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Background:

Hough Transform is a technique typically used in digital signal processing for the feature extraction operation.  The general form of Hough Transform is used to detect lines.  However, now the transform has been extended to detect circles and other shapes.

The basis of Hough Transform is the understanding that given a point on a line, there are an infinite number of possible lines that pass through the given point.  Hough Transform considers all features on the line and determines which of the lines passes through most of these features ( i.e. which line matches best with the given data).

Given an image where a logical high value implies the presence of a dot, as series of dots will create a line.  Using the equation ρ = xcosΘ+ysinΘ, polar coordinates are used to characterized such a line.  For a pixel (at location [x,y]) that contains a logic high value in an image, rho is calculated for all possible thetas.  Then in the dimensional array defined by rho and theta, the address of the calculated rho and theta is referenced and its contents are incremented by 1.  The process is repeated for all pixels that have a logic high value in the image.  Once all pixels in the image have been traversed, the accumulator is yielded to a thresholding operation.  In this operation, all the accumulator locations are indexed and the   values are compared to a thresholding value.  If the value in the appropriate index is greater than the thresholding value, then the value is retained in its location.  Otherwise, the value is cleared to zero.  This is used to only retain lines in the transform of a minimum length.  The resulting array is the output, and it can be interpreted by analyzing each pixel.  A pixel’s value is the length of the line.  The pixel’s index on the rho axis describes the lines minimum distance from the origin.  The pixel’s index on the theta axis describes the angle (with respect to the x-axis) of the line created by minimum distance from the origin to the line.
Design:

Our design is to implement the Hough Transform technique in VHDL so that an ASIC can be created to process digital images.  Our design receives an 8x8 image and uses the polar coordinates approach to detect and describe lines in the image.  Many concepts were considered in terms of architecture.  Our final decision was to implement essentially a cellular automata design for our “search and save” design.  Each row in an image is submitted to its own Search, FIFO circuitry, Look Up and Accumulate circuitry. A row’s contents are searched pixel by pixel in a sequential fashion to detect the pixels’ values.  If the value of a pixel is high, the location of the value is stored in the row’s FIFO.  A slower clock is used to output the contents of the FIFO.  These outputs are submitted to row’s own set of look up tables.  The look up tables provides rho values for all the thetas of interest in the equation ρ = xcosΘ+ysinΘ given the x value (i.e. the FIFO output).  Since each row has its own lookup tables, the y value is not needed in the look up process (since y is fixed for a specific row).  Each row has its own look up tables for every theta.  Thus, each row will have the same number of rho outputs as the number of fixed thetas.  In our case, we are solving for nine possible thetas.  Every rho referenced is indexed in the row’s RAM storage for that appropriate theta.  The contents of the location rho in the row’s RAM are incremented by 1.  Thus, each row contains RAM storages for each theta considered.  

This whole process is repeated for each row in the image.  However, all the rows are processed concurrently in a pipeline fashion since each row has its on circuitry.  Once the row analysis is complete, the RAM storages in each row are added together for a specific theta (i.e. RAM_Theta1 for Row1 + RAM_Theta1 for Row 2 + RAM_Theta1 for Row3 and so on).  The result is one set of RAM storages for each theta.  A comparison is implemented on the contents of each RAM.  Contents greater or equal to the thresholding values are retained in their location of the RAM while contents that are less than the thresholding value are disposed and the location of the RAM is set to 0.  The result is the output of the system which has a RAM for every theta considered in the transform.  A non-zero value in a RAM at a specific row implies the length of the line while the rho represents the shortest length from the origin to the line.  Appropriately, the theta that the RAM represents is the theta of the angle (with respect to the x-axis) of the line created by the shortest path from the line in the image to the origin.  The following diagram represents our design.
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Figure 1: Block Diagram of Complete Hough Transform Design
.  
The following figure is a unit diagram of our design.  Here you can see our design requires an 8x8 bit image, a Reset, an Enable and two clocks.  Also, you can see our design outputs 9 RAMs (one for every theta we are considering).  The length of each RAM is defined by the total number of rhos possible in our design.  Michael Kelley is responsible for this design so this will be further explained in his document.
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Figure 2: Top Level View of our Complete Hough Transform Design 
However, due to time and team member’s absence due to vacation, this report will cover my contribution to the design which is the “Search and Save” portion of the design.  The system will have two chips, one for “Search and Save” and another for the “Lookup, Accumulate and Threshold.”  The documentation and design of the “Lookup, Accumulate and Threshold” portion of the system will be completed by Michael Kelley upon his return from Costa Rica.  The design’s dissection is as follows.
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Figure 3: Chip Dissection of System

Objective:
Create a design that searches an 8 by 8 image for pixels of a logic high value.  The design will detect such pixels and store their location in a FIFO.  The locations will be clocked out of the FIFO for use in the second chip in the design.  Later in the document I will continue to refer to this process as the “Search and Save” procedure.
Specification:

The checker under design will accept a reset input, an “enable” input and an 8x8 bit input image.  If the “Enable” input is asserted high, the design will search for “active” pixels (pixels of active high logic value) and store the location of the active pixels as well as an enable bit in a FIFO at the rate of the “clk” in the system.  The “FIFO_clk” is used to output location and enable values in the FIFO.  This clock operates at a lower frequency.  If the Enable input is asserted low, the system stops the evaluation process.  If the Reset is asserted high, the system is reset (i.e. the RAM is emptied, the outputs locations are set to 000 and the output enables are set to 0 and the counter is reset).  The search operation is a synchronous system that uses a global clock(clk) to synchronize instructions and evaluations.  While the FIFO uses both the global clock (clk) and the FIFO clock FIFO_clk) for synchronization
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Figure 4: “Search and Save” Top Level View

Theory of Operations:

The device will receive the Reset, Enable and Input values from the user and then implement the Search & Save portion of Hough Transform.  The system will process each row’s data at the same time.  In addition, each row will be conducting two processes at the same time.  The Search & Write Operation and the Read Operation will be executed when necessary.  The system always outputs a Location and Lookup_enable value for each row.  The following are explanations of how each process is executed.

