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Abstract:

Product development at companies such as Bosch requires systems engineering for
digital hardware and mechatronic components as well as software engineering for
deeply-embedded resource-constrained real-time applications cooperating with
distributed cloud applications. While many of the involved engineering disciplines
greatly benefit from model-based approaches and from advances in software
infrastructures, deeply embedded software is still based on manually written C code, a
few components generated from models and glued together with the help of an
embedded operating systems like OSEK. Making software safe with the help of tight
coding conventions and static analyzers is a time-consuming task. Modern
implementation technologies to address software architecture and qualities or to make
embedded programming appealing for software professionals are largely missing. We
regard synchronous languages to be suitable for solving many of the issues in the
integration (causality) and synchronization (clocks) of time-triggered and event-
triggered embedded functions that exhibit their behavior over time steps and are
coordinated according to their mode-switching in a structured synchronous control
flow. Unfortunately, existing synchronous languages do not support modern
implementations technologies well such as aggregated data types, object-based
programming and separate compilation. Searching for an imperative, strongly-typed,
synchronous language (with deterministic concurrent composition, and synchronous
control flow), equipped with the aforementioned features for encapsulation and
composition (aggregated data types, modules, separate compilation) and supporting 3
programming parallel tasks deployed to separate cores (clock refinement and
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motor. sctx

stepp:

1
2

3 .

4 scchart MOTOR {

5 output nt currentUsec = 0
6 output Ink wakelsec

7 tnput bool occel, decel

8 tnput bool stop

9 autput bool motor = false
10 output float v

1 output dnt plotorUsec

12 int pSetspecdsiinUsec = 500!
13 ik pSetSpeedsMaxUsec = 500000
16 output int plsec

15 owtput int piinUsec = pSetSpeedshiaxUsec
16 float v

float wox
18 float crbertalfperiod = 1

2 + Pracess user inputs, speed/motor period */
21 region SetSpeeds:

2

23 initicl state SetSpeeds " {

2 bool clk

s

2 reglon ProcessInputs

27

28 imitial state Init

25 imediate go to Rumning

3

31 state Rumning {

2 antry do v = 0

3

u ragion Calcv:

35

3% tntetal seate Pause

37 1F Clk & occel & ldecel go o Accel

38 AF clk & decel & laccel go to Decel

3

“ state Accel

a irmegiote do v += dV ga to Checkiiax

3

a3 state Decel

s inmediate da v -~ dV ga ta Checkiin

5

6 state Checkdiax

a7 tmediate 1f v <= vhox go to SetPeriod

) trmediate do v = Wox go to SetPeriod

a9

50 state Checkdfin

51 immeciate 1f v >= -wax go to Setperiod

52 irmegiate do v = ~Wax ga %o SetPeriod

53

st state Setperiod

55 immadica if v -- 0 do péotorUsec - 0 go &0 Puse
56 imediate do potorUsec = 1000000 * crPertal fPeriod / v go ta Pause
57}

58 1F clk & stop do pMotorUsec = 1000 abort +0 Rumning
59

6  reglon GenClk

61

6  initidl state GenClistate {

& it myNakeinUsec, myWakeNaxisec

6

& initiol state Init

3 inmediate do clk - true;

4 mylakeMinlsec = currentlsec + pSetSpeedsMinlsec;
6 mylakeNaxlsec = currentUsec + pSetSpeedsharlsec
6 90 to AssertiakeTine

£

n connector state AssertflakeTine

7 irmegiate do wakeUsec = myakebaxUsec go to Pause
7

i Elayout(] 1

3 state Pause

3 iF currentlsec < myNakeMinUsec do clk = false ga 4o AsserthakeTine
4 g0 to Tnit

[t

n o1

s

81 reglon CtriNotor:

&
8 initicl state Ctrlbotor ™" {

8 bool clk
8

8  region GenClk:

8

8  imtelal state GenClkstate ™ {

8 A0t myokeUsec

%

a1 tnttial state Stopped

2 inmediate 1f potorUsec >

E do myflakellsec - currentlsec + potorlsecs
o Clk = true go to AsserthakeTine

E

% connector stata AssertfkeTine

o7 inmediate do vakeUsec minm myNakeUsec go 0 Running
98

% elayout 1

100 state Running

101 do clk = False go to ResetClock

102

103 connector state ResetClock

104 inmediate if pMotorUsec > 0 & currentlisec < myNokelisec
105 90 ta AsserthokeTine

