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| nt r oduct 1 on

e Leg0S + RCX = Real Enbedded System
e Not far fromreal Mtion Controllers

— Schedul i ng

— Net wor k

— Appl i cati on Devel oper API
— Mot i on

—-1/0

— User Interface

« Markus Noga' s Leg(CS repl aces LEGO
byt e-code I nterpreter



Qutline (bottom up)

 Har dwar e

« Assenbly Language

« Mot or and Sensor Handl I ng
« Task Managenent: Threadi ng
 Net wor k

“Introduction to the LegOS Kernel” by Stig Nielsson



RCX (t op)




RCX (bottom
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H t acht H8/ 3292 M crocontroll er
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RCX Connectivity

Microcontroller

Timer Interrupt

T

32kRAM <> Address, 16-bit timer

Motors ] Data, 8-bit timer 0 > Sound
LCD «{ Bus Control 8-bit timer 1 1> =
ensor > <> Network
Light,  sensor> | AD UART
TOUC_h, ngalst(t)err)ll _ “unused” 1/0O Buttons
Rotation — I

Sensor power




Har dware | nterrupts

Timer
Interrupt

Network

Sensors

Interrupt source MHo. Vector Table Address Priority
] 3 HOOME fo H'0007 High
RO 4 HOOOE o H'0009
IR & HOO0A fo H'000E
IRO2 & H'OOOC to H'DOOD
Resened T HOOOE fo HOGDF
B H'O010 to H'0011
9 HO012 o H'001.3
10 H'O014 to H'D015
11 HO0ME fo H'0017
16=hit frea- ICIA (Input capture A) 12 HOO1E fo H'0019
running timer ICIB {Input capture B) 13 HOD1A o H'OMB
ICIC (Input capture C) 14 HOD1C to HO01D
ICID (Input capture D) 15 H'OOME to HO0F
[ OCIA (Output compare A) | 16 H'0020 to H'0021
OCIB (Output compare B) 17 H'ODZ2 to H'0023
FOWVI {Overflow) 18 HOOZ24 fo H'0025
8-bit timer O CMIOA (Compare-match A) 19 HOOZ26 o H'002T T
CMIOB (Compara-match B) 20 HOOZE o H'0029
OVID (Owverflow) 21 HOO2A o H'0028
8-hit timer 1 CMI1A (Compare-match A) 22 H'O0ZC to H'D0ZD
CMIB (Compars-match B) 23 H'ODZE to H'O0ZF
OV {Owverflow) 24 HOO3D o H'0031
Reserved 25 H'0032 to H'0033
26 H'O034 to H'0035
Serial ERI (Recaive armor) 27 H'O036 to H'0037
communication HX| (Recens and) 28 H'OD3E fo H'O0E9
interface TX1 (TDR empty) 28 HOOEA fo H'0038
TEI (TSR empty) 20 H'O0AC to H'DO30
Resened 31 HOO3E o HO0EF
32 H'0O040 to H'0041
33 H'O042 to H'0043
34 HOO44 o H'0045
AID converter | ADI (Conversion end) | 35 H'0046 to HO04T ] Leg OS uses
Watchdog timar  WOVF (WDT owverflow) 36 H'0048 to H0049 Low



Two Interrupt Vector Tabl es

0x0000 ROM Vector Table OxFD90 RAM Vector Table

(changeable)
° ocia_vector
N D :
0x046C ROM Stub Haridlers RAM Handlers
> jSI’ (0 i P systime_handler 4———————___4I

Not efficient, but without this indirection LegOS wouldn’t exist



e or Glble

Crrehip REOM, PROM
15304 bytas

HTFFF

HFB7F

Evtemml woines ¢ apmoe

HFBag
H FL7F|

st e § 02

H FD&0
HFFTF

Crrohip RAME,
flebyes

Exts rehl Bkt 0 &

HFFFF

Orwichip moizws Sald

Menory

Provided by LEGO:

\

Sound Handlers
LCD Handlers
Mostly unused by LegOS

LegOS
User Programs
Thread Stacks?

