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Objective

To design a Braitenberg vehicle that switches its behavior (from shy to aggressive or aggressive to shy) on its own.

The vehicle

In a simple form, the Braitenberg vehicle can be illustrated as in figure 1.


[image: image1]
Figure 1.  The Braitenberg vehicle

Some information from figure 1 about the vehicle and its environment for this application:

· Left/Right sensors: For this application, I use whiskers as the sensors for the vehicle to detect collisions with obstacles in its path.  

· Left/Right wheels: These wheels are operated/controlled by servos

· Left/Right servos: These servos operate/control the left/right wheels, respectively.

· Free-moving wheel: The wheel freely turns wherever the vehicle is heading.  Just to provide stability to the vehicle.

· State machine: The ‘brain’ of the vehicle, it takes the inputs from the sensors then ‘translates’ it to ‘actions’ to the servos.

· Obstacle: The environment element that is being detected by the sensors

With a little-to-no tweaking, the system described here could easily be used for light chasing/avoiding behavior instead of obstacle detecting (by changing the sensors to photosensors, and perhaps some parts of the VHDL code).

The System

The basic movements of the vehicle are

· If the sensors don’t detect anything (i.e. no obstacles) in front/left-front/right-front of the vehicle, the vehicle will go forward

· Otherwise, the vehicle will:

· Turns away from the direction of the obstacle – shy behavior

· Turns toward the direction of the obstacle – aggressive behavior


[image: image2]
Figure 2 – shy behavior

(a) obstacle detected on the left,  (b) turns to the right (away) from the obstacle


[image: image3]
Figure 3 – aggressive behavior

(a) obstacle detected on the left,  (b) turns to the left (towards) the obstacle

In addition, if both sensors detect an obstacle/obstacles:

· If it’s shy, it will stop moving until any of the obstacles is removed.

· If it’s aggressive, it will keep turning in whichever direction it was turning before it hits the second obstacle (i.e. in a corner).
The behavior change is triggered after a certain number of collisions; if it’s shy, it will change to aggressive, or if it’s aggressive, it will change to shy.

Assumptions & simplifications:

· always turn at a predefined angle – arbitrary would be better

· turning towards the obstacle doesn’t make the vehicle stuck

· behavior change always after a predefined number of collisions – arbitrary would be better

· there’s no backward movement – it would be better if there were

· in aggressive mode, if both sensors detect an obstacle at the (exact) same time (i.e. running head-on/perpendicular to a wall), it will keep moving  forward -- again, it would be better if it would turn in an arbitrary direction

Implementation

The design is to be implemented in VHDL.  From high-level view, the system block is as follows:


[image: image4]
Figure 4.  Block diagram of the vehicle
Based on the inputs from the sensors and the status of the state register (what state the machine is currently in, or what state the machine will be in on the next rising clock edge), the state machine will then determine what the outputs to the motors will be.  

Some actions from the state machine will need some amount of delay, therefore the Timer block was added; actions such as turning left or right, and stopping (to simulate ‘thinking’ or ‘changing behavior’).
To do this, the system is described in the following flowchart:


[image: image5]Figure 5.  Flowchart

From the flowchart, the state diagram is as follows:

[image: image6]
Figure 6.  State diagram of the system

The movement of the vehicle is described as the following:
· to go forward, both motors are given values ‘1’

· to turn left, Left_motor is given value ‘0’, and Right_motor is given value ‘1’

· to turn right, Left_motor is given value ‘1’, and Right_motor is given value ‘0’
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Figure 7.  (a) Forward,  (b) turn right,  (c) turn left

Under aggressive behavior, the vehicle will behave:
	Sensors(L/R)
	Motors(L/R)

	00
	11

	01
	01

	10
	10

	11
	(whatever the previous state is)


Under shy behavior, the vehicle will behave:

	Sensors(L/R)
	Motors(L/R)

	00
	11

	01
	10

	10
	01

	11
	00


VHDL Code:

--------------------------------------------------------------------------------

-- Code written by: Mathias Sunardi
--

-- Create Date:    01:26:58 04/26/06

-- Module Name:    braitenberg1 - braiten_beh

-- Project Name:   Braitenberg Vehicle with Changing Behavior
-- Inputs: Whisker sensors (2 bits), clk, asynchronous reset