106 inmediate ga to Stopped

107 ¥

108

109 reglon Votor:

110

1 il state Lon

112 4F clk do motor = true go to Hich

13

114 state High

115 4F clk do notor = false go ta Low

s}

7

118 region SinTine:

120 tnitial state SinTineStote " {
do pUsec ~ currentUsec;

122 currentUsec = pra(uakelsec);
123 plsec = wakeUsec - preCakeUsec);
124 phinsec min= plsec

125 * during do currentse

126 currentlsec - pre(rakelise).

currentlsec - pUsec

Motivation

MOTOR
SetSpeeds

CtrIMotor

SimTime

Key for understanding:

Abstraction



Goal

Facilitate understanding of state-oriented software
1. What are the states?

When do we change state?

What hierarchy is there?

What concurrency is there?

Al S

lllustrate/validate this with Blech language

However, the general approach should be applicable to other
languages as well!
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1. What are the states?
Example 2. When do we change state?
3. What hierarchy is there?

StopWatchController

startStop > Measurement
— startStop ~N
@ - 7 stop

- 2' -
-2
1: resetLa --o(
P startStop or resetLap




1. What are the states?
Example 2. When do we change state?
3. What hierarchy is there?

W
W

activity StopWatchController
(startStop: bool, resetLap: bool) // Read-only inputs
(display: Display) // Read-write outputs
var totalTime: int32
var lastLap: int32
repeat
totalTime =0
lastLap = 0
write TicksToDisplay (totalTime)(display) ‘ startstop > NI _startstop————
await startStop // State init @ L resetlap- & 2
repeat
cobegin weak
await startStop
with weak
run Measurement(resetLap)(totalTime, lastLap, display)
end
write TicksToDisplay(totalTime)(display)
await startStop or resetLap // State stop
// Run again if only startStop was pressed
until resetLap end // Back to init if resetLap was pressed
21 end
2 end 9

StopWatchController

O o0 N N W B WD

—_
=]

startStop or resetLap

[N I e e e e e e
SO O 0 N N B Bk WD =



Extraction Process

Phase 1: Structural Translation
From Blech to Mode Diagrams

Phase 2: Label Extraction
State naming

Phase 3: Optimization
Hierarchy Flattening
Transient State Elimination



Phase 1: Structural Translation

act

. _ . input int inp
activity act (inp: int32) (out: bool) output bool out

/l...

end @» -

act
a =%  jnputintinp P> b
output int out

run act(inp)(out)



Phase 1: Structural Translation

_ - condition
await condition a >

1: condition

T T T T T > _ <\
if condition then / O_* @ \

/.. ‘,
else ‘(‘ A d
/.. \ c /

end ‘\




Phase 1: Structural Translation

—————

repeat

/... a —» P ———— » C
until condition end O"’ B

1: condition _ °
/
while condition repeat .(i ___________ - O—>| —>©
/... :
end \
\2:



Phase 1: Structural Translation

when condition

b 1: condition
O

abort 2 ) .
/. O—> -»@ 2.
end
1: condition
when condition reset b

- 2

end a -» O" _@ [>__;_




Phase 1: Structural Translation

cobegin weak
/..

with
/..

end




Running Example — After Phase 1

activity runningEx
(in1:int32, in2: bool, in3: bool)

repeat
if in1 > 42 then | runningEx
awalt in2
else then P G N
cobegin
awglt in2 ’,,«1:42<in1 ------------ > O—‘inz—> ->© Pl \
with O( )
await in3 O O 0 !
end N ifo™ > ) 4
end O—m—~ ()
end
end

States are not named = Phase 2, Label Extraction
Bloated structure = Phase 3, Optimization



Phase 2: Label Extraction

@@[Iabel=.”.aLabeI”] aLabel
await condition

@@[cobegin="calculation label’]
@@[branch= "calculation A”]
@@][branch= "calculation B”]
cobegin