At restart, the outputs Location[i] and Lookup_enable[i] are initialized so all bits are “U.”  If enable is de-asserted then the count remains at 000 and the Location[i] is set to “000” and the Lookup_enable[i] is set to “0” for all row outputs.  Otherwise, if the system is enabled, the value of the input[i][0] is analyzed.  If the value is 0 then count is incremented and input[i][1] is analyzed starting a second execution of the search process.  If the value of input[i][0] is 1 then the value of count and the value in of input[i][0] are concatenated and store in the FIFO at the write pointer address.  The write address is then incremented for the row’s FIFO and well as the FIFO’s capacity tally.  Then the FIFO controller checks to see if the tally is 14.  If the tally is 14 then the almost full signal is asserted high and time count is asserted to 1.  If tally is not 14 but time count is less than 9 but is not equal to zero then the almost full signal remains asserted and the time count is incremented by 1.  Otherwise, the almost full signal is asserted low.  Then if the almost full signal is asserted or if the Enable is de-asserted then the Search & Write Operation is paused until the almost full signal is asserted low.  Otherwise, if the almost full signal is low and the Enable is high, the count is incremented and the next bit in a row is analyzed by repeating this process.  The following flowchart describes the Search & Write Operation.    
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Figure 5: Flowchart of Search & Write Operation
While the Search and Write operations are executing, the read operation is also executing.  At restart, the read pointer is initialized to 0000 at startup and the RAM data is initialized to all U’s as well.  The “emp” signal is asserted high at restart because the FIFO is empty.  At every change FIFO_clk, the “emp” signal is evaluated.  If the empty signal is low, the data in the FIFO at index read pointer is outputted, the read pointer is incremented and the FIFO tally is decremented.  Otherwise, if “emp” is zero the read functions is not executed.   The following is the flowchart of the Read Operation.  
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Figure 6: Flowchart of Read Operation

Implementation:
The system receives the 8x8 image and it parses this image by row.  Each row is analyzed sequentially by means of a counter.  In order to sequentially traverse each row bit by bit, the counter needs to produce a value for every bit in each row (8 bits).  Thus, a 0 to 7 counter is necessary.  The following karnaugh maps show the counter construction process for the three bit count signal (X3X2X1).

	X1
	x2x1
	x2x1
	x2x1
	x2x1

	x3
	11
	01
	11
	10

	0
	1
	0
	0
	1

	1
	1
	0
	0
	1


X1 =  ~(x1)

	X2
	x2x1
	x2x1
	x2x1
	x2x1

	x3
	11
	01
	11
	10

	0
	0
	1
	0
	1

	1
	0
	1
	0
	1


X2 =  x2 XOR x1
	X3
	x2x1
	x2x1
	x2x1
	x2x1

	x3
	11
	01
	11
	10

	0
	0
	0
	1
	1

	1
	1
	1
	0
	1


X3 =  x3 XOR x2x1
From the previous calculations,  the counter can be designed at the gate level.  The following is a schematic of the 0 to 7 three- bit counter.  
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Figure 7: 0 to 7 Bit Counter
This component was described using the structural and dataflow approach.  Thus, you can see the synthesis is of the 0 to 7 counter is very close to the schematic in figure 5.  This displays designer control over the synthesis tool.
Now that the counter has been designed, the search mechanism can be designed.  Every pixel in each 8-bit row is evaluated in a sequential fashion.  Therefore, each bit of the row needs to be paired with its own value of the counter.  The following table shows the pairings (i.e. which bit of the row is evaluated at which time).  

	Counter Value
	Image Bit

	000
	Input[i][0]

	001
	Input[i][1]

	010
	Input[i][2]

	011
	Input[i][3]

	100
	Input[i][4]

	101
	Input[i][5]

	110
	Input[i][6]

	111
	Input[i][7]


 For example, when the counter value is 000 the first bit of the row is evaluated.  Notice that the row index in the table is specified as “i”.  This is because this identical chart is implemented by all the rows at the same time.  By using the all the pairs as inputs to the following circuit for each row, active pixels in that row can be observed.  For example, if the counter is 011 and if the content in Input[i][3] is 1 then the Status signal for that appropriate row is driven high indicating the detection of an active signal.  On the next cycle of the global clock, the counter will be 100.  At this point, if the content in Input[i][4] is 1 then Status will be 1(“active” pixel detected).  Otherwise, if Input[i][4] is 0 then status is 0 (no “active” pixel) 
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Figure 8:  Search for Active Pixels Circuit
At every value in the counter, the status bit of each row’s circuit is concatenated with the value of the counter creating a four-bit “pkg” value for each row.  This package value is then submitted to the row’s personal FIFO (First In First Out Structure).  Each FIFO has sixteen locations of 5 bits.  The device is initialized with no values stored and the read and write pointers assigned to the first address (000).