Heap

Motors
LCD

RAM Iinterrupt vector table

RAM

Memory
mapped I/O



“Magi ¢ Nunbers” LI nker
Fi | e: h8300. rcx

 Memory Map
— ram o0 = 0x8000, | = 0Oxe6f30

e Used ROM Functions
— |l cd show = 0x1b62

e RAM Interrupt Vectors
— ocla vector = 0x22

e On-chip Module Registers
— T OCRA = 0x94



CPU Reqgi sters

General registers (Rn)

f 07 0

ROH ROL

R1H R1L

R2H R2ZL

R3H R3L

R4H R4L

RaH RaL

REH REL

RiH {E-IF"] R/L

Control registers
15 0
FC

6543210
CCR |I|UH|UIN|Z|V|C

Arguments (GCC)

Stack frame base pointer (GCC)

SP: Stack pointer

PLC: Program counter

CCR: Condition code register

Carry flag

Cwerflow flag

Zero flag ]
Negativefag  Branch Instructions
Half-carry flag

Interrupt mask bit

User bit

User bit



GCC St ack Frane

low address

callee

Callee arguments > 4
local variables
0-3 arguments
Prev caller’s base pointer
PC

Stack grows

caller

high address



H8/ 3292 Assenbly Exanpl e

_Increnent: ;I ncrenment a gl obal variable and call DoNot hi ng
push r0 ; Save 16-bit register on stack
nov. w @ , 1o ; Copy gl obal variable to register
add. b #0x1, rOL ;8-bit add 1 to rOL. Result is in rOL
mv.w ro, @ ; Copy register to global variable
j sr _DoNot hi ng ;Junp to subroutine. Push PC, PC = DoNot hing
pop rO ; Restore register fromstack before returning
rts ; Return from subroutine. Pop PC

_DoNot hi ng: ; Does not hi ng

rts ; Return from subroutine. Pop PC



LegOS = Background + Foreground

Threads
eUSer
ekernel

Background —— Foreground ——

Code execution

Interrupts
*A/D
stimer
‘UART



Sensors (A/D Interrupt)

eTouch
Light
eRotation

Conversion done — if(rotation)

run state machine()
channel++
Start conversion

L IGHT X and TOUCH_X just “scale” A/D output registers
=> Can use Touch & Light on same input port!
*Rotation = special case: ds_rotati on_on(sensor)

*ROTATION_X reads position from state machine...



Rot at1 on Sensor State Machi ne

« Converts repeating analog waveform to
absolute position

voltage

Works if we can sample fast enough to not miss a state



Ti mer | nterrupt

1 ms—— Increment time
Check LNP inter-byte timeout
Motors
Sound - output
LCD Refresh
Buttons
Battery indicator ~ Input
Thread switching (Poll environment)

J\




Three Monolithic H Bridges

VDD
T VOO
i Memory mapped byte at 0xFO00
A
il s >—< r N
oM INT |IN2 |M1 | M2 | Driving Mode
N2 o >— 1 0 1 0 | Forward
{{fg:ﬁ-‘? T 0 1 0 1 Reverse
IRCU 1 1 0 0 Brake (Motor shorted)
0 0 Z Z Off (Motor disabled)
o M2
: —®
AUTO TEMPERATURE (WER‘”‘:;{I?

PROTECTION

10402 Motor Driver IC MeleX|9

Microelectronic Integraled Systems



Mot or Handl er ( Open-1| oop)

struct Mot or St at ef API:
char delta; //speed setting (actually torque) not or _a_speed()

char sum /lincrenent by delta every 1 ns

char dir; /12-bit output pattern when sum overfl ows nmotor _a_dir()
b
256
1ms I v
c le- +«—delta—> ]
Xampie. v overflow
=192

v

= Sum




Bresenhani s Li ne Draw ng

Delta (speed) AI g orit h m
1 H 256 ms H
- pulse
L ms frequency

modulation

128 [ ULUUL

192 UUU

“Inverse” pulse
frequency
modulation

256




nmot or A

; notor B

add.

bcc

XOr.
nov.

