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,  green  red 

G= average of 4 neighboring greens 
R= average of 4 neighboring reds 
 

 green,  blue and red 
B= average of 2 neighboring blues 
R= average of 2 neighboring reds 
 

 red,  green and blue 
G= average of 4 neighboring greens 
B= average of 4 neighboring blues 
 

 1.14:  color interpolation 

 demosaicking  

.  

 [30], [31]  neighborhood  

pixel  pixel.  [8]  

. 

 CRT  

 

 pixel.   gamma  
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 (Color Space Conversion)  RGB   YCbCr . 
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 (white balance)  

 (auto exposure)  

.   

 

 2.1:  
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 « » , 
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(color constancy) .  
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,  

.  

 « »  

.   

.   

 

.  

 Auto-White-Balancing (AWB) , 

 

  . 

2.2.1   

 AWB  

. ,  

 [8],  

 

 ( . ).  

.  

.  

,   fluorescent , incandescent (tungsten),  

.  

 ( ),  

.  

 

.  

  153 , 120  100  

 incandescent. - 

1.28  - 0.83.  

 pixel  210 , 166  

 132  .   



 -  
 

 
24

 

.  164 , 166  159  

.  pixel.  

 

. 

 

 3 

.  R, G, B, ,  

,  white balanced  

 R/RMAX, G/G MAX  MAX.  3  

 (illuminant). 

 

 [17]  

.  

 ‘gray world’,  

, R = G = B.    white 

balanced , k R, G  kbB  k  = Gmean/ Rmean  

kb =  Gmean/  Bmean.  balanced  

balanced .  

, . 

 

.  

.  

,  

 

.  

 2  [21], 

[27].  

 (  “Gray World” 

).  
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 Kehtarnavaz   scoring  auto 
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2.2.2  Gray World 

 

 Gray World ,  
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 Color balancing  

 R, G, and 

B.   

.  

 

. 

 Gray  World  Assumption   

 R, G, B .  

,  .   

, .  

.   
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   Gray World. 

 
 2.4:  Gray World 

2.2.3  

 fluorescent  

incandescent  

,  

.  “gray world”  

: 
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, b  

  M   .  

 pixel.  

 Gray World  pixel.  

 

 pixel . 

, digital gains, . 

, exposure time, 

.  

,  

   

. 
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,  pixel .  
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):      

 
):  white balance 

 
):  

 2.5:  white balance  

 pixel  

.  pixel (184, 51)  

[225 211 175].  pixel  

[209 211 208] .  

 

 [225 211 208] . 
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): White balance  
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) 

 
) 

 2.8: ( ) , ( )  white balance 

  pixel (176, 166)  

[212 61 68].  pixel  

[160 76 78]  
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) 
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2.3  (Auto Exposure - AE) 

 

 

, .  

,  [24].  

.    

. 

 

. 

 

. (center-weighted system).  

 

. ,  

.  

 RGB  

 luminance . 

2.3.1  

     

,  [16], [8], [26].   

. , 

xposure value (EV) ,  F,   

, T (  1). 

                                                (1) 

 

 (EVpre) 

 RGB , B.   Bpre 

.   

 1   EVopt  

2

2 2log ( ) 2log ( ) log( )FEV F T
T  
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 EVopt   

  Bopt . 

log 2( ) log 2( )opt pre pre optEV EV B B (2) 

 Bpre  

 Bpre  Bpre  

   Bpre  

. 

 [8],  [29],   

 10.  luminance  

.  

 luminance .  

   

 block (  10 ).  

.  

.  

 2 ,  object 

contrast. 

 

 2.10:  -  2  

 [16]  

,  5 .  

 

  .   

.  ,  
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luminance difference Db  

Db = [R0 + max(R2,R3)]  (R1 + R4) , 

 Ri   luminance   i     max(R2,R3)  

 

  .  

 [0,1] . 

, 1  4   

, Nb, .  luminance 

 luminances . 

. 
 

 

 2.11:   

) , ( ) , ( )  

2.3.2   

 (auto exposure)  

.  

 [150 180]  8-bit. 

 

  .  

 (meanRed) . 

 Matlab  

.    

,  

 . 

 



 -  
 

 
34

 

    (|meanRed – | > )  {       
    
    /*  Auto exposure */ 
           Exposure time; 
          ColorFlag = 1;                
    /*  White Balance ,,  
*/ 
       } 
 
        (ColorFlag = = 1) {   
      
     /* .  WB */ 
            WB ; 
           ColorFlag = 0; 
       } 
        { 
                   (return)  /*  */ 
     } 

 2.1:  

 
 

 [150 180]  8-bit . 

, 

 150.    

.  

. 



 -  
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Diff = meanRed – ;         /* meanRed =   */ 
 

 (Diff > = 0)  {      /* ,  exposure time */ 
     
           (ExposureTime <= MinExposureTime) { 
                                      /*   .  */                            
                       ExposureTime  =  ExposureTime; 
                       return;               
               }                       
            {  
 
                (Exposure Time < MinExposureTime) { 
         /*   . .*/                            
                          Exposure Time = MinExposureTime;   
                }  
               { 
                        /* time.  exposure time.*/ 
                        time   = (Diff * MaxExposureTime) / (MaximumPixelValue); 
                         Exposure Time = Exposure Time – time;   
                }           
           }  
    } 

 {       /* Diff < 0, .  exposure time */  
                
              (ExposureTime >= MaxExposureTime) { 
                       /*   .  */                             
                       ExposureTime  =  ExposureTime; 
                       return;               
               }                       
            {  
        
                     (Exposure Time > MaxExposureTime) { 
                  /*   . .*/                            
                          Exposure Time = MaxExposureTime;   
                }  
                   { 
                        /* time.  exposure time.*/ 
                        time   = (Diff * MaxExposureTime) / (MaximumPixelValue); 
                         Exposure Time = Exposure Time + time;   
                }           
           }  
 } 

 2.2:  
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       MaxExposureTime   MinExposureTime    

 30 ms   1ms . 

 MaximumPixelValue   255   1023   8   10-bit  pixels  

, .  

 

,  (digital gain) ,  

.  

 artifacts . 

 

 

. 
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3.1  

 
 

, . 

,  

pixel    bits.  

,   

.   

.   

  

,  

. ,  video  

. 

 

 
 3.1:  

:   

  CCD (Charge Coupled Device)   

  CMOS (Complementary Metal Oxide Semiconductor) . 
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 1990,   CCD  

,  CMOS 

.  

  CMOS  [46].  

 CCD  Bell Labs  1970.  

 solid-state ,  fixed pattern noise (FPN) 

 pixel.  30  CCD 

 

 (readout noise),  (responsivity).   

  CCDs.   

 CCD  on-chip  

 

 

.  CCD  

 chip ,  chips,  

. ,  

 CCD  “window of interest” .  

,  charge-coupled devices (CCDs)  

.  

, scanners .  

  ,  

 CMOS  

 

.  

 CMOS,  CCDs, 

.   

 CMOS  

.  