[image: image5.emf]Write Pointer

0000

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011

1100

1101

1110

1111

0000

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011

1100

1101

1110

1111

Read Pointer


Figure 9: FIFO Structure Initialization
At the negative edge of the global clock, ff the package input’s (“pkg”) most significant bit is 1 and the FIFO “almost full” status is not asserted, then the write pointer is converted to an index integer and then the write pointer is incremented by one.  Then at the positive edge of the global clock, the package is written to the FIFO array at the location of the index integer.  The following displays the idea of a write to the FIFO.
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Figure 10: FIFO Write Operation
Notice, the capacity is three because three separate packages have been added to the FIFO.  This capacity is used to determine when the FIFO is almost full (i.e. when to suspend the search) and when to continue a suspended search.  This information is computed by the FIFO controller which I will explain later.  If the package input’s most significant bit is one but the “almost_full” status is asserted, then the write pointer’s value is retained and the write does not take place.  However, the “almost_full” signal is inverted and then ANDed with the enable system input.  The result is used as the Counter enable.  Thus, when the “almost_full” signal is asserted, the search mechanism is suspended so no “active” pixel detection data is lost.  I will explain how the “almost_full” bit is evaluated later as well (this is a controller too).

First, let me explain how items are read from the FIFO structure.  At every rising edge of the FIFO_clk (the clock running at a reduced frequency), the FIFO will convert the read pointer to an index integer and then increment the read pointer.  At the negative edge of the clock, the first five bits of the content in the FIFO at the location of the index integer are asserted to the Location output of that specific row.  The most significant bit of the content in the FIFO at the specified location is set to the Lookup_enable output of the specific row.  The following shows the structure of a read operation.
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Figure 11: FIFO Read Operation
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Notice after the Read is implemented the capacity is reduced to 2.  This is where the controllers come in.  A controller is implemented to keep track of the capacity of the FIFO.  This function is initialized to zero after a reset and at startup.  Every time a write function is implemented, the count is incremented by one.  Every time the read function is implemented, the count is decremented by one.  Otherwise, the count is unchanged.  The following show the state diagram for this process.
Figure 14: FIFO Capacity Audit State Diagram

The result of the capacity count is used in the next controller.  This controller determines when to suspend a read or write/search process.  If the count is 14 then the “almost full” signal is asserted and a time count variable is set to 1.  If “almost full” is asserted high and the time count is less than 9 and not equal to 0, then the “almost_full” signal is remains high while the time count is incremented by one.  Once this count is equal to 9, the “almost_full” signal is de-asserted and the count value is reset to 0.  The purpose of this is to suspend the search and flush out some of the FIFO when it becomes nearly full.  If the capacity count is 0 or if the system is reset then the “emp” signal is asserted indicating the FIFO is empty.  At this point, no more reads are executed, regardless of the FIFO_clk status, until the FIFO receives more content.
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Figure 15: Suspend Read/Write State Diagram
The outputs of each row’s FIFO, Location[i] and Lookup_enable[i], will be received and processed by Michael’s portion of the design.  The look up table will evaluate rho of Location[i] every time Location[i] changes as long as Lookup_enable[i] is 1.  This completes the design of chip one in the Hough Transform system.  Please refer to Michael Kelley’s document for an explanation of the second phase of the Hough Transform system.


In terms of modules, the following figure shows how the VHDL code structure communicates to implement the eight bit best polarity checker.  In the Top Level cod (See Code 4), three instantiated entities interact:  the control unit, the incrementer and the evaluation.  Note that both the incrementer and the 
The following figure demonstrates how the VHDL test bench code interacts with the VHDL source code.  The test bench provides a simulation of a user’s Reset, Enable and Input requests.  In addition, the test bench also supplies the global clock and FIFO clock for the system.  The VHDL source code receives these test vectors and generates the resulting output vectors Location[i] and Lookup_enable[i] for “i” equal to 0, 1, 2, 3,  4, 5, 6,  and 7. 
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Figure 16: Top Level View Of VHDL Implementation and Simulation
Verification:


The design was implemented and verified in ModelSim using VHDL.  The FIFO was conducted by means of four PROCESS statements each containing nested IF-ELSE statements.  The counter was created by instantiating structurally a D-Flip Flop, which was created using a PROCESS statement with a nested IF-ELSE statement, and dataflow modeling.  The top level architecture, Search Block, was implemented using dataflow modeling as we as structural modeling since instantiations of the 0 to 7 counter and the FIFO were used.  Please see the “VHDL Implementation” for all four architectures.  The design was tested with two separate test benches.  One test bench test an image input while the other tests the Reset and Enable functions.  Please refer to the “Simulation Results” section for further evidence of verification.
VHDL Implementation:
LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

--declaration of entity with inputs Reset, Enable, clk of type BIT

--D input of type std_logice

--outputs Q and Qbar of type std_logic

ENTITY DFF IS


PORT (Reset, Enable, clk: IN BIT; D: IN STD_LOGIC; Q, Qbar: OUT STD_LOGIC);

END DFF;

ARCHITECTURE behavioral OF DFF IS

BEGIN

--any time D, clk, Reset or Enable changes

--execute this process

PROCESS(D, clk, Reset, Enable)

   BEGIN

   --if Reset is high then assign Q and Qbar to 0


IF (Reset = '1') THEN



Q <= '0';



Qbar <= '0';

   --ELSIF Reset is 0 and Enable is 1 and there is a positive clock edge

   --assign Q to D and Qbar to NOT D


ELSIF (Reset = '0' AND Enable = '1' AND clk = '1' AND clk'EVENT) THEN



Q <= D;



Qbar <= (NOT D);


END IF;

END PROCESS;

END behavioral;





Code 1: VHDL Design for Enable/Reset D-Flip Flop
LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