NoOvr Fl :

: notor C

ftruct Mot or St at e
char delta; [/0Q
char sum //%
char dir; [/
}i
Q@ , ro
roh, roOl
NoOvr Fl
Q@ +2, r6h
reh, rol
rol, @ +1
rel, @xfO000: 16

MDt Or

Handl er

| npl ement at i on

(from 1 ms timer interrupt)

; Sinmultaneously |oad delta and sum

; add delta (rOh) to sum (roOl)

; branch if carry clear (no sum overfl ow)
overflow -> output drive pattern (dir)
overlay b's output on top of a's
save sum (clears overflow fl ag)

out put not or waveform



Task Managenent

Paper Lingo: Task = Process = Thread
Semaphor es
Structures
Schedul 1 ng Tasks
Creati ng New Tasks
Endi ng Tasks

The Life O A Thread

Yes, sir.
Right away, sir.

I’ll give that task top
priority, sir.




Semaphor es- API

semaphores are PCSI X

— When count! =0, share info accessible
— | eg0S semaphores init wth count=1
Sem wal t

— suspends calling thread until count!=0, then
automatically decreases count

Sem trywait

— non bl ocking version of semwait for
I nterrupt routines. Returns error if
count ==

Sem post
— i ncreases count



Ker nel Semaphores

® t:x__sean1
—transfer access for IR tower etc.

e "M Ssenaphor e
— menory managenent for mall oc

e task sem
—task structure chain for task nmanagenent



Task Structure Chal n

Previous
Priority = 20

cpid
Next

Previous
Priority = 10

v

cpid
Next

Previous
Priority = 1
cpid

v

Next

v

Packet consumer Key handler
Next Next
Previous — Previous
A
user task 1 user task 2 user task 3
Next Next Next
Previous — Previous Previous
Idle Task Ordgred chain of priority
Next chain structures and task
Previous structures




Priority Chaln Structure

struct _pchain_t
{ char priority;

struct _pchain_t *next;
struct _pchain_t *prev;
*cpi d;

struct _pdata_t

};

/]
/]
/]
/]

nunmeric priority |evel

| ower priority chain

hi gher priority chain
current process in chain



Process Data Structure

struct _pdata_ t

{
unsi gned *sp_save; /| saved stack pointer
char pstat e; /| process state
char *priority; /] pointer to priority chain
struct _pdata t *next; /] next process in queue
struct _pdata t *prev; /| previous process in gqueue
struct _pdata t *parent; // parent process (e.g. nmain)
unsi gned *stack base; /1 1 ower stack boundary
| ong(*wakeup) (I ong); /'l event wakeup function
| ong wakeup_dat a; /'l user data for wakeup fn



Process St at es

Dead - The process has termnated and its stack

has been freed. Note: No task
exists with pstate = dead.

Zonmbl e - The process has termnminated, but its
stack has not yet been freed.

VAI T | Mg - The process is idle and waiting for
an event.

Sl eepi Ng - The process is idle but
ready to run.

Runni Mg - The process is running.



Wakeups: walt event

how wakeup fn and data are added to task structure

| ong wait_event
(Il ong (*wakeup) (Il ong), | ong dat a)

{

cpi d- >wakeup = wakeup;
cpi d- >wakeup_data = dat a;
cpi d- >pst ate = P_VWAI TI NG,

vield(); //asmfn that calls tmsw tcher
return cpi d->wakeup_ dat a;



walt _event exanpl e: nsl eep

I nt sl eep(int nsec)

{ //wait_event (*wakeup, dat a)
(void) wait_event (& m sl eep_wakeup, sys tinme + nsec);
return 0

[ | wakeup( dat a)
Static long tmsleep wakeup(l ong data)

{

return ((long)data)<=sys tine;



Schedul 1 ng Tasks

Last duty of system _handler is to
check the timeslice.

Default timeslice = 20 ms.

tm_switcher and therefore Has the
tm_scheduler is called every 20 ms. clapsed?
yeild(); will also call tm_switcher _
before the timeslice is up. ""—SVI“Chef

store registers

D e

restore registers




update running

check access to task

man on LCD

structure chain semaphore

let task finish
manipulation
return old_sp

t m schedul er : assessing current state

Is current task
manipulating data
structure?

