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In the first part of this lab session, you will get to know the BTnut opegatystem (OS). BTnut allows
you to use convenient library functions for accessing BTnode ressw.g., the LEDs) and scheduling
periodic as well as one-time operatiorey(, to send an “alive” message once per hour). Afterwards,
you will learn how to write programs using multiple threads in BTnut, which esahlaning several
tasks concurrentlye(g., to compute intermediate results from sensor readings while communicating with
neighboring nodes).

1 BTnut

BTnodes run an embedded systems OS from the open source domainNeall@8§. Nut/OS is designed
(among others) for the Atmel ATmegal28 microcontroller (which is used oBTm®des) and is thus
an excellent base on which additional device drivers provide acc&Btode-specific hardware. Over-
all, the BTnut OS architecture consists of three layers: the rudimentarya€iedhas implemented by
avr - gcc’s avr-libc; the higher-level OS routines built on top aifr-libc by Nut/OS; and the BTnode-
specific device drivers.

BTnut programs are written in C and compiled usag - gcc, a freeware C compiler for the Atmel
processor platform. Fortunatelypke bt node3 andnake bt node3 upl oad provide a conve-
nient interface for compiling and uploading to a BTnode. Here is a minimal Brogram:

#i ncl ude <har dwar e/ bt n- har dwar e. h>

int main(void)

{ /+* ALWAYS call this function at the beginning of main */
bt n_hardware_init(); /+ initialize SRAM */
for(;;) [+ endl ess | oop */

/1 do sonething clever here

}

/* main should NEVER return */

Themai n function is the first function that gets executed after powering up a B&.nddemandatory
callbt n_har dwar e_i ni t () initializes the BTnode hardware. As BTnodes are expected to contin-
uously excute their task, theai n routine shoulchever return; otherwise, the behavior of a BTnode is
undefined.



Task 1: On-board LEDs

The BTnut library<l ed/ bt n- | ed. h> offers two functions for setting and unsetting the four BTnode
LEDs: void btn_led set (u_char n) andvoid btn |ed clear (u_char n). The
parameten specifies the LED using a numbdl, (.. ., 3) or a symbolic constantL_EDO, ..., LED3).
First, however, the LEDs need to be initialized by callotgn_| ed i nit (0).

Write a program that continuously cycles through the four LEDss, (t turns one after another on and
off). Observe the output. Udeut Sl eep(ti ne) from library <sys/ti mer. h> to slow down the
execution until it becomes easily visible, where the unit ofre is milliseconds.

Solution
#i ncl ude <har dwar e/ bt n- har dwar e. h> [+ for hardware init =*/
#i ncl ude <l ed/btn-1ed. h> [+ for LEDs */
#i ncl ude <sys/timer.h> [+ for NutSleep */
int main(void)
{
u_char led = 0;
bt n_hardware_init(); /* init hardware */
btn_led_init(0); [+ init LEDs =*/
for(;;) [+ endl ess | oop */
{
led = 0;
while (led < 4) /+ cycle through all 4 LEDs =*/
{
btn_| ed_set (| ed); [+ turn LED on */
Nut Sl eep(500) ; /+ delay to make LED switch visible %/
btn_l ed_cl ear (Il ed); [+ turn LED of f =/
| ed++;
}
}
}

Task 2: Timers

Timers provide an elegant way to schedule recurring function calls. ¥edimers in BTnut as follows:

#i ncl ude <har dwar e/ bt n- har dwar e. h>
#i ncl ude <sys/tiner.h>

HANDLE hTi ner; [+ the timer x/

static void _tmcall back(HANDLE h, void* a) [+ cal | back function */
/1 do sonething when tiner expires

}

int main (void)

{
bt n_hardware_init(); /+ initialize SRAM */
hTimer = NutTinerStart (3000, _tmcallback, NULL, 0); /+ install the tiner */
for (;;) { NutSleep(1000); } I+ never end main */




Nut Ti mer St art installs a timer. In particular, it sets a time interval (3000 ms), registers a call-
back function ¢tatic void _tm call back( HANDLE h, voi d* a)) that is executed when
the timer fTi mer ) expires, provides arguments to be passed to the callback functionNbketeas
nothing is passed), and specifies whether the timer is peridjlior (fires only onceTM_ONESHOT).