--declare Entity wit input Reset, Enable, clk of type BIT

--and a three bit output vector Count of type std_logic

ENTITY count_to_7 IS


PORT (Reset, Enable, clk: IN BIT;


      Count: OUT STD_LOGIC_VECTOR (3 DOWNTO 1));

END count_to_7;

ARCHITECTURE structural OF count_to_7 IS

--declare the component for the resetable D-Flip Flop

COMPONENT Reset_DFF 


PORT (Reset, Enable, clk: IN BIT; D: IN STD_LOGIC; Q, Qbar: OUT STD_LOGIC);

END COMPONENT;

--link the component to the Entity DFF and Architecture "behavioral"

FOR ALL: Reset_DFF USE ENTITY WORK.DFF(behavioral);

--declaration of intermediate signals

SIGNAL input1, input2, input3: STD_LOGIC;

SIGNAL temp1, temp2, temp3: STD_LOGIC;

SIGNAL Qbar1, Qbar2, Qbar3: STD_LOGIC;

SIGNAL Q1, Q2, Q3: STD_LOGIC;

SIGNAL ob1, ob2, ob3: STD_LOGIC;

SIGNAL o1, o2, o3: STD_LOGIC;

BEGIN

--assign outputs to the output signals of the D-FFs

Count(1) <= o1;

Count(2) <= o2;

Count(3) <= o3;

--evaluate next state for all three bits

temp1 <= Qbar1;

temp2 <= Q2 XOR Q1;

temp3 <= (Q3 XOR (Q2 AND Q1));

--assign these next state values to inputs for the DFFs

--for storage

input1 <= temp1;

input2 <= temp2;

input3 <= temp3;

--instantiated 3 DFF's for retaining current states

DFF1: Reset_DFF PORT MAP(Reset, Enable, clk, input1, o1, ob1);

DFF2: Reset_DFF PORT MAP(Reset, Enable, clk, input2, o2, ob2);

DFF3: Reset_DFF PORT MAP(Reset, Enable, clk, input3, o3, ob3);

--assign Q and Qbar outputs of DFFs to intermediate signals

--so that next state values can be determined for each bit

Q1 <= o1;

Qbar1 <= ob1;

Q2 <= o2;

Qbar2 <= ob2;

Q3 <= o3;

Qbar3 <= ob3;

END structural;
Code 2: VHDL Design for the 0 to 7 Counter Unit
-- including IEEE library for std_logic and unsigned std_logic and library for arithmetic functions

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE ieee.std_logic_unsigned.ALL;

USE ieee.std_logic_arith.ALL;

--declaration of entity titled FIFO_control3 receives clk, FIFO_clk, rd, input

--outputs output and full
ENTITY fifo_control3 IS


PORT (reset: IN bit;


      clk, FIFO_clk: IN bit;


     --rd: IN bit;


      input: IN std_logic_vector(4 DOWNTO 1);


      output: OUT std_logic_vector(4 DOWNTO 1);


      full: OUT bit);

END fifo_control3;

--declaration of architecture titled "base" of entity

ARCHITECTURE behavioral OF fifo_control3 IS

TYPE fifo IS ARRAY (0 TO 15) OF std_logic_vector(4 DOWNTO 1);

--declare a signal of the "fifo" type

SIGNAL RAM: fifo;

--declare a signal of the integer type with a range from 0 to 31

SIGNAL int_wrt, int_rd: INTEGER RANGE 0 TO 15;

SIGNAL out_struct: std_logic_vector(4 DOWNTO 1);

--declaration of all signals necessary

signal rd_add: std_logic_vector(3 DOWNTO 0);

signal wrt_add, wr_ptr: std_logic_vector(3 DOWNTO 0);

signal tally: integer RANGE 0 TO 16;

signal almost_full_sig: BIT;

signal wr, rd, emp_sig:BIT;

BEGIN


--this process is a controller to keep track of when to suspend


--read or write operations by asserting emp_signal or almost_full_sig high


--respectively


--at a change in tally or reset.....


PROCESS(tally, reset)


VARIABLE count: INTEGER RANGE 0 TO 16;


BEGIN


--if reset, emp is 1 and count is 0



IF (reset = '1') THEN




almost_full_sig <= '0';




emp_sig <= '1';




count := 0;


--if tally is 14 then almost_full_sig is 1


--and count is 1



ELSIF (tally = 14) THEN




almost_full_sig <= '1';




emp_sig <= '0';




count:=1;


--if tally is 0 then emp_sig is activated



ELSIF (tally = 0) THEN




almost_full_sig <= '0';




emp_sig <= '1';




count := 0;


--if count is less than 9 but not equal to 0


--keep the almost_full_sig high in order to flush out


--the FIFO and not add any new content immediately and increment


--count by 1



ELSIF (count < 9) AND (count/=0) THEN




almost_full_sig <= '1';




emp_sig <= '0';




count := count+1;


--if count is 9 or 0 de-assert both almost_full_sig and emp_sig


--and set count to 0



ELSIF (count = 9) OR (count = 0) THEN




almost_full_sig <= '0';




emp_sig <= '0';




count := 0;



END IF;


END PROCESS;


--asser almost_full_sig to output signal


full<=almost_full_sig;


--at a change in the global clock or reset.......