-- Outputs: Motor (2 bits)

-- Comments: Left_sensor is sensor_l, Right_sensor is sensor_r, Left_motor is motor_l, Right_motor is motor_r
--------------------------------------------------------------------------------

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

package bv_constants is


constant t0: integer := 200;


constant t1: integer := 100;


constant maxcount: integer:=200;

end package;

use work.bv_constants.all;

-----------------------------------------------------------------------library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

entity braitenberg1 is

    Port ( clk : in std_logic;

           reset : in std_logic;

           sensor_l : in std_logic;

           sensor_r : in std_logic;

           motor_l : out std_logic;

           motor_r : out std_logic);

end braitenberg1;

architecture braiten_beh of braitenberg1 is

type vehiclestates is (turn_left, turn_right, start, stop, fwd, collision);

signal state: vehiclestates;

signal next_state: vehiclestates;

signal shy_gresive: boolean;

--behavior flag; true=shy, false=aggressive
begin


state_reg: process (clk, reset)



begin




if reset='1' then





state <= start;





--shy_gresive <= true;
--behavior is not set 



elsif (clk'event and clk = '1') then





state <= next_state;




end if;


end process state_reg;


state_func: process (sensor_r, sensor_l, state, shy_gresive)


variable hit: integer;


begin



case state is




when start =>





--shy_gresive <= true;





motor_l <= '0';





motor_r <= '0';





hit:=0;





next_state <= fwd;




when turn_left =>





motor_l <= '0';





motor_r <= '1';





next_state <= fwd after 50 ns; --turning delay



when turn_right =>





motor_l <= '1';





motor_r <= '0';





next_state <= fwd after 50 ns; --turning delay



when fwd =>





if (sensor_l='1' or sensor_r='1') then





hit:=hit+1;






if hit=4 then   --triggers behavior change





hit:=0;







if shy_gresive then








shy_gresive <= false;







else








shy_gresive <= true;







end if;







next_state <= stop;






else







next_state <= collision;






end if;





else






motor_l <= '1';






motor_r <= '1';






next_state <= fwd;





end if;









when collision =>





if shy_gresive then











if (sensor_l='1' and sensor_r='0') then







next_state <= turn_right;






elsif (sensor_l='0' and sensor_r='1') then







next_state <= turn_left;






elsif (sensor_l='0' and sensor_r='0') then







next_state <= fwd;






else







next_state <= stop;






end if;





else






if (sensor_l='1' and sensor_r='0') then







next_state <= turn_left;






elsif (sensor_l='0' and sensor_r='1') then







next_state <= turn_right;






elsif (sensor_l='0' and sensor_r='0') then







next_state <= fwd;






else







next_state <= next_state;





 
end if;





end if;




when stop =>





motor_l <= '0';





motor_r <= '0';





next_state <= start after 300 ns;  --wait..



end case;


end process state_func;

end braiten_beh;

Test results:

Display of changing behaviors:
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Display of running into 2 obstacles on both sides:

Aggressive:
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Shy:
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Results:

The vehicle was able to display both shy and aggressive behaviors on its own, with some special behaviors when detecting obstacles on both sensors.  There was no manual input for this vehicle, except reset.  However, behavior change, turning distance & direction, all are still hard-coded, and not arbitrary.
Without specifying the initial behavior, the system by default uses the aggressive behavior.

Future Improvements:

Many things can be done to improve this system or have some more fun with it:

· arbitrary turning direction when hitting obstacle on both sensors simultaneously

· arbitrary turning distance (degree)

· adding photosensors and add light chasing/avoiding behavior

· random number of collisions for behavior change

· behavior is memorized when machine is restarted (not reset)

· adding more behavior, etc.
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Testbench: Display behavior change

--------------------------------------------------------------------------------

-- Copyright (c) 1995-2003 Xilinx, Inc.

-- All Right Reserved.