Write a program with two timed callback functions: one should repeatedly tutheblue LED (using
btn_I ed_set (LEDO) ) and switch off the red LED (usingt n_I ed_cl ear (LEDL1) ), the other
should do the opposité.€., turn on the red LED and switch off the blue LED).

Solution

#i ncl ude <har dwar e/ bt n- har dwar e. h> /+ for hardware init */

#i ncl ude <l ed/btn-1ed. h> [+ for LEDs =*/

#i ncl ude <sys/timer.h> [+ for timers and NutSleep */
HANDLE hTi ner1, hTimer?2; [+ the timers =/

static void _blue_on_red_of f( HANDLE h, void* a) [+ call back function 1 */

bt n_| ed_set (LEDO) ;
btn_Il ed_cl ear (LED1);
}

static void _blue_off_red_on(HANDLE h, void* a) /+ cal |l back function 2 */

btn_I ed_cl ear (LEDO) ;
btn_| ed_set (LEDL) ;
}

int main (void)

{
bt n_hardware_init(); /+ initialize hardware x/
btn_led_init(0); /+ initialize LEDs */

hTimerl = NutTi merStart (1000, _blue_on_red_off, NULL, 0); /=* install tinmer 1 */
Nut Sl eep(500) ; [+ timer offset =/
hTimer2 = Nut Ti nerStart (1000, _blue_off_red_on, NULL, 0); /= install timer 2 */

for (;;) { NutSleep(1000); } /+ never end main */

Task 3: Terminal

When testing a program, it can be extremely helpful to display debuggingmatmn viapri ntf.

To do this with a BTnode, we have to route the outpupof nt f through the BTnode’s serial port
(i.e., USB cable) to our host PC, where we observe the output in a so-cattethéd program. On a
Linux machine, you simply rum ni com usbO to setup a terminal connection to a BTnode via port
usbO; make sure the terminal session is configureBto6k, 8Nl, no flow control. Onthe
BTnode, you have to route the standard output appropriately:

#i ncl ude <stdio. h>
#i ncl ude <dev/usartavr. h>

void init_stdout(void)
{
u_l ong baud = 57600;



i nt

Nut Regi st er Devi ce( &APP_UART, 0, 0);
freopen( APP_UART. dev_nane, "r+", stdout);
_ioctl (_fileno(stdout), UART_SETSPEED, &baud);

mai n(voi d)

bt n_hardware_init();
init_stdout();

int variable = 13;
printf("Hello world, ");

printf("my lucky nunber is %\ n", variable);

for (5;);

[+ "r+": read+wite */

/+ initialize SRAM */
/+ link printf output =*/

[+ print something */

/+* main should never return =/

After initializing the BTnode hardware;oi d i nit_st dout (voi d) does the desired output rout-
ing. Keep two things in mindi) pri nt f supports most standard conversion strirgg. (% and %)
and special characterad., \ n) but not float conversior®§ ); ii) exit the terminal programmg ni con)
on the host PC before uploading a new program to the BTnode.

Augment your program from Task 2 by printing a debug message wheoge of the callback functions
alters the state of a LED. Check whether the output correlates with the state®Tnode’s LEDs using

them ni comterminal program.

Solution

#i ncl ude <har dwar e/ bt n- har dwar e. h> /+ for hardware init */

#i ncl ude <l ed/btn-1ed. h> [+ for LEDs =*/

#i ncl ude <sys/timer.h> [+ for timers and NutSleep */
#i ncl ude <stdio. h> [+ for printf =/

#i ncl ude <dev/usartavr. h> [+ for UART =*/

HANDLE hTi ner1, hTimer?2; [+ the tinmers =/

static void _blue_on_red_of f( HANDLE h, void* a) [+ call back function 1 */

{

}

printf("Blue ON - Red OFF!\n");

bt n_I| ed_set (LEDO) ;
btn_| ed_cl ear (LEDL) ;

static void _blue_off_red_on(HANDLE h, void* a)

