sent as part of the packet are set to 254to avoid confusion.

Example of the new packet for Track Color
(WARNING: This may temporarily interfere with aterminal program by sending non
visible dharacters)
:RM 1
ACK
:TC 502090 130 70 255
ACK
C>%k(ai Ck$&,.L

This command ReSets the vision board. Note, on reset the first character isalr.

Example of how to reset the camera
:rs
ACK

CMUcamvl.0
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SM value \r

This command is used to enable the Switching M ode of color tracking. When givenaOitisinit's
default mode where tracking will return itsnormal C or M color packet. If thevalueis %t to 1, the
tracking commands wil | dternate each frame between color packets and S statistic packets. Each
statistic packet is only being sampled from an area one quarter the size of the bounded area
returned from the tracking command. |f no ofjed was bounded, then no S datistic packets are
returned. This can be useful for adaptive tracking or any type of tracking where you would like to
get fealback from the arrently bound target. After thefirst tracking packet isreturned, the
window gets st back to full sizefor all future packets. Note, you will get only half the number of
actua color packets per timeinterval.

Example of how to Track Color with SVI
M1

ACK

:TC 2002550300 30
ACK
C24012601070
S$252016231

C 560 20 3012 100
S251917121
C000000
C000000
C000000

C 560 20 3012 100
S251917121

SW [xyx2y2] \r

This command Sets the Window size of the amera. It acceptsthe x and y Cartesian coordinates
of the upper |eft corner foll owed by the lower right of the window you wish to set. Theoriginis
located at the upper €ft of thefield of view. SW can be @lled before an image processing
command to congtrain the field of view. Without argumentsit returnsto the default full window
sizeof 1,1,80,143.

Example of setting the camera to select a mid portion of the view
:SW35654575
ACK
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TC [Rmin Rmax Gmin Gmax Bmin Bmax]\r

Thiscommand beginsto Track aColor . It takesin the minimum and maximum RGB (CrY Chb)
values and autputs atype M or C data packet. The smaller type C packet encodes a bounded box
that contains pixels of the curently defined color, the number of found pixels (scded: actual value
is (pixelst4)/8) that fall in the given color bounds and a mnfidenceratio. The default type M
packet also includesthe center of massof the object. Theresolution of the processed imageis
80x143. The X values will rangefrom 1 to 80 andthey values will range from 1to 143 A packet
of al zerosindicates that no color in that range was deteded. The mnfidencevalueisaratio of
the pixel's counted within the given range and the aeacf the @lor bounding box. It returnsa
value which ranges from 0 to 255. Under norma operations any value greaer then 50 should be
considered a very confident lock on asingle ohjed. A value of 8 or lower should be mnsidered
guite poor. With no arguments, the last color tracking parameters wil | be repeaed.

Type M packet
M mx my x4 y1 x2 y2 pixels confidence\r

Type C packet
C x1yl1 x2 y2 pixels confidence\r

Example of how to Track a Color with the default mode parameters
:TC 130255 00 3030

ACK

M 5080388253128 3598

M 52813882531283598

M 51803882531283598

TW \r

This command wil | Track the wlor found in the central region of the arrent Window. After the
color inthe arrent window is grabbed, the track color function is cdl ed with those parameters
and on the full screen. This can be useful for locking onto and tracking an objed held in front of
the amera. Sinceit actudly call strack color, it returns the same type of C or M color packet.
Note, your set window will only be used for grabbing the wlor to track and then the window will
return to 80x143.

Example of how to use Track Window:
TW

ACK

S24€5040127 8
C24012601070
C34112611170
C24012601370

C342126270

C4451260870
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Output Data Packet Descriptions

All output data packets are in ASCII viewable format except for the F frame and prefix packets.

ACK
Thisisthe standard acknowledge string that indicaes that the cmmand was receved and
fits aknown format.

NCK
Thisisthe failure string that is ent when an error occurred. The only time this should be
sent when an error hasnot ocaurred is during binary data packets.

Type C packet

Thisisthe return packet from a @lor tracking command.

x1 - Theleft most corner's x value

y1 - Theleft most corner'sy value

X2 - Theright most corner's x value

y2 -Theright most corner'sy value

pixels -Number of Pixelsin the tracked region, scaled and capped at 255: (pixels+4)/8
confidence -The (# o pixels/ area)*256 o the bounded redangle and capped at 255

C x1y1 x2 y2 pixels confidence\r

Type F data packet format

Type M

1-newframe 2-newcol 3-endof frame

RGB (CrY Cb) ranges from 16 - 240

RGB (CrY Cb) represents atwo pixels color values. Each pixel sharesthered and Hue.
176colsof RG B (Cr Y Cb) packets (forms 352 pxels)

144rows

To display the crred asped ratio, double each column so that your final imageis 352x144
It does not begin with an “F’ and only sendsraw datal

12rgbrgb..rgbrgb2rgbrgb..rgbrghb...

packet

Thisisthe return packet from a wlor tracking command with Middle Massmode on.
mx - The middle of mass x value

my - The middle of massy value

x1 - Theleft most corner's x value

y1 - Theleft most corner'sy value

X2 - Theright most corner's x value

y2 -Theright most corner'sy value

pixels -Number of Pixelsin the tracked region, scaled and capped at 255: (pixels+4)/8
confidence -The (# o pixels/ area)*256 o the bounded redangle and capped at 255

M mx my x4 y1 x2 y2 pixels confidence\r
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Type S data packet format

Thisisa datigtic packet that gives information about the canera's view

Rmean - the mean Red or Cr (approximatesr-g) value in the current window

Gmean - themean Green or Y (approximates intensity) value found in the arrent window
Bmean - the mean Blue or Cb (approximates b-g) found in the airrent window

Rdeviation - the *deviation of red or Cr found in the arrent window

Gdeviation- the *deviation of green or Y found in the current window

Bdeviation- the *deviation of blue or Cb found in the arrent window

S Rmean Gmean Bmean Rdeviation Gdeviation Bdeviation\r

*deviation: The mean of the absol ute diff erence between the pixels and the region mean.