PROCESS (clk, reset)


VARIABLE wr_var_ptr: std_logic_vector(3 DOWNTO 0):= "0000";


BEGIN


--if reset is high initialize the write pointer to 0000 and initialize the complete RAM to


--"U"s


IF (reset = '1') THEN




wr_var_ptr := "0000";




RAM<=((OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'),




      (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'),




      (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'),




      (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'), (OTHERS=>'U'));




wr <= '0';


--at the negative edge of the clock 


ELSIF (clk = '0' AND clk'EVENT) THEN


--if the package input's MSB is 1 and the FIFO is not almost full


--convert the write pointer to an integer and then increment the write pointer


--signal a write function



IF (input(4) = '1' AND almost_full_sig = '0') THEN




int_wrt <= conv_integer(wr_var_ptr);




wr_var_ptr := wr_var_ptr+1;




wr <= '1';


--else if MSB of package is 0 or FIFO is almost full then


--do not increment write pointer and do not signal a write function



ELSIF (input(4) = '0' OR (input(4) = '1' AND almost_full_sig = '1')) THEN 




wr_var_ptr :=wr_var_ptr;




wr <= '0';



END IF;


--at the positive edge of the clock


ELSIF (clk = '1' AND clk'EVENT) THEN


--set the input package to the RAM at address write pointer integer index


--assert write function signal low



IF (input(4) = '1' AND almost_full_sig = '0') THEN




RAM(int_wrt) <= input;




wr <= '0';



END IF;


END IF;


END PROCESS;


--at a change in reset or FIFO clock......


VARIABLE rd_var_ptr: std_logic_vector(3 DOWNTO 0):= "0000";


BEGIN


--if reset is asserted initialize the read pointer to 0000 and the out_struct to Us


--signal no read operation


IF (reset = '1') THEN




rd_var_ptr := "0000";




out_struct<= (OTHERS=>'U');




rd <= '0';


--at the positive edge of the clock


ELSIF (FIFO_clk'EVENT AND FIFO_clk = '1') THEN



--is FIFO is not empty, convert read point to an index integer


--and increment the read pointer 


--and signal a read operation 



IF (emp_sig = '0') THEN




int_rd <= conv_integer(rd_var_ptr);




rd_var_ptr := rd_var_ptr+1;




rd <= '1';



ELSE


--otherwise if FIFO is empty do not increment the pointer and


--do not signal a read operation




rd_var_ptr := rd_var_ptr;




rd <='0';



END IF;


--at the negative edge of the clock


ELSIF (FIFO_clk'EVENT AND FIFO_clk = '0') THEN


--if the FIFO is empty read the contents of the RAM at the address of the


--index integer to out_struct


--de-assert the read operation signal



IF (emp_sig = '0') THEN




rd_var_ptr := rd_var_ptr;




out_struct <= RAM(int_rd);




rd <= '0';



ELSE




rd_var_ptr := rd_var_ptr;




out_struct <= RAM(int_rd); 




rd <= '0';



END IF;


END IF;


END PROCESS;


--assert out_struct to an output


output <= out_struct;


--at a change in rd, wr or reset.......


PROCESS(rd, wr, reset)


VARIABLE t_count: INTEGER RANGE 0 TO 16;


BEGIN


--if reset is 1 then the capacity of the FIFO is 0



IF (reset = '1') THEN




t_count := 0;


--if wr is 1 then the capacity of the FIFO is the previous capacity plus one



ELSIF (wr = '1') THEN




t_count := t_count+1;


--if rd is 1 then the capacity of the FIFO is the previous capacity minus one



ELSIF (rd = '1') THEN




t_count := t_count-1;


--else do not change the capacity value



ELSE




t_count := t_count;



END IF;



--assign the capacity variable value to tally so the first controller



--can use the capacity information



tally <= t_count;


END PROCESS;

END behavioral;
Code 3: VHDL Design for the FIFO Unit
LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE WORK.my_data_types.all;

--Search Block receives user's Enable, Reset and Input Image

--uses global and FIFO clock

--output Location and Lookup enable for each row in the image

ENTITY Search_Block2 IS


PORT(Reset, Enable, clk, FIFO_clk: IN BIT; input: IN image; 


Location: OUT thirtytwoByFiveArray; Lookup_enable: OUT STD_LOGIC_VECTOR (0 TO 7)); 

END Search_Block2;

ARCHITECTURE structural OF Search_Block2 IS

--declare components for use and their port interface


COMPONENT fifo_top


PORT (reset: IN bit;


      clk, FIFO_clk: IN bit;


      --rd: IN bit;


      input: IN std_logic_vector(4 DOWNTO 1);


      output: OUT std_logic_vector(4 DOWNTO 1);


      full: OUT bit);


END COMPONENT;


COMPONENT count_to_7


PORT (Reset, Enable, clk: IN BIT;


      Count: OUT STD_LOGIC_VECTOR (3 DOWNTO 1));


END COMPONENT;

--delcare where these components' entities are located and which architectures to use


FOR ALL: fifo_top USE ENTITY WORK.FIFO_Control3(behavioral);


FOR ALL: count_to_7 USE ENTITY WORK.count_to_7(structural);

--declare necessary signals


SIGNAL temp: TwoDarray;

SIGNAL Count: std_logic_vector(3 DOWNTO 1);

SIGNAL top_out, pkg: thirtytwoBySixArray; 

SIGNAL top_emp, top_full, stop: BIT_VECTOR(0 TO 7); 

SIGNAL Status: std_logic_vector(0 TO 7);

SIGNAL internal_enable: BIT;

BEGIN

--stop the counter if any of the row's FIFO is full or if the user requests to disable 

--by asserting Enable to 0

internal_enable <= (NOT stop(0) AND NOT stop(1) AND NOT stop(2) AND NOT stop(3) AND NOT stop(4) AND NOT stop(5) 




AND NOT stop(6) AND NOT stop(7)) AND Enable;