{

}

printf("Blue OFF - Red ON'\n");

btn_I ed_cl ear (LEDO) ;
btn_| ed_set (LEDL) ;

void init_stdout(void)

{

i nt

u_l ong baud = 57600;

Nut Regi st er Devi ce( &APP_UART, 0 , 0);
freopen( APP_UART. dev_nane, "r+", stdout);

main (void)

bt n_hardware_init();
btn_led_init(0);
init_stdout();

hTimerl = Nut Ti mer Start (1000,
Nut Sl eep(500) ;
hTimer2 = Nut Ti mer Start (1000,

_ioctl(_fileno(stdout), UART_SETSPEED, &baud);

_blue_on_red_off,

_blue_off_red_on,

NULL, 0);

NULL, 0);

[ *

| *

[ *

| *

[ *

[ *
[ *
[ *

[ *
| *
[ *

debug out put =/

cal | back function 2 */

debug out put =/

link stdout to UART1 =*/

allowread and wite */

initialize hardware */
initialize LEDs */
route printf output */

install timer 1 */
timer offset =*/
install timer 2 x/




for (;;) { NutSleep(1000); } /+ never end main */

2 Programming with Threads

In BTnut, athread is a function that runs concurrently to other threads. To support multdhnmgan

a single core processor, the OS needs to repeatedly start and.stogchedule) individual threads in
a completely transparent fashion. BTnut useaperative multithreading; that is, each thread manually
gives up control to the OS scheduler, which then decides which threach toext based on priorities.
While cooperative multithreading simplifies resource sharing and typicalljtsas faster and smaller
code (making it thus well suited to embedded systems programming), it entailskhbat a poorly
designed thread brings the entire system to a halt.

Threads are functions. Tim&i n routine itself is also a thread that is started automatically after powering
up the BTnode. You can define and create additional threads as follows:

#i ncl ude <sys/thread. h>

THREAD( ny_t hread, arg) [+ define thread */

{
for (;;) /+ endl ess | oop */

/1 do sonething

}
int main(void)
{

if (NutThreadCreate("My Thread", ny_thread, 0, 192) == 0) /* create and start thread */

/1 creating the thread failed
}

for (;:)

/1 do somethi ng

The THREAD macro defines thready t hr ead, where thear g parameter can be used to pass an
argument of arbitrary type to the thread when it is created. As threadidnscshould never return,
they loop endlessly (but you can explicitly clut Thr eadExi t to end a thread). The function
Nut Thr eadCr eat e creates and starts threag_t hr ead, gives it a name"(My Thr ead"), passes
nothing to the threadd(), and specifies the size of the stack that is allocated for the thread (singly us
192 for now in your own code and you will be fine).

Task 4. Running and Yielding Threads

Active threads only yield the CPU to other threads if they explicitly do so. CalintgThr eadYi el d()
means: “Is there any thread more important than myself bas higher priority)? If so, feel free to take



over control. Otherwise, | will continue.” Once control has been gaeay and is returned later on,
the thread continues to run right after the calNoft Thr eadYi el d() . Alternatively, a thread can call
Nut Sl eep(ti ne). This puts the current thread to sleep and transfers control to a waitiegadthtf
no thread is waiting, thalle thread takes over (which is always waiting but with lowest priority).

Write a program that creates a single thread. This thread should relyaatedn the blue LEDI(EDO)

and switch off the red LEDL(ED1). The main routine, after creating the thread, should do the opposite
(i.e., turn on the red LED and switch off the blue LED). Which LEDs are switched Why? Add

a Nut Thr eadYi el d() to the main routine such that the other LED is switched on. Add a second
Nut Thr eadYi el d() to your own thread such that both LEDs are switched on in turns. (Youeéll s
both LEDs switched on, because the main routine and the thread alternatpiiaidy.)