Binary bitmap Line M ode prefix packet

This packet isin raw byte form only. It starts off with the hex value OXAA and then streams bytes,
each byte containing amask for 8 pixels, from the top-left to the battom-right of theimage. (Each
binary bit in the byte representsa pixel) The bitmap isthen terminated with two OXAAs. OxAA is
never transmitted as part of the data, so it should be used to signify termination of the binary
bitmap. After the binary bitmap is complete, anormal tracking packet should foll ow.

(rawdata: AA XX XX XX ... XX XX XX AA AA) C 4572651061851
(rawdata: AA XX XX XX ... XX XX XX AA AA) C 46 7265106 18 52

Get mean Line Mode prefix packet

This packet prefix outputs the mean color of each row being processed. These packets are started
with an OXFE and terminate with an OXFD. Each byte of data between these values representsthe
corresponding line's mean color value. Dueto the serial transfer time, the verticd resolution is
halved. After al rows have been completed, anormal tracking packet should foll ow.

(rawdata: FE XX XX XX ... XX XX XX FD) M 45 56 3410 15 8
(rawdata: FE XX XX XX ... XX XX XX FD) M 45 56 3410 15 8
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Firmware

Oncethe board has been assmbled and powered up, the firmware can be downloaded wsing the SX-Key
downloading program. The SX-Key downloader and manual are available at:
www.parallaxinc.com/html_fil e¥downloads/downloads sx.htm

The firmware for the canera can be found at:

http://www.cs.cmu.edw/~cmucam/downl oads.html

Downloading The Firmware

After downloading and installing the SX-Key software, it is necessary to load the CMUcam.hex firmware
to the board.

step L' Turn on the boards power.

step 2 Ensurethat the programming switch isin the program mode (pushed away from theregulator)
step 3 Plug in the SX-key text side facing away from the board. (for more detail s sethe hardware port
sedion)

step 4 Open wp the SX-Key software

step 5 Seled "Device" from under the "Run” menu

step 6. Click on the"Load Hex" button

step 70 Goto the diredory of the CMUcam.hex file and type its name into the dialog box. (It may not be
visible)

step 8 Press"Open” toload it

step O Pressthe "Program' button

step 10 Once programming hes finished, turn off the power to the board

step 11 Unplugthe SX-Key and switch the programming switch into the run position

step 12 Oncethe power switch isturned on again the firmware should be running and will gree you with

CMUcamvl.0

Troubleshoating
If when you tried to program you seeor experience

SX-Key nat found -Make sure the comm port is st corredly and power isgoing to the canera
Vpp Generation Failed -Ensurethat the program switch isin the corred position
Programming Failed - Try it again and if it still occurs consult the SX-Key manual

No response - Make sure you switched the board aut of program mode. Try power cycling the board.
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Hardware

Thefallowingisalist of parts needed to assemble the CMUcam.

Oty litem |Part no. (Digi-key) ||Schematic Label  ||Unit Price
1 |[75MIPSUbicom SX28 SX28AC75/DP-ND |IC1 5.18
1 ||Oov6630Eval Board * |BB048* |57.95
1 |[Maxim 232 Level Shifter [IMAX232CPE-ND  |[IC3 3.31
1 ||SG-531 .00 MHz crystal osc SE2911-ND 1QG1 |5.85
1 ||5Volt Regulator |LM2940CT-5.0-ND |(IC2 1.80
3 |[4.7 Kohm 1/4 Watt Resistor 4.7KQBK-ND |R2 R3 R4 |0.06
1 |[2200hm 1/4 Watt Resistor 2200BK-ND IR1 10.06
5 [11.0 uF Capacitor |P2105ND [cicac3cacs  [0.42
2 ||SPS Switch |[EG1847ND S1S2 1.11
1 |[3mmLED 167-1127ND |[LED3MM [0.16
3 |l0.1uF Capacitor IP4923ND |IC6 C8C10 10.55
1 |100uF Capacitor IP5138ND \C7 10.28
1 |[22 uF Capacitor |P5135ND Ic9 10.21
2 |14 pin IC socket (to form a 28 pin socket)||AE8914ND lc1 10.32
1 |8 pin IC socket ** |[ED3308ND 1QG1 10.42
1 |16 pin IC socket |[ED3316ND [Ic3 |0.83
1 ||[Double row female header 192985201-36 JP5 3.35
1 ||Singlerow maleheader 192964709-36-ND  |l0P1x2 JP3 JP4 JP7 |[1.83

(1) |/Polarized 2 pin terminal housing wMm2700ND [0.25
) |Crimp terminals ) wMm2200ND fo.13
(1) |Polarized 2 pin terminal header [WM4000-ND 10.25
(1) |[Female serial ribbon cable head AFS09G-ND |6.14
(1) |(|Serid ribbon cable socket connedor ASC10G-ND 1.11

*Order Code BB048 at http://www.electronicsl 23.com. Ask them for an evaluation board with an OV6620

from Omnivision and an IR coated lens.

** Use thisfor the oscill ator by cutting off theinner 4 legs

() accessories that make interfacing easier, but are not required for functiondity
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