--------------------------------------------------------------------------------

--   ____  ____ 

--  /   /\/   / 

-- /___/  \  /    Vendor: Xilinx 

-- \   \   \/     Version : 7.1i

--  \   \         Application : ISE Foundation

--  /   /         Filename : tb.vhw

-- /___/   /\     Timestamp : Wed Apr 26 15:25:34 2006

-- \   \  /  \ 

--  \___\/\___\ 

--

--Command: 

--Design Name: tb

--Device: Xilinx

--

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

library work;

use work.bv_constants.all;

USE IEEE.STD_LOGIC_TEXTIO.ALL;

USE STD.TEXTIO.ALL;

ENTITY tb IS

END tb;

ARCHITECTURE testbench_arch OF tb IS

    FILE RESULTS: TEXT OPEN WRITE_MODE IS "results.txt";

    COMPONENT braitenberg1

        PORT (

            clk : In std_logic;

            reset : In std_logic;

            sensor_l : In std_logic;

            sensor_r : In std_logic;

            motor_l : Out std_logic;

            motor_r : Out std_logic

        );

    END COMPONENT;

    SIGNAL clk : std_logic := '0';

    SIGNAL reset : std_logic := '0';

    SIGNAL sensor_l : std_logic := '0';

    SIGNAL sensor_r : std_logic := '0';

    SIGNAL motor_l : std_logic := '0';

    SIGNAL motor_r : std_logic := '0';

    SHARED VARIABLE TX_ERROR : INTEGER := 0;

    SHARED VARIABLE TX_OUT : LINE;

    constant PERIOD : time := 200 ns;

    constant DUTY_CYCLE : real := 0.5;

    constant OFFSET : time := 0 ns;

    BEGIN

        UUT : braitenberg1

        PORT MAP (

            clk => clk,

            reset => reset,

            sensor_l => sensor_l,

            sensor_r => sensor_r,

            motor_l => motor_l,

            motor_r => motor_r

        );

        PROCESS    -- clock process for clk

        BEGIN

            WAIT for OFFSET;

            CLOCK_LOOP : LOOP

                clk <= '0';

                WAIT FOR (PERIOD - (PERIOD * DUTY_CYCLE));

                clk <= '1';

                WAIT FOR (PERIOD * DUTY_CYCLE);

            END LOOP CLOCK_LOOP;

        END PROCESS;

        PROCESS

            PROCEDURE CHECK_motor_l(

                next_motor_l : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_l /= next_motor_l) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_l="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            PROCEDURE CHECK_motor_r(

                next_motor_r : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_r /= next_motor_r) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_r="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            BEGIN

                -- -------------  Current Time:  85ns

                WAIT FOR 85 ns;

                reset <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  285ns

                WAIT FOR 200 ns;

                reset <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  485ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  885ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  1085ns

                WAIT FOR 200 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  1485ns

                WAIT FOR 400 ns;

                sensor_r <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  1685ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  2085ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  2285ns

                WAIT FOR 200 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  2685ns

                WAIT FOR 400 ns;

                sensor_r <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  2885ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  3285ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  3685ns

                WAIT FOR 400 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  4085ns

                WAIT FOR 400 ns;

                sensor_r <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  4285ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  4685ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  4885ns

                WAIT FOR 200 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  5285ns

                WAIT FOR 400 ns;

                sensor_r <= '0';

                -- -------------------------------------

                WAIT FOR 915 ns;

                IF (TX_ERROR = 0) THEN

                    STD.TEXTIO.write(TX_OUT, string'("No errors or warnings"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT

                      "Simulation successful (not a failure).  No problems detected."

                      SEVERITY FAILURE;

                ELSE

                    STD.TEXTIO.write(TX_OUT, TX_ERROR);

                    STD.TEXTIO.write(TX_OUT,

                        string'(" errors found in simulation"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT "Errors found during simulation"

                         SEVERITY FAILURE;

                END IF;

            END PROCESS;

    END testbench_arch;

Testbench: aggressive – 2 obstacles

--------------------------------------------------------------------------------

-- Copyright (c) 1995-2003 Xilinx, Inc.

-- All Right Reserved.