Yes

switch (current

process state

remove process

Zombie

Is this the last
process of this
priority?

make task ready to run

Running

pstate = P_SLEEPING
sp_save = old_sp

remove priority
level from chain

bookmark current
spot in stack
sp_save = old_sp

Waiting

free current stack
space

find next process
willing to run




t m schedul er : find next process

start at head of
process priority
chain

Yes

pstate =
P SLEEPING?

wakeup check

Is event
predicate
satisfied?

Is this the last task Yes

in this priority?

pstate = P_RUNNING

move to next unlock task structure chain semaphore
priority return cpid->sp_save;




Pr

loriti zed

Previous
Priority = 20

cpid
Next

v

Previous
Priority = 10
cpid

Round- Robi n

Next

Previous
Priority = 1
cpid

Next

Packet consumer Key handler

Next Next

Previous — Previous

user task 1 user task 2 user task 3

Next Next Next

Previous — Previous Previous

Idle Task
Next

Previous




Creati ng New Tasks

unsi gned execi

(int (*code_start) (int,char**),

I nt argc,
char **argv,
char priority,

unsi gned stack_si ze)

pointer to new task function

/'l pointer to new task function
/'l nunber of argunents to pass
/1l pointer to actual argunents
/[l priority of new task

/| stack size of new task

—

number of arguments to pass

T

pointer to actual arguments

priority of new task

stack size of new task

pid
execi process
id




The execit functi on

allocate memor setup initial stack s SP_save = sp
execi y P P s pstate = P_SLEEPING
for new pdata_t from the base up =
parent = cpid

v

wait for task structure

Is there enough chain semaphore access

memory?

return error

No

now manipulating

task structure chain find chain with
free allocated allocate memory for correct priority

memory given stack size

make a new priority
chain pchain_t

Does the correct
priority chain exist?

Is there enough
No memory?

add new task to add new task to
new priority chain back of queue

allocate memory

for new pchain_t

unlock task structure chain semaphore
increment number of tasks

Yes

Is there enough
No memory?

return pid




New Task Stack Frane

pd- >st ack _base=sp;
spt=(stack_si ze>>1);
*(--sp) =&exit;
*(--sp)=code_start;
“(--sp)=1;

“(--sp)=1;
*(--sp)=&rom.ocia_return;
“(--sp)=argc;
*(--sp)=&systinme_tmreturn;
“(--sp)=argv;

*(--sp)=1;
*(--sp)=1;
“(--sp)=";

*(--sp) =0,

//setup initial stack
//fromthe bottomup to base
/[/finish by calling exit
/lentry point for task code
[/ccr for ROMtiner interrupt
[/r6 for ROM tiner interrupt
/I ROM return of system handl er
//r0 used by system handl er
//systemreturn of tmswtcher
[1rl

/[linit r2to
[linit r3 to
[linit rd4to
[linit r5 to

tmsw tcher
regi sters

O O o o



Exploring the Stack Frane

Last Part of System Handl er
nov.b @tmcurrent _slice,r6l

dec ré6l

bne sys nosw tch

nmov.w @tmsw tcher _vector,r6

jsr @6 ;call tmswtcher

tm_switcher

v

ret store registers

restore registers




Exploring the Stack Frane

tmsw tcher (r7 = sp) New Task Stack Frane
_tmsw tcher: pd- >st ack _base=sp;
nov. w ri, @r7 ~_ save registers spt+=(stack_si ze>>1);
nov. w r2, @r7 omthe current *(--sp)=&exit;
nov. w r3, @r7 ~ xasksstack frane *(--sp)=code_start;
nov. w r4, @r7 *(--sp) =,
nov. w rs5 @r7 *(--sp) =,
nmov. w r7,r0 ; ar g\ o\t maschedul er *(--sp)=& om.ocia_return;
jsr_tmschedul er ; cal NtMWw sckedul el *(--sp)=argc; /1RO