, .   

 CMOS  
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(submicron sizes)  (low defect levels)   

pixel (cost-effective pixel sizes)   (  dark current).  

 CMOS  CCD chips  

 

.  

"CMOS"  

.  

(well)   

 (CMOS processors)   

  (metering register, CCD  ).  

 ia( ,y)  

 i(n1,n2). 

i(n1,n2) = ia(n1T1,n2T2) 

 i(n1,n2)  pixel  bits.   pixel  

8-bits  256 .  0  

255 .  A/D  iq, i=1,2,3… 

 q=2-b . 

 pixels   

,  .   

 -  (resolution)  

 pixels. ,  pixels  

.  

 pixels  

.  

 micro-lenses  pixel. , 

 aspect ratio, , 

.  

 1800x1600  aspect ratio : 

33.1
1600
1800R
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readout rate:        

line
pixels

image
linesimagesR

sec . 

3.2  

  

 CCD  CMOS  

.  

.  

   (physical layout) 

 [34], [46]. 

 CCD , ,  

 ( ) .  

 

  
): CCD Image sensor 

       (Courtesy of IBM) 
): Photosites   

             
 3.2:  photosites 

 

 photosites.  photosite  

 photosite,  

electrical charge .  

photosites  

.     

 

 pixel . 
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 photosite 

 

. 

  

  

 

 

 

photosite.  

 

charges  

 (A/  D) 

. 

 3.3:  

 block  

 CCDs . 

 
 3.4:  Block  Video  

 

 

 

,  

.  

 

 (accumulated charge) .  CCD,   

(charge)  chip  

.  
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 pixel  .   CMOS   

 transistors  pixel,  

.  CMOS  

 pixel .  CCDs  

 

 (charge)   chip  .   

 

.  CMOS chips,  

 chip,  

.  

 

 CCD  CMOS  .  CCD   

 CMOS  

,   .   pixel   CMOS   

 transistors ,  

 chip,  transistors  

. 

   CMOS   CCDs 

.  

 CCDs  100  CMOS  

.  CMOS chips  (fabricated)  

 

 CCD .  CCD  

 

pixels.  CCDs  

 pixels .  CCDs  

100%  fill  factor,   CMOS   

.   CMOS   ,  

. 
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 CMOS  

.  CMOS   

   CCD .  

3.3  CMOS   

 
 3.5: CMOS    

 

 

CMOS.  CMOS ,  photogate 

transistors .  CCD , 

, 

 DRAM,  ,  

windowing, area of interest,  [35]. 

,  frame 

rates.  

       pixel , ,  transistors  

 electron charge ,  

, ,  

. 

 CMOS  

 6,  

640  X  480  pixels.  ,   

, , 

, . 
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 3.6  CMOS   

 Bayer  

 2 . 

 P  

 transistors  pixel . 

 

 3.7: ( )  Bayer, ( ) osaic Array, ( )  

 pixel  

.   

 

 3.8:  pixel  



 
 

 
46

 CMOS  ,  

 CCD,  ,  

 

chip.  CMOS  blooming  smearing,  

 CCD.  

 CMOS  

, . 

 ( . )  

automotive  ( ).  

 chip,  data bus  

,  

 board . 

 

 Camera Phones, ,  

 

,  

.  Camera Phone  

 CMOS  CCD ,  

CMOS  .  

 CCD  chips  

.  CMOS  

,  pixel interpolation 

 color space conversion,  chip .  

 CMOS   

 

 CMOS , 

  ,  

, pixel interpolation  color space conversion,  LCD 

,  (AWB, AGC, AEC, etc.),  

power conditioning.     8  10 bit raw data  

, : automatic 
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white balance (AWB) control, automatic exposure control (AEC), automatic gain control 

(AGC), formatted YUV data output, ..  

 

.  

. 

 exposure control, white balance, pixel 

interpolation  

DSP, .  CMOS   

  

A/D , . 

 CMOS.  
 

 

 3.9:  CMOS  

 Bayer   

 gamma correction  

 RGB   YCrCb.   

 bus  CMOS   

 I²C  .  

 o host  exposure, 

 (gain),   (brightness),   (contrast),   gamma  

correction,  (windowing),  frame rate .  

 progressive-scan, -
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,  random-access   host  

 DRAM .  

 pixel  

. 

 CMOS  .  CIF 

(352x288 pixels), VGA (640x480), SVGA (800x600)  XGA (1024x768) .  

   (128x128)  frames per second 

,  

 Megapixels. 

,   fixed pattern 

noise  (FPN).   offset   transistor,   

   CMOS,  

 transistor.   

 

. ,  

. 

 CMOS ,  

,  

 (DSP) . 

 ,  CMOS  

 

.  photosite  

   

.  pixel  

 fill factor [46].  

 

 3.10: Fill factor 
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 fill factor,  

.  

 micro-lenses  pixel  

 photosite. 

 3.4    

3.4.1  

,  

,  

 Micron, . 

 MT9V112  VGA CMOS  

[36]. ,  

 (digital image flow processor)  VGA 

.  Micron,  

 

 CMOS .  

   camera-on-a-chip   

,  

, PDAs, .  

 on-chip  

.  color recovery, color 

correction, sharpening, programmable gamma correction, auto black reference clamping, 

auto exposure, automatic 50Hz/60Hz flicker avoidance, lens shading correction, auto 

white balance (AWB)  on-the-fly defect identification and correction.  

 MT9V112  progressive-scan  

 30 frames per second (fps).  

 8-bit : 

• ITU-R BT.656 (CCIR656, progressive scan only) YCbCr 

• 565RGB 

• 555RGB 
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• 444RGB 

• Raw Bayer 

• Processed Bayer 

 dout  8-bit. 

.  pixclk , 

 line_valid  frame_valid  

.  pixclk  

.  MT9V112  

27MHz,   30  fps   VGA.   

,  (lens),  

. . 

3.4.2  

 MT9V112  ( sensor core)  

 (image flow processor - IFP). O IFP : 

 colorpipe (CP),  (camera controller - CC).  

 

 
 3.11:  Block  

O  raw Bayer  

 IFP.  CP  IFP  

 stream  interpolated, color-corrected  

 CC   sensor  core  exposure  color  
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balance  snapshot modes.  

. 

 slave   

,    0XBA    

   0XBB.   MT9V112   

 4 : YCbCr, RGB, raw Bayer 

, ),  Bayer (  

 Bayer  RGB). 

3.4.3   

O  

.   

  .  auto exposure  gain  shutter-

width. .  

 AWB  gains  CCM  

 

  . 

 MT9V112   ITU-R BT.656  

 YCbCr 4:2:2  JPEG/MPEG  

 video (progressive scan). 

 

MODE  BYTE     

Default  Cbi  Yi  Cri  Yi+1  

Swap CrCb  Cri  Yi  Cbi  Yi+1  

SwapYC  Yi  Cbi  Yi+1  Cri  

Swap CrCb, 

SwapYC  
Yi  Cri  Yi+1  Cbi  

 3.1:   YCbCr  

 RGB 

 LCD  .   
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 16-bit RGB (RGB565), 15-bit RGB (RGB555)  2  

12-bit RGB (RGB444).  RGB. 