Solution

#i ncl ude <har dwar e/ bt n- har dwar e. h> /+ for hardware init */
#i ncl ude <sys/thread. h> /+ for threads x/
#i ncl ude <l ed/ btn-1ed. h> [+ for LEDs */

// without any Nut ThreadYield the red LED is on

THREAD( my _t hr ead, arg) [+ the thread */
for(;;) [+ endl ess | oop */
{
bt n_| ed_set (LEDO) ; [+ turn on blue LED */
btn_| ed_cl ear (LED1) ; /* turn off red LED */

Nut ThreadYi el d(); // second to add (both LEDs are on)

}

int main(void)

{

bt n_hardware_init(); [+ initialize hardware */
btn_led_init(0); /+ initialize LEDs */
Nut ThreadCreate("My thread", ny_thread, 0, 192); /+ create and run the thread */
for(;;) [+ endl ess | oop */
{

btn_| ed_cl ear (LEDO) ; [+ turn off blue LED */

btn_l ed_set (LED1); /* turn on red LED */

Nut ThreadYield(); // first to add (only the blue LED is on)

Task 5: Thread Priorities

In BTnut, each thread hagpaiority ranging from O (highest) to 254 (lowest). Titbe thread has priority
254, whereas the main routine and all manually created threads haveik pledaity of 64. Priorities be-
come important if several threads are competing for control. Each thesslecin three different states:
RUNNING, READY, or SLEEPING. While only one thread can lRUNNING, several can either be
READY or SLEEPING. A sleeping thread has ceded control either by calllag Sl eep(ti me) or

is waiting for anevent (e.g., an incoming packet or a message from another thread). Once thegunnin
thread cedes control usimgut Thr eadYi el d(), its state becomd2EADY and BTnut transfers con-
trol to another ready-to-run thread—the one with the highest priorityll Bther ready-to-run threads
have a lower or equal priority, control is returned to the yielding thread inmtedg. Multiple threads
with the same priority are executed in FIFO order.

You can assign the current thread a different priority as follows:



THREAD( my _t hr ead, arg)

Nut ThreadSet Priority(priority);
for (5;) {

/1 do sonething
}

Take the program from Task 4 and give the self-created thread arligbety. Compare the output with
the original program from Task 4. Repeat the experiment giving theceedited thread a lower priority.
What do you observe?

Solution

#i ncl ude <har dwar e/ bt n- har dwar e. h> /+* for hardware init =/
#i ncl ude <sys/thread. h> /+ for threads =*/

#i ncl ude <l ed/btn-1ed. h> [+ for LEDs =*/

// without any Nut ThreadYield the red LED is on

THREAD( my _t hr ead, arg) [+ the thread x/
{
Nut Thr eadSet Pri ori ty(20); [+ higher priority: red LED on =*/
/1 Nut Thr eadSet Priority(80); /+ lower priority: blue LED on =/
for(;;) [+ endl ess | oop */
{
bt n_| ed_set (LEDO) ; /* turn on blue LED */
btn_| ed_cl ear (LED1) ; /* turn off red LED */
Nut ThreadYi el d() ;
}
}
int main(void)
{
bt n_hardware_init(); [+ initialize hardware */
btn_led_init(0); /+ initialize LEDs */
Nut ThreadCreate("My thread", ny_thread, 0, 192); /+ create and run the thread */
for(;;) [+ endl ess | oop */
{
bt n_I| ed_cl ear (LEDO) ; [+ turn off blue LED */
btn_| ed_set (LED1); /+* turn on red LED */
Nut ThreadYi el d() ;
}
}

Task 6: Events

Using events, threads can communicate with each other and coordinate their operatiogxdrople, a
thread can signal other threads to wake up after it has finished pirtgegsarticular data structure. The
following code snippet demonstrates how threads post and wait fotseweBTnut:

#i ncl ude <sys/event. h>

HANDLE mny_event;



THREAD(t hread_A, ar Q)
{
for (;;)
{
/'l some code
Nut Event Vi t (&ny_event, NUT_WAI T_I NFI NI TE) ;
/'l sone code

}

THREAD(t hread_B, arQg)
{
for (1)
{
/1l some code
Nut Event Post ( &ny_event);
/'l some code

Thread hr ead_B executes some code and then posts an evehti&vent Post (event) . Thread

t hr ead_A also executes come code but then blocks inNbheEvent VAi t (event, tineout)
function. It only continues after hr ead_B has posted an event or the timeout expires. Here, the
timeout is disabled by specifying an infinite time with tR&T_WAI T_| NFI NI TE macro.