/...
with

/...
end

condition

calculation label

calculation A

@_

calculation B

@_

>

>




Phase 3: Hierarchy Flattening

runningEx

input int32 in1
input bool in2
input bool in3

< N

runningEx
input int32 in1
input bool in2
input bool in3
+1:42<in1-> —in2 > -> N
! \
\
]
N
N
/

~~
Te——n &



Phase 3: Transient State Elimination

runningEx
input int32 in1
input bool in2
input bool in3
+1:42<in1-> —in2 > -> N
\
\
|
AN
1

[}
1
1
1
!
I O—in2—> -@
| /
O—> ;-2:‘ ------- > - D> - 4
\ O—in3-> ->©
\
\

-~
Sm——. &~

\
runningEx
input int32 in1
input bool in2
input bool in3
-1:42<in1~
// 3
! in2—"

/
I
N i |
Nl e > O—mZ—b@

\



Phase 3: Transient State Elimination

activity runningEx
(in1:int32, in2: bool, in3: bool)
repeat
if in1 > 42 then
await in2
else then
cobegin
await in2
with
await in3
end
end
end
end

runningEx

input int32 in1
input bool in2
input bool in3

otz <int =g



About us Documentation Blog Community Research Q Search this site...
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Documentation

Documentation / Blech examples

Getting Started
User manual
Language Evolution
Blechc development
Blech examples

Virtual Safe Lock

Blinker

Stopwatch

React

DCF77 decoding
Contributing

Blech examples

Examples of Blech in use.

Virtual Safe Lock
Get a short introduction into the motivation behind Blech and its syntax. Write your first

application that runs on actual hardware, the Bosch XDK.

Blinker
A case study from the automotive domain.

Stopwatch
Small example that shows the use of synchronous preemptions and uses an external C

function.

React - a reaction test game
A Blech demo for the M5StickC programmed in the Arduino environment

Decoding the DCF77 longwave time signal
A decoder for the DCF77 longwave time signal implemented in Blech on bare metal

22



/// This is the reference ifhplataerisatidrotdidiEiinbit didifaldmokitte; W32 a dj pomet: tielt3 X) ita sLaxsdblyalligheContains the process of unlotkimg the Mickeal laokle, keep blinking until the user presses button 1
/// initially written for thiuBoltSh 2649rtd {orimélnois RigdDi¢oppositegtadiacenselsExact (pose: nat32) retffhRewhs true iff lock has beeaatpvityedsikedesfatisedOne: bool)

/// // abs(p-v) <= esikbn return pose % EXACT ==0 activity Unlock (secret: [MAXLEN]nat32, {eitit3@; pdat32dpiédskéet@roal, ledRight: bool)
/// See accompanyning lecifrecaptdsdor the specification. end bool) when pressedOne abort // Button 1: start unlocking
/// return p-v <= PAsDiteEpdilerproximity of given vector to South direction (ledLeft: bool, ledMiddle: bout, BiidRighedhet) ledMiddle, ledRight)
/// (c) Robert Bosch GmbHgR@19 function isSouthAIigned (x/ eS8 X/ THESPELAMTSH HEEID + * x kb ddx X Tt HIGG * + * x ko ok koo ok
return v-p <= Paiits@r&p{itp * Misc gelper activities end
FoR kK . Fe C h‘ |sR|1tOf(x ; var ok = false /// Lock has been successfully opened
* Global consta riiturn R / given accelerometer senebegbadiegk /// Determine exclusively pressed button
elseif isLeftOf(x, y) then /// sets LED to reflect the pose run DisplayOrientation(x, y dletdlieftS leddd mdghes deetRigie;, boet)pressedTwo: bool)
**************************************r"éftrfﬁ"L’EF"l’UF“**Wdﬁt‘tﬁﬁf\f‘DWéyOrientation (x: int32, y: ink38h (ledLeft: bool, ledMiddle: bool, ledRight: bool)
FRkd kAR Rk ] else WKkxclK (ledLeft: bool, ledMiddle: bagoi,dkdREgherbealet{sseretadNe, pressedOrejol
const OneG: int32 = 4095 // acceleration value fietunrs &1 E MKDEM kneO N€Ha end successToLEDs()(ledLeft, ledMiddle, ledRight)
// consider to be at least 1g (gravithtion force)NKOkxxkXW Pdde = determineOrientation(x, y) return ok
const PositionEpsilon: int32 = 400 // 10% ewsilon WKxdkKW  QuiiéeToLED(pose)(ledLeft, ledMidelegledRight) await pressedOne and not pressedTwo
const Cos45xG: int32 = 2895 // cos(45°) * OneG = sin(45°) X@o&iN Oddivait true or pressedTwo and not pressedOne //exactly one button is pressed
/// point symm8ikX@isSoutindkgned