 

MODE  LINE  BYTE     

Default  First  Gi  Ri+1  Gi+2  Ri+3  

Second  Bi  Gi+1  Bi+2  Gi+3  

Flip Bayer Col  First  Ri  Gi+1  Ri+2  Gi+3  

Second  Gi  Bi+1  Gi+2  Bi+3  

Flip Bayer Row  First  Bi  Gi+1  Bi+2  Gi+3  

Second  Gi  Ri+1  Gi+2  Ri+3  

Flip Bayer Col, 

Flip Bayer Row  

First  Gi  Bi+1  Gi+2  Bi+3  

Second  Ri  Gi+1  Ri+2  Gi+3  

 3.2:  Bayer  

 
MODE (SWAP 

DISABLED)  BYTE  D7  D6  D5  D4  D3  D2  D1  D0  

RGB565  First  R7  R6  R5  R4  R3  G7  G6  G5  

Second  G4  G3  G2  B7  B6  B5  B4  B3  

RGB555  First  0  R7  R6  R5  R4  R3  G7  G6  

Second  G5  G4  G3  B7  B6  B5  B4  B3  

RGB444x  First  R7  R6  R5  R4  G7  G6  G5  G4  

Second  B7  B6  B5  B4  0  0  0  0  

RGBx444  First  0  0  0  0  R7  R6  R5  R4  

Second  G7  G6  G5  G4  B7  B6  B5  B4  

 3.3:  RGB  

 pixel  695 x 504 , 

, 10-bit ADC ,  

.  pixel  

 649  489  pixel  

 Bayer.  
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 vertical,  frame_valid  0  

 horizontal timing  line_valid  0 .. 

 

 3.14: Vertical timing 

 

 3.15: orizontal timing 

    

. 

 2 ,  (CLKIN  )  

 master   (  I2C)  

 pixel , 

 

 
 

 

 

 3.12:  pixel  3.13:  pixel 
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pixclk ,  

 master.   

3.5  

 CMOS  

.   

 CMOS  

 CCD.    CMOS  

   chip  chip  

 CCD  

.  fax, 

,  ,   

.  

 

.  

CCD .  

 

,  

.  

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 
55

 
 
 

                                                                                                                             

 

4. I2C (Inter-Integrated Circuit)   
 

 

 
 
 

 
 

 I2C  

 

.  

.  

. 

 

 

 

 
 
 
 
 
 
 

 

4 



 I2C 
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4.1  

 

 I2C  

 [38], [48].  Philips  

 de-facto standard  

 1000   

 50 .  

,  

, Inter IC  I2C. 

   I2C , , 

.  I2C bus  

 

pins,  PCBs.  

 

 I2C. 

 

 

.  I2C 

bus .  

.  

 

4.2  

 

 I2C bus  

.  master/slave  

.  receiver  transmitter. O 

master  

.  I2C  multi-master bus,  

 bus  

. 



 I2C 
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 4.1:  I2C 

,  SDA  

 SCL .  

.  High  

.  

High  bus  .  

 100 kbits/sec  Standard mode,  400  kbits/sec  Fast mode  3,4 

Mbits/sec  High speed mode. 

 Start  Stop 

 master.  start  

 High to Low  stop  Low to High  

 SDA .  start  bus  

 stop.To bus  master 

 start  repeated start  stop. 

 

 

 4.2: Start - Stop  

 



 I2C 
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4.3  

 

  byte  SDA  8 bit.  

 byte  byte  

 (Acknowledge bit).  

 (MSB).  

 byte,   slave   

,   SCL LOW    o  

master .  slave  

 byte  (SCL) [48]. 

 

 master.  transmitter  SDA (High)  

 receiver   SDA   

 Low   High   

.  receiver  

 byte.  slave  

 master,  

 

   High  slave.  master  

 stop  repeated start  

.      

 slave  receiver   

 master 

.  slave  

not-acknowledge  byte .  slave  data line High  

master  Stop  repeated Start. 

 master  receiver   

 slave-transmitter  

 byte.  O  slave  transmitter   

,  master  

, Stop, , repeated Start.  



 I2C 
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‘arbitration’,  master  

.  

 master  start bit (  

HIGH  LOW  sda).   start  bit   master   slave  

 8-bit.  bit , 

, , . 

 slave  bit  

master. 

 

 4.3:  slave  [48] 

  ,  master  

.  slave  

,  bit  master.  MT9V112 

 16-bit  

,   

.  

 16-bits  

.    master  start  stop .  

 .  master  

 

   start bit .  

master  8-bit .  

 16-bit.  

 master .  



 I2C 
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 4.4:  slave  

 I2C  

. 

 

 4.5:  

 

.   I2C 

 

 slave  master  

. 

 

 
 4.6:  R0x09:0—Value 0x0284 

 

   slave   

.  



 I2C 
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 4.7:    R0x09:0,  0x0284 

4.4  

 master   SCL.   

High to Low  SCL  LOW.  

 Low  SCL  

 High .  

 SDA.  

4.5  

 

 I2C  

.  

 bus.  

 

.  

 

.   
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5.  

 

 

 

 

 VLSI,  

.   

 FPGA.  

 

 (VHDL).  FPGA 

 FPGA . 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

5 
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5.1  VLSI 

 

 VLSI  

.  

.  

 

 5.1:  VLSI [47] 
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 bottom-up  

 transistor   

 (mask-layout).  

,  transistor 

,  

,    mixed-signal  

. 

 top-down  (computer-

aided)  netlist ,  

behavioral  structural HDL  [47].  map  

standard-cell  FPGA.  

 

 (area-performance). 

 

   

 (top level verification),  chip 

 (debugging)   

.  

 

 

 5.2:  
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5.2   

 

 

 FPGA.  

. 

 

 

 5.3:  FPGA [40] 

, , 

 (Design  Specifications),   

, .  

 (HDL 
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Description)  VHDL  Verilog.  

compile .  

  (Presynthesis – Functional Simulation)  

 

 [37].  

 

 ‘ ’ (text-based)  NGC netlist.  

 

.   

.   

 

. 

  

 (translate)  netlist 

.  

 (ucf) .  

 FPGA.   ucf   

.  

 

 pin-out .  

To  MAP  FPGA.  

 

.  UCF  

 

.  MAP  

 ‘look up’ . 

 mapping   

 

.  

 Place And Route (PAR)  mapping.  Place  

 blocks .  Routing, 
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 blocks .  

 placer  blocks  

 router  .   

 block   

. 

 

 5.4: Place And Route 

 

 Post Map, Post Translate  Post Place And Route .   

 LUTs  Flip Flops  

   

 

.  

 bitgen  Place And 

Route  bitstream.  

 bit  

 

. 

5.3  VHDL 
 

 VHDL  

 VHSIC (Very High Speed Integrated Circuit) [6].  