--------------------------------------------------------------------------------

--   ____  ____ 

--  /   /\/   / 

-- /___/  \  /    Vendor: Xilinx 

-- \   \   \/     Version : 7.1i

--  \   \         Application : ISE Foundation

--  /   /         Filename : tb.vhw

-- /___/   /\     Timestamp : Wed Apr 26 15:59:56 2006

-- \   \  /  \ 

--  \___\/\___\ 

--

--Command: 

--Design Name: tb

--Device: Xilinx

--

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

library work;

use work.bv_constants.all;

USE IEEE.STD_LOGIC_TEXTIO.ALL;

USE STD.TEXTIO.ALL;

ENTITY tb IS

END tb;

ARCHITECTURE testbench_arch OF tb IS

    FILE RESULTS: TEXT OPEN WRITE_MODE IS "results.txt";

    COMPONENT braitenberg1

        PORT (

            clk : In std_logic;

            reset : In std_logic;

            sensor_l : In std_logic;

            sensor_r : In std_logic;

            motor_l : Out std_logic;

            motor_r : Out std_logic

        );

    END COMPONENT;

    SIGNAL clk : std_logic := '0';

    SIGNAL reset : std_logic := '0';

    SIGNAL sensor_l : std_logic := '0';

    SIGNAL sensor_r : std_logic := '0';

    SIGNAL motor_l : std_logic := '0';

    SIGNAL motor_r : std_logic := '0';

    SHARED VARIABLE TX_ERROR : INTEGER := 0;

    SHARED VARIABLE TX_OUT : LINE;

    constant PERIOD : time := 200 ns;

    constant DUTY_CYCLE : real := 0.5;

    constant OFFSET : time := 0 ns;

    BEGIN

        UUT : braitenberg1

        PORT MAP (

            clk => clk,

            reset => reset,

            sensor_l => sensor_l,

            sensor_r => sensor_r,

            motor_l => motor_l,

            motor_r => motor_r

        );

        PROCESS    -- clock process for clk

        BEGIN

            WAIT for OFFSET;

            CLOCK_LOOP : LOOP

                clk <= '0';

                WAIT FOR (PERIOD - (PERIOD * DUTY_CYCLE));

                clk <= '1';

                WAIT FOR (PERIOD * DUTY_CYCLE);

            END LOOP CLOCK_LOOP;

        END PROCESS;

        PROCESS

            PROCEDURE CHECK_motor_l(

                next_motor_l : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_l /= next_motor_l) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_l="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            PROCEDURE CHECK_motor_r(

                next_motor_r : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_r /= next_motor_r) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_r="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            BEGIN

                -- -------------  Current Time:  85ns

                WAIT FOR 85 ns;

                reset <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  285ns

                WAIT FOR 200 ns;

                reset <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  485ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  885ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  1285ns

                WAIT FOR 400 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  1485ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  2485ns

                WAIT FOR 1000 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  3085ns

                WAIT FOR 600 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  3485ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                sensor_r <= '0';

                -- -------------------------------------

                WAIT FOR 2715 ns;

                IF (TX_ERROR = 0) THEN

                    STD.TEXTIO.write(TX_OUT, string'("No errors or warnings"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT

                      "Simulation successful (not a failure).  No problems detected."

                      SEVERITY FAILURE;

                ELSE

                    STD.TEXTIO.write(TX_OUT, TX_ERROR);

                    STD.TEXTIO.write(TX_OUT,

                        string'(" errors found in simulation"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT "Errors found during simulation"

                         SEVERITY FAILURE;

                END IF;

            END PROCESS;

    END testbench_arch;

Testbench: shy – 2 obstacles

--------------------------------------------------------------------------------

-- Copyright (c) 1995-2003 Xilinx, Inc.

-- All Right Reserved.

--------------------------------------------------------------------------------

--   ____  ____ 

--  /   /\/   / 

-- /___/  \  /    Vendor: Xilinx 

-- \   \   \/     Version : 7.1i

--  \   \         Application : ISE Foundation

--  /   /         Filename : tb.vhw

-- /___/   /\     Timestamp : Wed Apr 26 15:54:18 2006

-- \   \  /  \ 

--  \___\/\___\ 

--

--Command: 

--Design Name: tb

--Device: Xilinx

--

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

library work;

use work.bv_constants.all;

USE IEEE.STD_LOGIC_TEXTIO.ALL;

USE STD.TEXTIO.ALL;

ENTITY tb IS

END tb;

ARCHITECTURE testbench_arch OF tb IS

    FILE RESULTS: TEXT OPEN WRITE_MODE IS "results.txt";

    COMPONENT braitenberg1

        PORT (

            clk : In std_logic;

            reset : In std_logic;

            sensor_l : In std_logic;

            sensor_r : In std_logic;

            motor_l : Out std_logic;

            motor_r : Out std_logic

        );