/// We encode pose information by a primiunuatidreisaiwviidiiigivéd (xeird3aKy: int32) returns nat32 activity EnterNewSecret (pose: naif3@eresd®dOrtbebool, pressedTwo:
/// For example: we represent the XDK standiegup igfathatihec}gs-y0dK bool) return true // indicate that we want to reprogram the secret
/// NORTH * EXACT =2 *11=22 end NOxdkXW ///MdKen called, delays execution for a given numkbeeofSecket: [MAXLEN]s@t32) returns bool
const UNDEFPOS: nat32 =1 NWXkxkON actidtKCountDown (ticks: nat32) varidx: nat32=0 return false // Button 1 leads back to start

HYPOTFNBED to isSadodi@hed byaottip@eiicks cobegin weak end
const NORTH: nat32 =2 functidnXioeabtdigned (x: intBa) @xdiit32) returns nat32 repeat end
const EAST: nat32=3 revoltkisSaNthAligned(-y, x) @akait true await pressedOne and not pressedTwo
const SOUTH: nat32=5 erMdiOxddON Ostkps = steps - 1 if poselsExact(pose) then
const WEST: nat32 =7 WKkdkKNW un@tidteps <=0 end newsSecret[idx] = pose

meﬂo“symmetricto ISEmﬂ@hed idxzidx+1 /******************************************************************

const EXACT: nat32 =11 NOx@X\dh isWestAligned (x: int@2Ky: int32) returns nat32 end * Program starts here
const RIGHTOF: nat32 =13 WKkxldéWrn isEastAligned(-x, -y) OdK // else inexact position, d& HBE TG * * * ok k kb koo otk bbbk kbbb ootk ok ook ok ok o
const LEFTOF: nat32 =17 XOxxemd //Dthert the status of all LEDs every half ausgtddds == MAXLEN end  @[EntryPoint]

NOxxkXW acddty Blink () (ledLeft: bool, ledMiddlewbdolytadRight: bool) activity XDKBonus (x: int32, y: int32, z: int32, pressedOne: bool, pressedTwo: bool,
/// The maximum length of the setkéitkdxOYY/ Determines the XDK3PP&&EFa¢nlkhe x and y values of the await pressedTwo and not pressed Orfled/ éiftishoptplrdMididig: bool, ledRight: bool)
const MAXLEN: nat32 =8 NOxdON accelerometer odKvertLEDs()(ledLeft, ledMiddle, ledRigtht) var secret: [MAXLEN]nat32 = { EXACT * NORTH, EXACT * EAST, EXACT * WEST, EX

WOxdkKW function determineOrientatio@dk Gu3aiRoint33) fétlommonhindg forbtiicksich0258 // at least one position has been ebtdBdFPOS, UNDEFPOS, UNDEFPOS, UNDEFPOS }
WKkxxON // check every direction ang@dike the first that gives a definedend repeat
JRFRFFRAEA AR A A A A HARORKRRN * F A HIGHTHERT *+x xR E R * o+ *** // abort when the device is put face down on the table
HAREAAA KA A K NOkIcOX  angle edpladignment = isNorthAligned (glif) /// The process of setting a new secwehémtfaeairowvah @rckheTable(z, mlux) abort
* Helpers WXkdx0X if UNDEFPOS != alignment @it return alignment * NORTH endctivity Programming (x: int32, y: int32,/dressedOne: bool, pressedTwo:
NOO0IxOXNX0x O KOKXaN i Nitd NN XEARXIQARREE} KK AKX KENRROEXTY KNS KO KN R RENITY KNDEOORREL SR * * %+ + * * i} E dEREd (et $¢dOne) (ledLeft, ledMiddle, ledRight)

