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Extended State Diagrams

and Reactive Systems
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Designing systems for
unpredictable inputs

A A o (o

Doron Drusinsky

s the cost of hardware continues its
downward spiral, the application of
embedded electronic control contin-
ues 1o accelerate into new domains.
Many of these new applications have com-
plex designs, however, and graphical tools
are proving to be the most efficient way
of specifying, designing, and documenting
such svstems. In particular, graphical tools
are well suited for the design of sysienis
based on state machines or data flow. Con-
sequently, in this article I'll examine the
use of extended state diagrams (also known
as “Harel diagrams”) for the design of re-
active systems — those which endlessly re-
act to a plurality of partially correlated en-
tities in their environment. To illustrate
extended state diagrams, I'll base my dis-
cussion on BetterState, a graphical state-
machine design tool with a built-in code
generator my company has developed.
Transformational systems are those in-
voked when the inputs are ready and the
outputs are produced after a computation
period; see Figure 1(a). Examples are voice-
compression systems (software or hard-
ware) or (sub)systems which calculate the
square root of input. Top-down decom-
pensation is a natural design methodology
for transformational systems because it
breaks down complex input/output (func-
tional) relationships into simpler, more man-
ageable ones. Similarly, conventional pro-
gramming and systerm-level specification
languages are transformationally oriented;
they cater to top-down functional design.

Doron, who bolds several patents in the
areas of state-chart synthesis and finite
state machine optimization, is the presi-
dent of R-Active Concepts. Doron can be
contacted at doron@infosery.com.
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Fundamentally different from transfor-
mational systems are reactive systems such
as Figure 1(h), in which inputs are not ready
at any given point in time. A typical reac-
tive system is a traffic-light controller which
never has all its inputs ready— the inputs
arrive in endless and perhaps unexpected
sequences. It is virtually impossible to write
a transformational program that implements
a controller such as this. In fact, most con-
trollers are by definition reactive, not trans-
formational, with application domains rang-
ing from military, aerospace, and automotive
applications to DSP, ASIC design, medical
electronics, and similar embedded systems.
Just about every system has a reactive com-
ponent, because a system is seldom isolat-
ed from its environment. On the contrary,
the reason the system exists is typically to
collaborate o interact with some entity or
entities in its environment. Such collabora-
tion is done by sending, receiving, recog-
nizing, and rejecting sequences of sym-
bols— a reactive behavior.

Finite state machines (FSMs) and stare
diagrams (FSM’s visual counterpart) have
traditionally been used to specify and de-
sign reactive (sub)systems. They are well
known, well accepted, highly visual, and
intuitive. Their ability to describe finite
and infinite sequences, combined with
their visual appeal, made FSMs one of the
most commonly accepted formalisms in
the electronic industry. State diagrams are
easier 1o design, comprehend, modify, and
document than the corresponding textu-
al approach. But FSMs and state diagrams
haven’t changed much over the past 30
years and suffer from limitations when ap-
plied to today’s reactive applications:

“

[- FSMs are flat. They do not cater o top-

- down design and information hiding,

- * FSMs are purely sequential, whereas ap-

I plications are not. Modern controllers
need to react to signals to and from a
plurality of entities in the environment.
Consider an answering machine con-

call waiting” situation in addition to the
“first caller. A conventional FSM needs

\ troller specified to cater to a “second-
f to account for all possible combinations
¢

of states catering to the first and second
callers, which leads to the well-known
state-blowup phenomenon.

* Text-based entry methods, which are by
definition sequential, cannot effectively cap-
ture concurrent behavior. Therefore, draw-
ing state diagrams on paper and enter-
ing them textually is no longer effective.

* Top-down design concepis require inter-
active software to enable the user to ma- !
nipulate and browse through complex

designs. / ‘

Because of such limitations, FSMs have
been used sparingly in recent years. Com-
pensating for these limitations are ex-
tended state diagrams (or “statecharts”),
designed by David Harel and described
in his paper “Statecharts: A Visual Ap-
proach to Compiex Svstems” published in
the Science of Computer Programming
(1987). (Harel, who was my PhD advisor.
is also the author of Afgorithmics: The Spir-
it of Computing, Addison-Wesley, 1987.)
While addressing the hierarchy, concur-
rency, priorities, and synchronization with-
in state diagrams, extended state diagrams
retain the visual and intuitive appeal in-
herent to state diagrams.