   (structure),  

(dataflow)  (behavior)  [5].  

 (timing)   

.  



 
 

 
68

 (compiler)  

 (custom design)  

 (PLD   FPGA),   

 

  

 (IEEE 1164 standard - 1993)  

 CAD  

).  

 ( )  

,   (capture)   

.  

 

 [5], [7].  

 ( )  

,  

.  

 

,  VHDL. 

  

 ( )  

 

 

5.4  - FPGA 

 

 FPGA  chip 

(programmable digital logic chip) [37].  

)  

   ( )  

.  ,   
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.   

 FPGA. 

 

 
 5.5:  FPGA 

 

 2  FPGAs.  

.  

 SRAM  Look 

Up Tables (LUT) .  

 SRAM  .   

 4 .    

 

 5.6:  FPGA 
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   lookup table (LUT),  - latches 

-   (0   1)   

.   

 latches.   

 

. 

 

 5.7: Look Up Table 

 flip-flops  

 

 5.8: LUT  flip flops 

 FPGA  

 One-Time 

Programmable (OTP).  

 

 5.9:  OTP (One Time Programmable) FPGA 
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 ,  

 0  1  

.  ,  

,  latches. 

 

 5.10:  FPGA 

 

, "logic function”,  

, .  

 "logic function"  

 FPGA.  binary 

 (.bit)  FPGA   

.  

 

 5.11:  

 FPGA .  

 FPGA    

.  

 re-compile .  FPGA 

 ( )  

. 
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 FPGA ,  flip-flop  

.   2  pins,  (dedicated pins)  

pins . , "logic-cell",  

 100  1000 . 

 FPGA    

 D-flip flop .  

.  

5.5  FPGA  
 

 

 5.12: Spartan IIE 

o  FPGA   

 SPARTAN IIE  Xilinx [43]  

. 

 

 5.13:  Spartan IIE [37] 
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 CLB  RAM  

.  DLLs  

.    

,  FPGA,  – 

 (Banks), ,  

 RAM. 

 

 5.14: Block  Spartan IIE 

  CLB  (LC),  

 4-  CLB  

 D flip flop, .  

CLB  4  2  (slices).  

 (function generators)  Look Up Tables (LUT) 4 . 

 LUT  RAM 16 x 1 .   

LUT   RAM  16x2   32x1  

.  D flip flops  latches. 

.  
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 5.15:  CLB, 2  

 DLL  (delay  locked  loop)   

 skew  

 

 flip flop .  

 FPGA  board  

,  DSP  

 [42]  LCD  

 board  

.  board  FPGA ,  

.  

 

 5.16: Board  FPGA [43] 
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6.  
 
 

 

 

 

 

.  

. 

 

 

.  

 
  

 

 

 

      

 

 

 

 

 

 

 

 

6 
 

2 
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6.1   
 

 

. 

 

.  

.  

. 

  

 

 6.1:  

6.2  I2C 

 

 I2C  

.  

 

.  

 

. ,  

 bits ,  
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,  

.  

 I2C  

.  

ADDRESS  

slave  bit,  r_w  

 ACK_REG_ADR   

.  r_w  

. 

 

 6.2: I2C  
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IDLE , ,  bus 
 (SDA  SCL HIGH)  

master   
(start =1)  slave  (image sensor)  
SDA: Low  SCL: High. 
 

ADRESS   slave  
master.  7 bit (address)  
slave   8  bit  (R/W)   0   

 (master  transmit)   master   slave   
 1  (master 

receive)  slave.  
ACK_ADRESS . 

 
REG_ADR  (8-bit)  

.     
ACK_REG_ADR  . 

 
RCV_DATA .   

 
ACK_DATA  (tack) 

 
TRANSMIT  

.   
 

WAIT_ACK . 

 6.1:  I2C   

 

 

.  

 

 master,  

start   slave ,   start   

.  start  

 master   

.  

.  
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 6.3: I2C  

 6.4  

 HDL DESIGNER.  vhdl, 

 

, .  

 

,   

. 
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 6.4:  HDL Designer 

6.2.1  scl, sda start  stop   

 

,  

 scl, sda, start  stop  master.  

 100 KHz  

.  

 100 kHz  HIGH_CNT  LOW_CNT . 

 

.    

.  

.   
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 sda  sda  

 start  stop  

 master mode.  

 

 

 6.5:  scl  sda  

 

 



 
 

 
82

 

 5.  

  

SCL_IDLE ,  bus .  
. 

 
START  scl   high  sda low  

.   
 START_HOLD.  

 
SCL_LOW_EDGE  falling edge  

 LOW. 
 

SCL_LOW  LOW  
 LOW .  

 
SCL_HIGH_EDGE  rising edge  

 
SCL_HIGH  HIGH  

  HIGH  .  
 

STOP_WAIT  
 

.  

 6.2:  scl  sda  

 

. 

  SDA  SCL  LOW. 

  bus  SDA  SCL HIGH 

  arbitration  I2C 

 master   

  slave  image sensor   

o  : 0XBA  : 10111010 

o :  0XBB  : 10111011 
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6.3  

 

,  ,   

  I2C.  

,  

,  

, -  

(frame) .  

 4:2:2 YCrCb 

(CCCIR656)  4:4:4 565RGB,  

.   

 8-bit  8-bit  pixel  

.  

  

 8-bit  8-bit . 

 8-bit  pixel 

16-bit   RGB  (565).   line_valid   

frame_valid  

.   pixclk  

. 

 

 pixel  ,   

.  6  

 8-bit  

 8-bit  pixel  6 . 

 2 ,  

.  
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) 

 

 

) 

 6.6:  

 

 

 6 . 
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IDLE  get_frame_data. 
 

WAIT_FRAME_VALID  frame_detect  
  

. 
 

CAP_FRAME_V  
line_valid  frame_valid  

,  
.  

 
CAP_UDATA  (15 ..8 )  pixel. 

 wen  
addr_cnt_en  

.  
 

CAP_LDATA  (8..0 )  pixel. 
 

DONE  frame_done.  
 frame – . 

 6.3:  

 

 6  

.  HDL Designer  

 state machine,   

.  junction  

 and  

.  HDL Designer  

 Concurrent statements  

. 
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 6.7:    HDL Designer 

6.4  

 

 

,  pixel  

 

 

.  

 

.  

 RGB  (565),  

 16 bit  pixel  5-bit , 6- bit  
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 5-bit .   

 pixel   16  bit   

. 

6.5  

 

 pixel  

 

.  

 pixel   

. 

 

,  

.  

 ram  

 

. 

6.6  

 
 

. ,  

.   I2C   

 

.  

.   

 (state machine)   

 

. 
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 6.8:  

: 
 

  

IDLE . 
 

I2C_INIT  start  
 I2C 

.  
 

WAIT_I2C_INIT  
. 

  
GET_IMAGE  get_frame_data  

. 
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WAIT_IMAGE  . 
 interrupt  

 
 .  

 
READ  pixel.  