    END COMPONENT;

    SIGNAL clk : std_logic := '0';

    SIGNAL reset : std_logic := '0';

    SIGNAL sensor_l : std_logic := '0';

    SIGNAL sensor_r : std_logic := '0';

    SIGNAL motor_l : std_logic := '0';

    SIGNAL motor_r : std_logic := '0';

    SHARED VARIABLE TX_ERROR : INTEGER := 0;

    SHARED VARIABLE TX_OUT : LINE;

    constant PERIOD : time := 200 ns;

    constant DUTY_CYCLE : real := 0.5;

    constant OFFSET : time := 0 ns;

    BEGIN

        UUT : braitenberg1

        PORT MAP (

            clk => clk,

            reset => reset,

            sensor_l => sensor_l,

            sensor_r => sensor_r,

            motor_l => motor_l,

            motor_r => motor_r

        );

        PROCESS    -- clock process for clk

        BEGIN

            WAIT for OFFSET;

            CLOCK_LOOP : LOOP

                clk <= '0';

                WAIT FOR (PERIOD - (PERIOD * DUTY_CYCLE));

                clk <= '1';

                WAIT FOR (PERIOD * DUTY_CYCLE);

            END LOOP CLOCK_LOOP;

        END PROCESS;

        PROCESS

            PROCEDURE CHECK_motor_l(

                next_motor_l : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_l /= next_motor_l) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_l="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_l);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            PROCEDURE CHECK_motor_r(

                next_motor_r : std_logic;

                TX_TIME : INTEGER

            ) IS

                VARIABLE TX_STR : String(1 to 4096);

                VARIABLE TX_LOC : LINE;

                BEGIN

                IF (motor_r /= next_motor_r) THEN

                    STD.TEXTIO.write(TX_LOC, string'("Error at time="));

                    STD.TEXTIO.write(TX_LOC, TX_TIME);

                    STD.TEXTIO.write(TX_LOC, string'("ns motor_r="));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(", Expected = "));

                    IEEE.STD_LOGIC_TEXTIO.write(TX_LOC, next_motor_r);

                    STD.TEXTIO.write(TX_LOC, string'(" "));

                    TX_STR(TX_LOC.all'range) := TX_LOC.all;

                    STD.TEXTIO.writeline(RESULTS, TX_LOC);

                    STD.TEXTIO.Deallocate(TX_LOC);

                    ASSERT (FALSE) REPORT TX_STR SEVERITY ERROR;

                    TX_ERROR := TX_ERROR + 1;

                END IF;

            END;

            BEGIN

                -- -------------  Current Time:  85ns

                WAIT FOR 85 ns;

                reset <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  285ns

                WAIT FOR 200 ns;

                reset <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  485ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  885ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  1085ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  1485ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  1685ns

                WAIT FOR 200 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  2085ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  2485ns

                WAIT FOR 400 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  2885ns

                WAIT FOR 400 ns;

                sensor_l <= '0';

                -- -------------------------------------

                -- -------------  Current Time:  3085ns

                WAIT FOR 200 ns;

                sensor_r <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  3485ns

                WAIT FOR 400 ns;

                sensor_l <= '1';

                -- -------------------------------------

                -- -------------  Current Time:  4685ns

                WAIT FOR 1200 ns;

                sensor_l <= '0';

                sensor_r <= '0';

                -- -------------------------------------

                WAIT FOR 1515 ns;

                IF (TX_ERROR = 0) THEN

                    STD.TEXTIO.write(TX_OUT, string'("No errors or warnings"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT

                      "Simulation successful (not a failure).  No problems detected."

                      SEVERITY FAILURE;

                ELSE

                    STD.TEXTIO.write(TX_OUT, TX_ERROR);

                    STD.TEXTIO.write(TX_OUT,

                        string'(" errors found in simulation"));

                    STD.TEXTIO.writeline(RESULTS, TX_OUT);

                    ASSERT (FALSE) REPORT "Errors found during simulation"

                         SEVERITY FAILURE;

                END IF;

            END PROCESS;

    END testbench_arch;
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Labels on paths from S5 and S6 have the following information:


Left_sensor Right_sensor / Left_motor Right_motor





So, for example:
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