--instantiate a counter

C1: count_to_7 PORT MAP(Reset, Enable, clk, Count);

--for all rows implement the following circuitry

Search: FOR i IN 0 TO 7 GENERATE

 --the count value will determine if a specific bit in a row has a pixel of value 1

 --for example 0100 always determines if the fifth bit in all rows is 1 or 0


temp(i)(0) <= ((NOT Count(3)) AND (NOT Count(2)) AND (NOT Count(1)) AND input(i)(0));


temp(i)(1) <= ((NOT Count(3)) AND (NOT Count(2)) AND Count(1) AND input(i)(1));


temp(i)(2) <= ((NOT Count(3)) AND Count(2) AND (NOT Count(1)) AND input(i)(2));


temp(i)(3) <= ((NOT Count(3)) AND Count(2) AND Count(1) AND input(i)(3));


temp(i)(4) <= (Count(3) AND (NOT Count(2)) AND (NOT Count(1)) AND input(i)(4));


temp(i)(5) <= (Count(3) AND (NOT Count(2)) AND Count(1) AND input(i)(5));


temp(i)(6) <= (Count(3) AND Count(2) AND (NOT Count(1)) AND input(i)(6));


temp(i)(7) <= (Count(3) AND Count(2) AND Count(1) AND input(i)(7));

--if any pixel is determined to have a value of 1 then the status signal for that row is asserted


Status(i) <= temp(i)(1) OR temp(i)(2) OR temp(i)(3) OR temp(i)(4) OR temp(i)(5) OR temp(i)(6) OR temp(i)(7) OR temp(i)(0);

--the status signal of a row is concatenated with the current count value and is stored as a package


pkg(i) <= Status(i) & Count;

--implement the FIFO for each row and input the package for the row
     


fifo1: fifo_top PORT MAP (Reset, clk, FIFO_clk, pkg(i), top_out(i), stop(i));

--set the Lookup_enable for the row equal to the FIFO output's MSB 


Lookup_enable(i) <= top_out(i)(4);

--assert the Location output to the last three bits of the FIFO's output


Location(i) <= top_out(i)(3 DOWNTO 1);

END GENERATE;

END structural;
Code 4: VHDL Design for the Top Level of the Search Block
--Test Bench for the implementation of the input

--11000000

--01100000

--00110000

--00011000

--00001100

--00000110

--00000011

--00000001
LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE WORK.my_data_types.all;

ENTITY Top_test IS

END Top_test;

ARCHITECTURE bench OF Top_test IS

COMPONENT System_top



PORT (Reset, Enable, clk, FIFO_clk: IN BIT; 



      input: IN image; 



      Location: OUT thirtytwoByFiveArray; 



      Lookup_enable: OUT STD_LOGIC_VECTOR (0 TO 7)); 

END COMPONENT;

FOR ALL: System_top USE ENTITY WORK.Search_Block2(structural);

SIGNAL Reset, Search_clk, FIFO_clk, Enable: BIT;

SIGNAL input: image;

SIGNAL Location: thirtytwoByFiveArray;

SIGNAL Lookup_enable: STD_LOGIC_VECTOR (0 TO 7);

BEGIN

st1: System_top PORT MAP (Reset, Enable, Search_clk, FIFO_clk, input, Location, Lookup_enable);

Reset <= '1',


 '0' AFTER 2 ns;

Enable <= '1';

Search_clk <= '0',


      '1' AFTER 5 ns,


      '0' AFTER 10 ns,


      '1' AFTER 15 ns,


      '0' AFTER 20 ns,


      '1' AFTER 25 ns,


      '0' AFTER 30 ns,


      '1' AFTER 35 ns,


      '0' AFTER 40 ns,


      '1' AFTER 45 ns,


      '0' AFTER 50 ns,


      '1' AFTER 55 ns,


      '0' AFTER 60 ns,


      '1' AFTER 65 ns,


      '0' AFTER 70 ns,


      '1' AFTER 75 ns,


      '0' AFTER 80 ns,


      '1' AFTER 85 ns,


      '0' AFTER 90 ns,


      '1' AFTER 95 ns,


      '0' AFTER 100 ns,


      '1' AFTER 105 ns,


      '0' AFTER 110 ns,


      '1' AFTER 115 ns,


      '0' AFTER 120 ns,


      '1' AFTER 125 ns,


      '0' AFTER 130 ns,


      '1' AFTER 135 ns,


      '0' AFTER 140 ns,


      '1' AFTER 145 ns,


      '0' AFTER 150 ns,


      '1' AFTER 155 ns,


      '0' AFTER 160 ns,


      '1' AFTER 165 ns,


      '0' AFTER 170 ns,


      '1' AFTER 175 ns,


      '0' AFTER 180 ns,


      '1' AFTER 185 ns,


      '0' AFTER 190 ns,


      '1' AFTER 195 ns,


      '0' AFTER 200 ns,


      '1' AFTER 205 ns,


      '0' AFTER 210 ns,


      '1' AFTER 215 ns,


      '0' AFTER 220 ns,


      '1' AFTER 225 ns,


      '0' AFTER 230 ns,


      '1' AFTER 235 ns,


      '0' AFTER 240 ns,


      '1' AFTER 245 ns,


      '0' AFTER 250 ns,


      '1' AFTER 255 ns;