 
DONE  sm_rsti  

 
.  

 6.4:  

 
 rdin  

 

.   

6.7  

 

 

,  

.  

 

 

(Core)  

 (Image Flow Processor)  

.  

 

.  

/ . 
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7.  

 

 

 

 

 

5.1  5.3  (VHDL)  

,  

.  

50%  .   

 

. 

 

. 

 

 

 

 

 

 

 

 

 

7 
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7.1   

 

 

: 

 Matlab 7.0 

 

, .  

 

 [3] .  

 

 ModelSim SE 6.0a 

 

 (vhdl).  

 

 [38].   

 

 HDL Designer 2004.1b 

 

,  (block 

)  [39].  

 - project  

  ModelSim  SE  6.0a   Leonardo  Specrum   

.  

,  

, .  

, 

fifo  ram. 
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7.2  I2C 

 
 

.  

,  

.  

 bit   

 scl   master.   

 

 

.  

. ,  

 sda   

. 

.  

 scl  sda  scl=’1’  sda=’0’  

,  

 (scl=’0’  sda=’0’).  bit r_w,  

 

 slave   0,   

 slave  1. 

 
 7.1:  I2C 
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   block  

. 

 

 7.2: lock  I2C 

. 

    
clk           1 - bit   
reset      1 - bit  
sda   

 
1 - bit     

 
scl   

 
1 - bit    master  

. 
msta  1 - bit    master,  

 
 

 
tack   1 - bit .    

master  receiver   
 

. 
rep_sta  1 - bit  

 
rep_sta_rst      1 - bit  

 
. 

r_w   1 - bit  mode  
.  master  

 
 

.  8  bit 
 slave . 

data_bus  16 - bits    
.  
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adress_bus  16 - bits  

 
i2c_data     

(inout) 
24 - bits  

.  
busy      1 - bit  

 
data_tsf      1 - bit  8-bit 
rack       1 – bit   

  
done        1 - bit   

,  
.  

 7.1:  I2C 

 done  

 sda  

 done.  

 data_bus  adress_bus  

 

 ( )  

.  

 

 transmit mode  done  

.  

   

. 

  

 7.3: ) , ( )  

 vhdl  

 Modelsim. . 

   4  .    4  

 

,  0  – 10111010.  4  
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 565 RGB (0000000100000000).    4  

 

 rep_start.   r_w   1   

. 

 

): ,  

 

): ,  
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):  

 7.4:  

 list  

.   5  

  .  

 R58:1 – 0X13A 

(00111010),  ,  

 RGB 565.    8 – bit . 

 

 15-bit  

 (  2  

)  bit  

.  

 stop. 

 

 

): ,  
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):  8-bit  

 

):  

 7.5:   list 

     

.  

 

 4  4 .  

 0  – 10111011.    6  

 (11111111) . 

 

 7.6:  
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 .do  .   

 

.   1  compile  

.  2  

 3  

.   

  

1   vlib work 
vmap work work 
vcom i2c_control.vhd 
vsim i2c_control 

2   force tack       0 0,0 50,0 100,0 150,0 200,0 250,0 300,0 350,0 400 
force msta      0 0,1 10,1 100,1 150,1 200,1 250,1 300,0 28400 
force rep_sta  0 0,0 20,0 100,0 150,0 200,0 250,0 300,0 350,0 400,1 15500,0 20000 
force r_w        0 0,1 10,1 100,1 150,1 200,1 250,1 300,1 350,1 400  
force adress_bus  10111010 0, 10111010 20, 10111010 200,00111010  3750,00111010 7720,  
00111010 11680  
 
force data_bus ZZZZZZZZZZZZZZZZ 0,0000000100000000 3000, 0000000100000000 5000 
force sys_clk 0 0,1 37073 -repeat 74074 
force reset 0 0,1 10,1 100,1 200 

3  add list * 
add wave * 
run 3000000 

 7.2:  .do  

7. 3  

 

 block .  

block   HDL  DESIGNER   

. , 

,  

.  
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 7.7: Block  

 

. 

 7.3:  

 

 vhdl  

 Modelsim. .    

 8  

 

    
dout             8 - bit  8-bit  pixel 
line_valid       1 - bit  (HSYNC) 
frame_valid      1 - bit  (VSYNC) 
pixclk           1 - bit  

 
Reset  1 - bit  
get_frame_data   1 - bit    

 
frame_done       1 - bit  
sm_rst         
 

 1 - bit   ,   
 

addr_cnt_en   1 - bit  
 

addr_clr         1 - bit  
 

 
 

wen     1 - bit  
pix_data       
 

 16 - bit  pixel   
(16–bit 565RGB) 



 
 

 
100

.  8-bit  

 pixel 16-bit  8-bit  

,  bit.  pixel  

  addr_cnt_en  wen  

 450.  700  line_valid , 

 

CAP_FRAME_V  .   

 

 

 7.8:  

 

   9  line_valid  frame_valid  

 

, DONE. 

 

 

 7.9:  
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 do   (  

 74074 ps ) 

  

1    vlib work 
 vmap work work 
 vcom capture_image.vhd 
 vsim capture_image 

2   force dout ZZZZZZZZ 0,,00000100 300,00000101 400,00000111 500,00001000 600,00001001 
700,00001011 800,00001111 900,00010000 1000,00010001 1100,00010011 1200,00010111 
1300,00011111 1400 
 
force line_valid 0 0,1 50,1 200,1 250,1 300,1 400,0 700,1 800,1 900,0 2100,0 2200 
force frame_valid 0 0,1 50,1 200,1 250,1 2100,0 2200 
force pixclk 0 0,1 37037 -repeat 74074  
force reset 0 0,1 50,1 100,1 200 
force get_frame_data 0 0,1 50,1 200,1 250 
force sm_rst 1 0,1 50,1 200,1 250 
 

3  add list * 
add wave * 
run 3000000 

 7.4: :  .do  

7.4  

 

  

 pixels  

,   

.  pixel  RGB (565),  

 16 bit  pixel  5-bit , 6- bit  5-bit 

.  block    

. 

 

 7.10: Block  
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. 

    

clk           1 - bit  ( ) 
reset      1 - bit  
valid_data     1 - bit  pixel_data 
pixel_data   16 - bits  pixel 
red_pixels       

(inout) 
24 - bits  

 pixel   
green_pixels        

(inout) 
25 - bits  

 pixel  
blue_pixels         

(inout) 
24 - bits  

 pixel  
 7.5:  

 

 vhdl  

 Modelsim.  

. 

7.5  

 

 2 ,  

 ram  pixel.  

.  control  

,  

.  

 

 

 7.11:  
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7.5.1  

 block  .   