(a)
T ’ Transformational [
E ~ System :
3 !
~ Inputs . © Outputs. * Time
Ready Ready -
(b)
‘* <——
| Reactive L
System .
—
Wit tidy.
Al e Time

Figure 1: (a) Transformational systems:
(b) reactive systems.
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(continued {rom bage 72)

A Traffic-Light Controller Example

To illustrate how you design systems
around extended state diagrams, I'll use
a typical traffic-light controller as an ex-
ample. The specification for this traffic-
light controller (TLC) is as follows:

* There are two directions, Main and Sec,
with alternating lights,

* Lights alternate based on a Timeout sig-
nal, which can be read from the 7ime-
out variable.

* Initially, all lights flash yellow. Upon re-
set going low (0), the on-going opera-
tion can start. When reset goes high (1),
the system must reset into this initial state.

» The priority order is: Reset, Timeout, all
other signals.

* A Camera, positioned in the Main di-
rection, operates only when the Main
direction has the red light. It should take
shots of cars going through a red light
in the Main direction, unless a police-
man is present (signal Manual onis 1).

» When the Main direction has the red light,
and four or more cars or a truck that fol-
lows one or more cars are waiting in that
direction, Main gets the green light.

* When the Main direction has the red
light and three cars are waiting in that
direction, Camera should shoot.

The extended state diagram in Figure 2
realizes the highest level of the TLC's be-
havior. It captures the most high-level
events and state transitions. State Red2-
Main, however, has “hidden” information
that can be accessed by double clicking
on Red2Main. Such information hiding
makes the diagram more readable and
manageable. Note how the transition la-
beled Reset takes effect no matter what
the present state is within on_going. Such
high-level transitions are a powerful tool
for managing work between designers.
Any change made to Red2Main by one

- EXFENDED STATE .

designer is automatically captured by the
high-level transition designed by another.

Figure 3 shows two concurrent threads .

of control, one capturing the state sequence
for the Camera’s (sub)state machine, and :

the other capturing the state sequence for *
the Counter’s machine. Concurrency here -}
has little to do with real time—we are not’ §
specifying how fast the design will work.
Concurrency, in this case, is related to in-

dependent activities. The Counter and
Camera are independent most of the time,
but are always active in the Red2Main
state. The semantics of extended state di-

agrams implement the desired behavior, -
without the designer explicitly imple- - &

menting suspend-and-resume behavior.

Despite their independence, the specifi- - .;'

cation dictates some correlation between

Camera and Counter. When the Counter 5
counts two cars waiting in Main, it tells 3

the Camera to shoot. The transition from

¢_2to Shoot effects that behavior precise- |

ly, without any message passing.

Code Generation :
Code generation for conventional FSMs is
straightforward: A case statement (C switch
statement) over all possible states is a com-
mon representation. Similarly, code gener-
ation for concurrent FSMs is no more than
a set of code blocks, one per each FSM.
However, code generation for extended
state diagrams is more complicated be-
cause:

* An extended state machine has flexible
concurrency. When the TLC example is
in the Red2Main state, there are two ac-
tive threads of control (Camera and
Counter); in the YellowAll state there is
only one active thread.

* Hierarchy is an additional source of po-
tentially concurrent transitions.

* Due 1o concurrency, a case statement is
inappropriate: More than one state might
be active at any given time.