FIFO_clk <= '0',


      '1' AFTER 10 ns,


      '0' AFTER 20 ns,


      '1' AFTER 30 ns,


      '0' AFTER 40 ns,


      '1' AFTER 50 ns,


      '0' AFTER 60 ns,


      '1' AFTER 70 ns,


      '0' AFTER 80 ns,


      '1' AFTER 90 ns,


      '0' AFTER 100 ns,


      '1' AFTER 110 ns,


      '0' AFTER 120 ns,


      '1' AFTER 130 ns,


      '0' AFTER 140 ns,


      '1' AFTER 150 ns,


      '0' AFTER 160 ns,


      '1' AFTER 170 ns,


      '0' AFTER 180 ns,


      '1' AFTER 190 ns,


      '0' AFTER 200 ns,


      '1' AFTER 210 ns,


      '0' AFTER 220 ns,


      '1' AFTER 230 ns,


      '0' AFTER 240 ns,


      '1' AFTER 250 ns;

input <= ("11000000", "01100000", "00110000", "00011000", "00001100", "00000110", "00000011", "00000001");

END bench;
Code 5: VHDL Test Bench for Testing the Following Input
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--Test Bench for the implementation of the input

--11000000

--01100000

--00110000

--00011000

--00001100

--00000110

--00000011

--00000001

--testing functionaliy of user Reset and Enable

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE WORK.my_data_types.all;

ENTITY Top_test IS

END Top_test;

ARCHITECTURE bench OF Top_test IS

COMPONENT System_top



PORT (Reset, Enable, clk, FIFO_clk: IN BIT; 



      input: IN image; 



      Location: OUT thirtytwoByFiveArray; 



      Lookup_enable: OUT STD_LOGIC_VECTOR (0 TO 7)); 

END COMPONENT;

FOR ALL: System_top USE ENTITY WORK.Search_Block2(structural);

SIGNAL Reset, Search_clk, FIFO_clk, Enable: BIT;

SIGNAL input: image;

SIGNAL Location: thirtytwoByFiveArray;

SIGNAL Lookup_enable: STD_LOGIC_VECTOR (0 TO 7);

BEGIN

st1: System_top PORT MAP (Reset, Enable, Search_clk, FIFO_clk, input, Location, Lookup_enable);

Reset <= '1',


 '0' AFTER 2 ns,


 '1' AFTER 180 ns,


 '0' AFTER 183 ns;

Enable <= '0',


  '1' AFTER 20 ns,


  '0' AFTER 90 ns,


  '1' AFTER 140 ns;

Search_clk <= '0',


      '1' AFTER 5 ns,


      '0' AFTER 10 ns,


      '1' AFTER 15 ns,


      '0' AFTER 20 ns,


      '1' AFTER 25 ns,


      '0' AFTER 30 ns,


      '1' AFTER 35 ns,


      '0' AFTER 40 ns,


      '1' AFTER 45 ns,


      '0' AFTER 50 ns,


      '1' AFTER 55 ns,


      '0' AFTER 60 ns,


      '1' AFTER 65 ns,


      '0' AFTER 70 ns,


      '1' AFTER 75 ns,


      '0' AFTER 80 ns,


      '1' AFTER 85 ns,


      '0' AFTER 90 ns,


      '1' AFTER 95 ns,


      '0' AFTER 100 ns,


      '1' AFTER 105 ns,


      '0' AFTER 110 ns,


      '1' AFTER 115 ns,


      '0' AFTER 120 ns,


      '1' AFTER 125 ns,


      '0' AFTER 130 ns,


      '1' AFTER 135 ns,


      '0' AFTER 140 ns,


      '1' AFTER 145 ns,


      '0' AFTER 150 ns,


      '1' AFTER 155 ns,


      '0' AFTER 160 ns,


      '1' AFTER 165 ns,


      '0' AFTER 170 ns,


      '1' AFTER 175 ns,


      '0' AFTER 180 ns,


      '1' AFTER 185 ns,


      '0' AFTER 190 ns,


      '1' AFTER 195 ns,


      '0' AFTER 200 ns,


      '1' AFTER 205 ns,


      '0' AFTER 210 ns,


      '1' AFTER 215 ns,


      '0' AFTER 220 ns,


      '1' AFTER 225 ns,


      '0' AFTER 230 ns,


      '1' AFTER 235 ns,


      '0' AFTER 240 ns,


      '1' AFTER 245 ns,


      '0' AFTER 250 ns,


      '1' AFTER 255 ns;

FIFO_clk <= '0',


      '1' AFTER 10 ns,


      '0' AFTER 20 ns,


      '1' AFTER 30 ns,


      '0' AFTER 40 ns,


      '1' AFTER 50 ns,


      '0' AFTER 60 ns,


      '1' AFTER 70 ns,


      '0' AFTER 80 ns,


      '1' AFTER 90 ns,


      '0' AFTER 100 ns,


      '1' AFTER 110 ns,


      '0' AFTER 120 ns,


      '1' AFTER 130 ns,


      '0' AFTER 140 ns,


      '1' AFTER 150 ns,


      '0' AFTER 160 ns,


      '1' AFTER 170 ns,


      '0' AFTER 180 ns,


      '1' AFTER 190 ns,


      '0' AFTER 200 ns,


      '1' AFTER 210 ns,


      '0' AFTER 220 ns,


      '1' AFTER 230 ns,


      '0' AFTER 240 ns,


      '1' AFTER 250 ns;

input <= ("11000000", "01100000", "00110000", "00011000", "00001100", "00000110", "00000011", "00000001");

END bench;

Code 6: VHDL Test Bench for Testing the User Enable & Reset Functionality
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Figure 17: Top I/O Waveform Results for Input
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Figure 18: Counter Waveform Results for Input
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Figure 19: Search Block Waveform Results for Row 2 of Input
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Figure 20: Enable & Reset Functionality Test -Top I/O Waveform Results for Input
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Figure 21: Enable & Reset Functionality Test - Counter Waveform Results for Input
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Figure 22: Enable & Reset Functionality Test-Search Block Waveform Results for Row 2 of Input
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Synthesis:

The design was successfully synthesized using Leonardo Spectrum.  The device I chose to use was the Cypress Quantum 38K FPGA chip.  The following are the RTL schematics that were generated as well as the synthesis report.
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Synthesis 1:  D-Flip Flop RTL Schematic
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Synthesis 2: D-Flip Flop Top Level Schematic
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Synthesis 3: 0 to 7 Counter RTL Schematic

[image: image32.png]Enable][

Reset[ >——

clk

Enable
Reset
ck

Count[2 1 ]mmf > Count[3:1]

count_to_7

Enable [ >——|
Reset[D>——p

ek

Enable
Reset
ck

Counti3 i——> Count[3:1]

count_to_7





Synthesis 4: 0 to 7 Counter Top Level RTL Schematic 
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Synthesis 5: FIFO RTL Schematic
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Synthesis 6: FIFO Top Level RTL Schematic
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Synthesis 7: Search Block RTL Schematic
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Synthesis 8: Search Block Top Level RTL Schematic

*******************************************************

Cell: or_8u_8u    View: INTERFACE    Library: OPERATORS

*******************************************************

 Number of ports :                       9

 Number of nets :                        0

 Number of instances :                   0

 Number of references to this view :     8

Total accumulated area : 

 Black Box or_8u_8u :                    1

*******************************************************

Cell: fifo_top    View: INTERFACE    Library: work

*******************************************************

 Number of ports :                      12

 Number of nets :                        0

 Number of instances :                   0

 Number of references to this view :     8

Total accumulated area : 

 Black Box fifo_top :                    1

*******************************************************

Cell: DFF    View: behavioral_unfold_1694    Library: work

*******************************************************

 Cell    Library  References     Total Area

AND2     PRIMITIVES     2 x      1      2 AND2

FALSE    PRIMITIVES     1 x      1      1 FALSE

INV      PRIMITIVES     1 x      1      1 INV

LATRS    PRIMITIVES     1 x      1      1 LATRS

 Number of ports :                       6

 Number of nets :                        9

 Number of instances :                   5

 Number of references to this view :     2

Total accumulated area : 

 Black Box AND2 :                        2

 Black Box FALSE :                       1

 Black Box INV :                         1

 Black Box LATRS :                       1

 Number of accumulated instances :       5

*******************************************************

Cell: DFF    View: behavioral_unfold_1693    Library: work

*******************************************************

 Cell    Library  References     Total Area

AND2     PRIMITIVES     2 x      1      2 AND2

FALSE    PRIMITIVES     1 x      1      1 FALSE

INV      PRIMITIVES     2 x      1      2 INV

LATRS    PRIMITIVES     2 x      1      2 LATRS

 Number of ports :                       6

 Number of nets :                       10

 Number of instances :                   7

 Number of references to this view :     1

Total accumulated area : 

 Black Box AND2 :                        2

 Black Box FALSE :                       1

 Black Box INV :                         2

 Black Box LATRS :                       2

 Number of accumulated instances :       7

*******************************************************

Cell: count_to_7    View: structural    Library: work

*******************************************************

 Cell    Library  References     Total Area

AND2     PRIMITIVES     1 x      1      1 AND2

DFF      work           2 x      1      2 LATRS

                                 2      4 AND2

                                 1      2 INV

                                 1      2 FALSE

DFF      work           1 x      2      2 LATRS

                                 2      2 AND2

                                 2      2 INV

                                 1      1 FALSE

FALSE    PRIMITIVES     1 x      1      1 FALSE

XOR2     PRIMITIVES     2 x      1      2 XOR2

 Number of ports :                       6

 Number of nets :                       10

 Number of instances :                   7

 Number of references to this view :     1

Total accumulated area : 

 Black Box AND2 :                        7

 Black Box FALSE :                       4

 Black Box INV :                         4

 Black Box LATRS :                       4

 Black Box XOR2 :                        2

 Number of accumulated instances :      21

*******************************************************

Cell: Search_Block2    View: structural    Library: work

*******************************************************

 Cell         Library  References     Total Area

AND2          PRIMITIVES    76 x      1     76 AND2

INV           PRIMITIVES     3 x      1      3 INV

count_to_7    work           1 x      4      4 FALSE

                                      4      4 INV

                                      4      4 LATRS

                                      7      7 AND2

                                      2      2 XOR2

fifo_top      work           8 x      1      8 fifo_top

or_8u_8u      OPERATORS      8 x      1      8 or_8u_8u

 Number of ports :                     100

 Number of nets :                      190

 Number of instances :                  96

 Number of references to this view :     0

Total accumulated area : 

 Black Box AND2 :                       83

 Black Box FALSE :                       4

 Black Box INV :                         7

 Black Box LATRS :                       4

 Black Box XOR2 :                        2

 Black Box fifo_top :                    8

 Black Box or_8u_8u :                    8

 Number of accumulated instances :     116

Synthesis 9: Synthesis Report for Search & Write Design on Cypress

Quantum 38K Device

Limitations & Improvements:


The design is implemented to search for lines only.  The design can be further extend to consider search and writing for detecting circles and other shapes.   Also, another room for improvement is having the system stop immediately when the end of a row is reached and having the system capable of suspending until a new image has been submitted to the device.  This would cut down on dynamic power usage.
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M. Hughes-Hough Transform: Search & Write Operation
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