- ret frow o sshetlyl & *(--sp)=&systinme_tmreturn,

_tmsw tcher_return: *(--sp) =argv; /1 R1
nov. w ro,r7 , set new sp “‘ *(--sp) =, /1 R2
nov. w @7+, r5 —_restore -o *(--sp)=1; /1 R3
mv.w @7+, r4 \*(——Sp)= ; /| R4
mv.w @7+,r3 *(--sp)=1; /1 R5
nov. w @7+, r
nov. w

rts , return to new task Start of new sp is the stack
base sp_save returned from
tm_scheduler



Exploring the Stack Frane

Last Part of System Handl er New Task Stack Frane
nmov.b @tmcurrent _slice,r6l pd- >st ack_base=sp;

dec r6l spt+=(stack_si ze>>1);

bne sys _noswitch ——» *(--sp)=&exit;

nmov.w @tmsw tcher _vector,r6 *(--sp)=code_start;

jsr @6 “(--sp)=1,;

;return fromtm.sw tcher *(--sp)=1;

*(--sp)=& om.oci a_return;
*(_-Sp):argc; /1RO
*(__Sp) :&SyStI nE_t m_ret urn,;

_systinme_tmreturn:
mv.b @tmtineslice,r6l
Sys_noswi t ch:

nmov. b r6l _slice *(--sp)=argyv,
pop r0 *(--sp)=0;
reset conp A TRQ fl ag *(--sp)=0:;
bclr , @x91: 8 *(--sp)=0:;

rts4ret to romocia_return *(--sp)=0;



Exit function

voi d exit(void)

{

enabl e irqgs(); [/ enable interrupts just in
|/ case the task disabled them
mm r eaper () ; //free all Dblocks allocated

/ /by the current process
cpid->pstate = P_ZOVBIE;//ready to be deal | ocat ed
whi | e( 1)

yield(); [/call tmswtcher before
[/timeslice Is up



Kill Functi on

void kill (unsigned pid) //process ID

{

}

pdata t *pd=(pdata_t*) pid; //setup a pointer to task to kill

| f (pd==cpi d) [1if task to kill is currently running
exit(-1); [lexit immed ately

el se //set up sp_save such that the next tine

{ //the task runs it will exit inmmedi ately.

semwait(& ask sem; //wait for semaphore access

*( (pd->sp_save) + SP_RETURN OFFSET ) =&exi t;

pd- >pst at e=P_SLEEPI NG //nmake ready to run in case waiting
sem post (& ask_sem; //unlock semaphore access

}

killall(priority) wll kill all tasks in the specified priority



The Life of a LegOS Process

Zombie

free stack
(scheduler)

Waiting

(scheduler)

Running

Dead

execi( ) ———»

wait_event ()
exit( ) //Z‘ke'“p

scheduler
scheduler
\ 4

Sleeping

kill(),
killall()



LNP (LegOS Net wor k
Pr ot ocol )

UDP-like
— No arrival guarantees (no replies/retries)
— Packets that do arrive will be error-free

Two packet types
— “Integrity” = broadcast
— “Addressing” = unicast

Up to 16 nodes and 16 ports
Port O reserved for program loading



Packet

format s

Integrity (broacast)

X

Addressing (unicast)

0-255 1

—

B
-

Desti Port

1

1 0-253 1



LNP AP

e Recelve
— I np_addressi ng_set handl er (MY_PORT, M/RxHandl er)
— MyRxHandl er (char* Data, char Length, char Source)
* One per port (+1 for broadcast)
» Will be called from an interrupt, so pass Data to thread

e Transmit

— Collision = I np_addressing wite(char *Dat a,
char Length, char Dest Addr AndPort);

» Blocks until entire packet is sent

« RCX Address: CONF_LNP_HOSTADDR =0

— Must recompile LegOS to change :(
— PC Address = 8



Four LNP | SRs

Recelved a byte
— Reset inter-byte timeout
— 1f(receiving)
 Store incoming byte
« if(end of packet) call handler

— else //transmitting
e Check for collisions
Recelve error (e.g. parity)
— 1f(receiving)
» Discard entire packet
— else //transmitting
 collision
Transmit buffer available

— Insert next byte (if there Is one)
Done transmitting



The End

Har dwar e

Assenbl y Language

Mot or and Sensor Handl i ng
Task Managenent: Threadi ng
Net wor K