 

 7.12: Block  

. 

    
clk           1 - bit  ( ) 
Rst  1 - bit  
Rd  1 - bit    

 
addr_clr       1 - bit  

.  
 

wen    1 - bit ,  
 wr_data       

wr             1 - bit  
 

wr_data        16 - bits  pixel  
rd_data            16 - bits  pixel  

 
full_ram        1- bit  
empty_ram            1- bit  
almost_full          1- bit  
almost_empty  1 - bit  

 7.6:  

   generic  

.  wri_adr  

,  wri,  

,  

 wen   wr    .   rd_adr  o     
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,  rdi  

,  

 rd .  

 full_ram  empty_ram  

. 

7.5.2   

   pixel  

.  ram  

 pixel  .   

.    

 pixel   

.  FIFO,  

.  block  

. 

 

 7.13: Block  

 ram  (dual 

port)   HDL  Designer   

.  vhdl  

 Modelsim.  

.    14  

,  256 x 16,  

 ram_full.  15  
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 ram_empty  

.   

 
 7.14:  

 

 7.15:  

   16 ,  

 ( ) 

.  

. 

 

 7.16:  
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7.6  

 

 

.  

 pixel  .   

 

 

. 2C .  

.   SM  1   

 capture_memory  

 

 21. 

 

 7.17:  

 block  

. 

 

 7.18: Block  
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. 

    
pixclk           1 - bit  ( ) 
reset  1 - bit  
dout      8 - bits  
line_valid    1 - bit  
frame_valid   1 - bit  
init_done     1 - bit  

2C  
start         1 - bit  2C  
fra_done      1 - bit  
interrupt     1 - bit  
red_pixels       

(inout) 
24 - bits  

 pixel   
green_pixels        

(inout) 
25 - bits  

 pixel  
blue_pixels         

(inout) 
24 - bits   

 pixel  
rd_data            16 - bits  pixel  

 

 7.7:  

 Modelsim.  

 

.    19 ,  

 I2C .     20  

 (frame_done = 1)  

. 

 

 7.19:  I2C 
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 7.20: ,  

 

7.6.1   

 

. 

 

 7.21:  

    

HDL DESIGNER . 
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 7.8:  

 

Modelsim.  

.     22 , 

 

 , 

.   

 

 7.22:  
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    23  almost_empty  

 

 empty_ram=’1’. 

 

 7.23:  

7.7  

 
    

     

 Matlab   

 pixels .  

 

 7.24: Block  

 

. 
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 7.25:  

   

 Matlab  3 , 

 pixel,  8-bit  

.  pixel  24-bits.  pixels  

16-bits  RGB  

16-bit  pixel.   pixel  

.  

, ,  

   

.  pixel  

16-bit.  line_valid  0,  

,   frame_valid  

.  line_valid  

 HSYNC  frame_valid  VSYNC  

. ,  8-bit 

 16-bit  pixel,  

 16-bit  8-bit ,  8-bit 

.  

 vhdl  txtio  

 Modelsim.  

.  

 pixel_int.   
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 7.26:  

 

7.8  
 

 

, ,  

..  

 

 7.27:  

  

.  28  

.  ram_empty  

.  

.  29  

eof  vsync.  

 

. 
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 7.28:  

  

 7.29:  

 

 

 hsync.    

000000000000000 .   
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 7.30:  

    31  

 0000000000000000,  0000000011011010  

. 

 

 7.31:  

 

.  

. 

 bits   

. 
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8.                   

 

 
 

 

 

 

 netlist,  

.  

 FPGA. 

,  

,  map  Place And Route.  

 FPGA. 

.  

 

 

 

 

 

 

 

 

 

 

 

8 
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8.1  -  

 

 

.   

 ISE 7.1i  Xilinx [40].  

 (design  flow).   Project  

Navigator  

 

 Modelsim  

Leonardo Spectrum .  

 FPGA  Xilinx.  

. 

 
 8.1:    ISE 7.1i 
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 FPGA  5  

: 

 Translate :  design rule     
(DRC) 

 MAP:  (recourses)    
  

 Place & Route:  CLB  
 

 Configuration:  bitstream  
FPGA 

 

 project  

,  

 [42].  

   vhdl .  

.    

 testbench 

.  

 

 

NGC netlist  EDIF.  

 

.  

.   

 

,  FPGA  

.    

 

 pin-out  .    

, Flip-flop, 

Ram,  Latch .  

 

NGC netlist  EDIF.  (translate),  

 netlists  netlist,  
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. 

To  MAP  CLB  IOB  

 FPGA.  DRC  mapped netlist. 

 

 

.  post 

map static timing  

.  

 Place And Route (PAR)  block 

(CLBS – configurable logic blocks)  block.  

  CLBS  

.  

, .  

,  

Place And Route  (longline)  

chip .  

.  Place And Route  

 

.  Pad  pin 

.  

 FPGA editor   

 FPGA  

 

. 

 Post-Layout  Timing  

.  

.  

 

. 
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 bitgen  Place And 

Route  bitstream (Configuration)  

 FPGA.  

bit  

 

.   

.  

. 

8.2  I2C 

 
 

 

 netlist .  

 check  syntax   

.  

.  

 

 8.2: Block   
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  4   

,  

. 

 

 8.3:  

 

 8.4:  

,   

,  flip flop  latches 

.  

.  

 

):  
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):  

 8.1:  

 

 translate, map, place and route 

 FPGA. 

 
 8.2:  MAP 

 MAP  8%  

LUTs  1387. 

Number of GCLKs                      2 out of 4      50% 

Number of External GCLKIOBs          1 out of 4      25% 

Number of LOCed GCLKIOBs          0 out of 1       0% 

Number of External IOBs             44 out of 178    24% 

Number of LOCed IOBs            0 out of 44      0% 

Number of SLICEs                    76 out of 768     9% 

 8.3:  Place And Route ( ) 
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 Place  And  Route   

. 

 The NUMBER OF SIGNALS NOT COMPLETELY ROUTED for this design is: 0 
 
   The AVERAGE CONNECTION DELAY for this design is:                     1.023 
   The MAXIMUM PIN DELAY IS:                                                              3.309 
   The AVERAGE CONNECTION DELAY on the 10 WORST NETS is:   2.476 

 8.4:  Place And Route (  (ns)) 

 Post 

Place  And  Route  Static  Timing   

.  2  

.   2MHz 

 6.863ns  

 

 . : 

sys_clk=
Hz6102

1 = 500 nsec 

 scl    

 100 z .  

scl=
Hz310100

1 = 10 usec 

 
 Timing  constraint: TS_sys_clk = PERIOD TIMEGRP "sys_clk" 500 ns HIGH 50%; 
 
 207 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
 Minimum period is   6.863ns. 
============================================================== 
Timing constraint: TS_scl_out_reg1 = PERIOD TIMEGRP "scl_out_reg1" 10000 ns 
HIGH 50%; 
 
 288 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
 Minimum period is  11.692ns. 

 8.5: Post Place And Route Static Timing 

 place and route  

 LUT  FPGA.  5  

 floorplanner  flip flop  
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 buffers .  6  FPGA 

editor  2 slices  

 

 6  slave 

 shift_reg_en  .  

.  

 8.5:  

 8.6:  FPGA 

):  FPGA, ):  slice 
 

Slices    
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 FPGA.  