Write a program with three threads (main and two additional threads) andal giariable with initial
value 2. The three threads should execute in turns, which you implementugitbse One thread com-
putes the square of the global variable, the second decrements it bydrkeathird multiplies it by
two. After each computation, a thread prints its name and the result of the tatiopwon the terminal.
When the global value has reached a value greater than 10000, atistemezept the main routine ter-
minate themselves; the main routine enters an endless loop. Print approprisge®eto see when a
thread terminates and when the main routine enters the létipt:(A thread can access its own name
usingr unni ngThr ead- >t d_nane and can terminate itself througlut Thr eadExi t (voi d) . To
repeat the experiment, simply press RESET button on the BTnhode.)

Solution
#i ncl ude <har dwar e/ bt n- har dwar e. h> [+ for hardware init */
#i ncl ude <l ed/btn-1ed. h> /+ for LEDs =*/
#i ncl ude <sys/tiner.h> [+ for NutSleep */
#i ncl ude <sys/event. h> [+ for events */
#i ncl ude <sys/thread. h> [+ for threads x/
#i ncl ude <stdio. h> [+ for printf =/
#i ncl ude <dev/usartavr. h> [+ for UART =*/
HANDLE event; I+ the event =*/
static int value = 2; /+* the globale variable */
THREAD( squar e_t hread, arg) /* conmpute the square thread */
{
for(;;)
{

Nut Event Vi t (&event, NUT_VWAI T_I NFI NI TE) ; I+ wait for event =*/

if (value > 10000) /+ should termnate itself? */

{

printf("%: termnating\n", runningThread->td_nane);
Nut Thr eadExi t () ;

}

val ue = val uexval ue; /= compute square */

printf("%: new value = %\ n", runningThread->td_nane, val ue);




Nut Sl eep(1000) ; /+ wait for 1 second to nake
output visible */

}
}
THREAD( decr enment _t hread, arQg) /* decrements by one thread */
{
for(;;)
{
Nut Event Vi t (&event, NUT_VWAI T_I NFI NI TE) ; I+ wait for event =*/
if (value > 10000) I+ should termnate itself? */
{
printf("%: termnating\n", runningThread->td_nane);
Nut Thr eadExi t () ;
}
val ue = value - 1; /= decrenent by one */
printf("%: new value = %\ n", runningThread->td_nane, val ue);
Nut Sl eep(1000) ; /+ wait for one second to make
out put visible */
}
}
voi d init_stdout(void) /* link stdout to UART1 =*/
{
u_l ong baud = 57600;
Nut Regi st er Devi ce( &APP_UART, 0 , 0);
freopen( APP_UART. dev_nane, "r+", stdout); /+ allowread and wite */
_ioctl(_fileno(stdout), UART_SETSPEED, &baud);
}
int main(void)
{
bt n_hardware_init(); [+ initialize hardware */
init_stdout(); [+ route printf output =/
Nut Thr eadCr eat e( " Squar e", square_thread, 0, 192); /+ create & run square thread */
Nut Thr eadCr eat e( " Decrent', decrenent_thread, 0, 192); /* create & run decrenent thread */
whi |l e (val ue <= 10000) { I+ should enter endl ess |oop? */
val ue = val ue*2; [+ multiply by two */

printf("%: new value = %\ n", runningThread->td_nane, val ue);

Nut Sl eep(1000) ; /+ wait for one second to make
output visible */
Nut Event Post ( &event) ; |+ post event to first thread */
Nut Event Post ( &event) ; [+ post event to second thread =/
}
Nut Event Post ( &vent ) ; /* post event to let remaining

thread terminate x/
printf("%: entering endless |oop %\ n", runningThread->td_nane);
for(;;) /+ endl ess |oop */

Nut Thr eadYi el d();