FREERA A O ERR RIS SRR REEBE S bt Ripbideduaidiididdt e pigsentmgxbddd@zimrx x o kN (secret: [MAXLEN]nat32, ledLeft: bool, ledMiddle: bool,
**********/ a||gnment = |SSOUthA||gn’éw*:‘v)************************TédRm*bbbﬂ*******************7fﬂ*************/
/// invert LEDs' status values ADJANGBERPOS != alignment then return alignment * SOUTH end returns bool var successful = false

function invertLEDs () (letiLeft: bool, ledMidditighowinked Righestidighadivjty) EnterSecret (secret: [MAXLEN]nat32ppssenatd3?2, pressedOne: boolyuetsunsdsstul = Unlock(secret, x, y, pressedOne)(ledLeft, ledMiddle, ledRig}
ledRight = not ledMiddlenction isExact (neaf GNDBEER @& drZalign me3 jtheioimetiat@d lig@ ment * WEST end  var newSecret: [MAXLEN]nat32 = { UNDRicERESUUNBEFPOS, UNDEFPOS,

ledLeft = not ledMiddle return nearG >= OretGrnPOBIEIBREQSilon var ok = true UNDEFPOS,

ledMiddle = not ledMiddleand around(neaZero, 0) repeat UNDEFPOS, UNDEFR@$| UNDEFPOS, UNDEFPOS }
end end await pressedOne var ok = false var wantReprogramming = false

/// Given a pose sets LED to reffqubbls Blgtfpest) then run wantReprogramming = Success(pressedOne, pressedTwo)(ledLeft, lec

/// indicate succesfully ehwectdsésReghtOffloppimsitposeBal, Bl jjnesd: ivati32f fhodbesthimintt[edityittidle: bool, cobegin weak ledRight)
function successToLEDs () (kdiafQre®l; delifiitie Homd), ledRight: bool) idx=idx+1 run DisplayOrientation(x, y)(ledLeft,ifesaitRH py tetRightineotdedn

ledRight = true and opposite > GedWiix@dle = false if idx < MAXLEN and secret[idx]witlUNDEFPOS then // guard array access

ledLeft = true and PositionEpsitaiRightjafalse idx = MAXLEN // skip the rest run ok = EnterNewSecret(pose, pressedQNe,

ledMiddle = true and adjacent < Ced6KG- false end pressedTwo)(newSecret) run _ = Programming(x, y, pressedOne, pressedTva)gecret, ledLeft, led
end end if pose % EXACT == 0 then else end ledRight)

ledMiddle = true ok = false if ok then end



Mode Chart — Top Level

XDKBonus

Locked @ Locked
faceDownOnTheTable(z, mlux)

-
-
—_—
- -
-

== ———
_——== ——————
= ———
—_——= ——

- ———
-~ -
-
-

-
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Unlock @ Unlock

Y

AY
1
1
1
1
1
1
1
1
1
1
1
I

I1 successful faceDownOnTheTable(z, mlux) |

S~ -
- —_—
———— ——
i e

Success @ Success

Y

I1 wantReprogramming faceDownOnTheTable(z, mlux)

Se =7
e ————— ——————

> © >
Programming @ Programming



Mode Chart — Expanded

XDKBonus
Locked
Blink
CountDown
faceDownOnTheTable(z, mlux) 1 true |,_pressedOne :©
1
! 1: steps <=0 @

Unlock

EnterSecret

pressedOne

DisplayOrientation

true

1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
1
1
]
1

1: not ok or idx == i
______________________ H
1
1
]
1
1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1

o o -



Evaluation

* Implemented prototype based on VS Code and
Eclipse Layout Kernel (ELK)

» Asked Blech developers at Bosch to evaluate
= Hierarchy flattening should be configurable

= Knowledge of visual syntax (SCCharts) needed to take
full advantage of visualizations

= Visualizations considered helpful, in particular for
discussions with people not familiar with code base

26



Take-Home Message

Presented approach to automatically extract mode diagrams
from Blech code

To apply this to YOUR favorite language, you must be able to ...

1. Analyze programs written in your language

the standard part ,
like an ordinary compiler

2. Automatically synthesize graphical views

the non-standard part
but there are solutions to that as well — talk to us &

That’s it — thanks!