 

 0.18/0.15 um  FPGA  

.  

.    

 sda  pcec  

.  

 

 
 8.7:  Post Map  

 
 
 

6.60 mW. 
 

 
 8.8:  

8.3  

  .  

 

   block.  
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 8.9: Block  

 

.  

. 

 

 

 8.6:  

 

.  

.  
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 8.10:  

 Place And Route. 

Device Utilization Summary: 
 
   Number of GCLKs                               1 out of 4      25% 
   Number of External GCLKIOBs          1 out of 4      25% 
   Number of LOCed GCLKIOBs           0 out of 1       0% 
 
   Number of External IOBs                    33 out of 178    18% 
   Number of LOCed IOBs                      0 out of 33      0% 
 
   Number of SLICEs                              13 out of 768     1% 
 
The Delay Summary Report 
 
  The NUMBER OF SIGNALS NOT COMPLETELY ROUTED for this design is: 0 
 
   The AVERAGE CONNECTION DELAY for this design is:                     1.216 
   The MAXIMUM PIN DELAY IS:                                                              4.804 
   The AVERAGE CONNECTION DELAY on the 10 WORST NETS is:   2.113 

 8.7:  Place And Route 

  Post Place And Route Static Timing  

 

13,5 z.  

27 z  pixclk  

 pixels   

.   27 z  pixclk  

 13,5 z , : 

=
Hz6105,13

1 = 74074 psec 
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Timing constraint: TS_pixclk = PERIOD TIMEGRP "pixclk" 74.074 ns HIGH 50%; 
54 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
Minimum period is   9.528ns. 

 8.8:  Post Place And Route Static Timing 

.  

FPGA editor  FPGA  

.   nets   

,  pixckl  fanout (=21) . 

 

 

 

 
 
 
  

 8.11:   

)  (  Floorplanner), ) Fanout  
 

8.4  

 

 block .  

 

. 
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 8.12:  - Block   

 RAM 

 256 x 16.  

,  

 RAM . 

 

 8.13:  - Block  
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):  

 

):  

 8.9:  

 640 x 480 x 16 (  

)  

 

.  

 FPGA   

 board  SRAM.  

 FIFO  

 pixel. 

 pixclk 

=74074 psec. 

Timing constraint:   TS_clk = PERIOD TIMEGRP "clk" 74.074 ns HIGH 50%; 
1060 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
Minimum period is   8.453ns. 

 8.10:  Post Static Timing 

 

 

. 
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 8.14:   FPGA (  Floorplanner) 

8.5   

8.5.1  

 

,  

. 

 

 
 8.15:  - Block  
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. 

 

):  

 

):  

 8.11:  

 

 8.12:  MAP 
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The Delay Summary Report 
 
The NUMBER OF SIGNALS NOT COMPLETELY ROUTED for this design is: 0 
 
 The AVERAGE CONNECTION DELAY for this design is:                     1.316 
 The MAXIMUM PIN DELAY IS:                                                              4.698 
 The AVERAGE CONNECTION DELAY on the 10 WORST NETS is:   4.003 
 
Device Utilization Summary: 
 
 Number of BLOCKRAMs                   1 out of 8      12% 
 Number of GCLKs                               1 out of 4      25% 
 Number of External GCLKIOBs         1 out of 4      25% 
 Number of LOCed GCLKIOBs           0 out of 1       0% 
 
  Number of External IOBs           104 out of 178    58% 
  Number of LOCed IOBs             0 out of 104         0% 
 
   Number of SLICEs                   79 out of 768    10% 

 8.13:  PLace And Route 

 flip flop,  buffers,  

)  (  CLB)  

. .  

 

 pixel.  

.    

 

 8.16:  (  Floorplanner) 
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 reset  

 FPGA. 

 

 8.17:  reset 

 

 slice  

 5.   

 red_pixel. 

 

 

 8.18:  FPGA (  FPGA editor)  

 13,5MHz  Post 

Place And Route Static Timing. 



 
 

 
134

Timing constraint: TS_pixclk = PERIOD TIMEGRP "pixclk" 74.074 ns HIGH 50%; 
 3858 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
 Minimum period is  17.216ns. 
 

 8.14:  Post Place And Route Static Timing 

 
 

24.6mW. 
 

 
 8.19:  

8.5.2   

. 

 

 8.20:  - Block  
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 22. 

 

 

 8.21:  

 

 

 8.22:  

 

):  
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):  

 8.15:  

 

 

 8.16:  PLace And Route 

 
Constraint   Requested Actual Logic Levels 

TS_pixclk = PERIOD 
TIMEGRP "pixclk" 74.07 

74.074ns    13.942ns    1 

 8.17:  Place And Route 

 
  Post Place And Route Static Timing  

 

13,5 z ( =74074 psec).  18  

. 

Timing constraint: TS_pixclk = PERIOD TIMEGRP "pixclk" 74.074 ns HIGH 50%; 
 1072 items analyzed, 0 timing errors detected. (0 setup errors, 0 hold errors) 
 Minimum period is  12.174ns. 

 

 8.18:  Post Place And Route Static Timing 
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.   

 

. ,  

, . 

 

 

 8.23:  - Post Place And Route Static Timing 

 flip flop,  buffers  

. 

 

 8.24:  FPGA (  Floorplanner) 
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 FPGA  

 board . 
NET "bt<0>"  LOC = "P3"  ; 
NET "bt<1>"  LOC = "P206"  ; 
NET "bt<2>"  LOC = "P44"  ; 
NET "bt<3>"  LOC = "P43"  ; 
NET "bt<4>"  LOC = "P42"  ; 
NET "btn"  LOC = "P187"  ; 
NET "ld<0>"  LOC = "P111"  ; 
NET "ld<1>"  LOC = "P109"  ; 
NET "ld<2>"  LOC = "P102"  ; 
NET "ld<3>"  LOC = "P100"  ; 
NET "ld<4>"  LOC = "P98"  ; 
NET "ld<5>"  LOC = "P96"  ; 
NET "ld<6>"  LOC = "P94"  ; 
NET "ld<7>"  LOC = "P89"  ; 
NET "ldg"  LOC = "P45"  ; 
NET "led"  LOC = "P154"  ; 
NET "pixclk"  LOC = "P182"  ; 
NET "sw<0>"  LOC = "P23"  ; 
NET "sw<1>"  LOC = "P21"  ; 
NET "sw<2>"  LOC = "P18"  ; 
NET "sw<3>"  LOC = "P16"  ; 
NET "sw<4>"  LOC = "P11"  ; 
NET "sw<5>"  LOC = "P9"  ; 
NET "sw<6>"  LOC = "P7"  ; 
NET "sw<7>"  LOC = "P5"  ; 
NET "pixclk" TNM_NET = "pixclk"; 
TIMESPEC "TS_pixclk" = PERIOD "pixclk" 74074 ps HIGH 50 %; 

 8.19:  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 –  
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8.    
 

 

9.1  
 

 

 

.  

 

. 

 

 

 

.   

. 

 

 

 FPGA  5 .   7  

   

.   

 6.   

,  

 

.  almost_empty   almost_full  

. ,  

 

 

9 
 



 –  
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,  

, . 

 

 

. . 

 

 

.  

 data_transfer  done, ,  

.  

 

 

, , 

. 

 8   

 

.   

.  

 Post Map, Translate  Place And Route   

 

.  

 

 

.   

 27 z  

.  

,   Post  Place  And  Route  ,   

. , 

 

. 



 –  
 

 
141

,  bit   fpga  

 pins  

board (Digilant)   

9.2  
 

,   

 System On Chip  

 

,  (compression) . 

.  

.  

 

.   

    

.  

 ( ),   

,  

auto exposure  white balance,  

.  

  

 auto exposure value,  gain values  

.   SIF   

 PPC ( .1)  (  

),  

.  

  pixels RGB  (FIFO)  

 format.  pixels  

 LCD driver  LCD 

display.  

,  FPGA  Virtex II  Pro 



 –  
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.  

 Virtex II Pro  

, .1. 

,  

 

 standard   JPEG   

standard JPEG2000  

.  ,   

 video  

 video  standard  MPEG4.  

 (color space)  

. 

 

 

. 

  

.  CMOS  

.  

 

 

 

 

. 

   

 

 

  . 

, 

,  



 –  
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. 

  

. 
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.  

 
 

 

. 

 I2C 

 

 flip flop  latches .  

Design Statistics 
 
# IOs                                 :  45 
 
Macro Statistics : 
 
# FSMs                              : 2 
 # Adders/Subtractors       :  1 
2-bit adder                         : 1 
 
# Registers                         : 22 
#      1-bit register              : 18 
#      2-bit register              : 1 
#      8-bit register              : 3 
# Counters                         : 2 
#      4-bit up counter         : 2 

 

Cell Usage : 
# BELS                           : 152 
#      GND                       : 1 
#      INV                         : 4 
#      LUT2                      : 23 
#      LUT2_D                  : 2 
#      LUT3                       : 32 
#      LUT3_D                  : 1 
#      LUT3_L                  : 3 
#      LUT4                       : 42 
#      LUT4_D                   : 3 
#      LUT4_L                    : 23 
#      MUXCY                   : 8 
#      MUXF5                    : 1 
#      VCC                         : 1 
#      XORCY                    : 8 
 

 # FlipFlops/Latches         : 71 
#      FDC                           : 12 
#      FDC_1                       : 13 
#      FDCE                        : 27 
#      FDCPE                       : 8 
#      FDP                           : 7 
#      FDP_1                        : 1 
#      FDPE                          : 1 
#      LDCE_1                      : 2 
# Clock Buffers                  : 2 
#      BUFG                          : 1 
#      BUFGP                        : 1 
# IO Buffers                       44 
#      IBUF                           :29 
#      OBUF                         :15 

.1:  
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.  

 

. 

 

.2:  

 

 



 
 

 
146

 

.3:  

 

 

.4:  MAP 
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Design Statistics 
 
# IOs                   : 42 
 
Macro Statistics : 
 
# RAM               : 1 
#      256x16-bit dual-port block 
RAM                  : 1 
# Registers         : 1                                          
# 1-bit register    : 1 
# Counters          : 2 
# 8-bit up counter : 2 
# Tristates            : 1 
#      16-bit tristate buffer   : 1 
# Adders/Subtractors         : 1 
#      8-bit subtractor           : 1 
 

Cell Usage : 
 
# BELS                                 : 95 
#      GND                             : 1 
#      INV                               : 1 
#      LUT1                            : 2 
#      LUT2                            : 5 
#      LUT2_L                        : 8 
#      LUT3                            : 19 
#      LUT3_L                        : 1 
#      LUT4                             : 7 
#      LUT4_D                         : 1 
#      LUT4_L                         : 2 
#      MUXCY                         : 23 
#      VCC                                : 1 
#      XORCY                          : 24 
 

  
# FlipFlops/Latches                : 17 
#      FDCPE                           : 16 
#      FDP                                 : 1 
# RAMS                                  : 1 
#      RAMB4_S16_S16          : 1 
# Clock Buffers                       : 1 
#      BUFGP                           : 1 
# IO Buffers                            : 41 
#      IBUF                                : 21 
#      OBUF                              : 4 
#      OBUFT                            : 16 

.5:  
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.6:  MAP 

 

Device Utilization Summary: 
 
   Number of BLOCKRAMs                1 out of 8      12% 
   Number of GCLKs                            1 out of 4      25% 
   Number of External GCLKIOBs       1 out of 4      25% 
   Number of LOCed GCLKIOBs         0 out of 1       0% 
 
   Number of External IOBs             41 out of 178    23% 
   Number of LOCed IOBs               0 out of 41         0% 
   Number of SLICEs                       25 out of 768     3% 
 
The Delay Summary Report 
 
The AVERAGE CONNECTION DELAY for this design is:                     1.255 
The MAXIMUM PIN DELAY IS:                                                              4.478 
The AVERAGE CONNECTION DELAY on the 10 WORST NETS is:   3.733 

.7:  Place And Route 
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Design Statistics 
 
# IOs                                       : 105 
 
Macro Statistics : 
# RAM                                        : 1 
#      256x16-bit dual-port block 
RAM                                          : 1 
# Registers                                 : 26 
#      1-bit register                       : 23 
#      25-bit register                       : 3 
# Counters                                    : 2 
#      8-bit up counter                    : 2 
# Multiplexers                              : 1 
#      1-bit 4-to-1 multiplexer       : 1 
# Tristates                                    : 1 
#      16-bit tristate buffer             : 1 
# Adders/Subtractors                   : 4 
#      25-bit adder                         : 3 
#      8-bit subtractor                    : 1 
 
 

Cell Usage : 
 
# BELS                                : 335 
#      GND                            : 1 
#      INV                             : 3 
#      LUT1                           : 57 
#      LUT2                           : 8 
#      LUT2_D                      : 2 
#      LUT2_L                      : 22 
#      LUT3                           : 26 
#      LUT4                           : 21 
#      LUT4_L                       : 7 
#      MUXCY                       : 93 
#      VCC                             : 1 
#      XORCY                       : 94 
 

 # FlipFlops/Latches                 : 126 
#      FD_1                                  : 2 
#      FDC                                    : 1 
#      FDC_1                               : 13 
#      FDCE                                 : 73 
#      FDCPE                              : 16 
#      FDE_1                               : 1 
#      FDP                                   : 1 
#      FDP_1                               : 1 
#      FDPE                                 : 16 
#      FDPE_1                            : 1 
#      LD                                     : 1 
# RAMS                                    : 1 
#      RAMB4_S16_S16             : 1 
# Clock Buffers                         : 1 
#      BUFGP                              : 1 
# IO Buffers                              :104 
#      IBUF                                 : 12 
#      OBUF                                : 76 
#      OBUFT                             : 16 

.8:  
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