CIRCLE NO. 237 ON READER SERVICE CARD
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EXTENDED STATE

(continued from page 74) I have invented two code- generation | diagram in an attempt to generate simpler
* Support for visual synchronization and | methods for extended state diagrams. The | code. For this reason, the BetterState code
visual priorities is nontrivial. first method, coinvented with David Harel, generates is simple in structure; it is no

is more hierarchical in nature; the code | more than a large set of If statements. The
For these reasons, handcoding for ex- | generated preserves the hierarchy in the | process of generating this code however,
tended state diagrams can become a con- original diagram. The second method, cur- | is entirely nontrivial.

fusing and time-consuming task. rently in use by BetterState, flattens the The BetterState code generator that builds
‘ the extended state diagram is based on the

following code-generation methodology:

. “Port” that represents Green2Main

* Additional code is not required to run
the design on a particular device. For
example, the C code generated doesn't

Camera thread
/

i -
AL = e : require a real-time operating system to
Red2Main . et B el ency and hierarc]

Bt Ll S impiement concurrency and hierarchy,
" Camera A condition and is compatible with any processor
[ ! that enables or microcontroller equipped with a C

compiler.
* There is a one-to-one mapping between
the transitions in the diagram and the
code generated. Blowups won’t occur,
Concurrency, hierarchy, visual priorities,
_____ -. and synchronization features are im-
' . = .

a2 i : ! plemented by the code generator. For
: generated C/C++ code, concurrency is
implemented as a “fair” interleaving of
statements, one per transition in the di-
agram. The code generator makes sure
that all concurrent transitions that can
fire at a given point in time will fire one
after the other and that no others will
fire. This is a compile-time schedule.

the transition

Figure 3: Two concurrent threads of control.
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is more hierarchical in nature; the code | more than a large set of If statements. The
For these reasons, handcoding for ex- | generated preserves the hierarchy in the | process of generating this code however,
tended state diagrams can become a con- | original diagram. The second method, cur- | is entirely nontrivial.

fusing and time-consuming task. rently in use by BetterState, flattens the The BetterState code generator that builds
the extended state diagram is based on the

following code-generation methodology:

. “Port” that represents Green2Main
k@ * Additional code is not required to un
"""" the design on a particular device. For
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!
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¢ In all languages supported by the code
generator (C, C++, VHDL, and Verilog
HDL), the generated code fits into the
system-level] design as a “component,”
without forcing a system-level design
methodology. In C, the controller is a
function called by the system-level C
program (the main program) whenev-
er it wants. Each invocation fires all con-
current transitions enabled at that time,
then returns control to the calling pro-
gram. This way the controller can be
scheduled in any way that C permits.
In VHDL, the code generated is an “ar-
chitecture” for a controller entity. The
designer provides the entity as well as
the entire system-level VHDL code, The
controller’s generated code fits in as an
architecture for that entity. In Verilog
HDL, the code is a “task” that can be
invoked by the system-level Verilog
module. Each invocation fires all con-
current transitions enabled at that time,
then returns control to the calling pro-
gram. Listing One (page 106) is the C
code generated for the traffic-light con-
troller example.

Visual Synchronization in the
Traffic-Light Controller

Once concurrency is provided for, visu-
al synchronization— a means for visual-
ly specifying dependencies and relation-
ships between concurrent threads of
control— is needed. In the traffic-light
controller, when three cars have been
counted by the counter, it causes a tran-
sition to state Green2Main, thereby abort-
ing everything else inside Red2Main state
(the Camera). The programmer simply
draws the transition from state ¢_3 to
state Green2Main; everything else is au-
tomatically derived from the diagram’s
semantics.

Another example is in the same diagram,
where the Counter thread synchronizes
the Camera thread into the Shoot state
when the Counteris in state C_2; a be-
havior specified by the transition from
sare ¢_21to state Shoot. Another instance
of visual synchronization includes com-
pound transitions with multiple sources
and’or targets, which act as a rendezvous
(a meeting place between the threads).
Visual priorities in BetterState are visual-
ly programmed using arrowhead colors.
This is superior to hierarchical prioritiza-
tion. because event and condition prior-
ities are not necessarily associated with
states. For example, a transition based on
a new_car condition inside the counter
might be more important than the Tine-
out condition.

Scheduling the Traffic-Light Controller

As discussed earlier, the code generated
for the controller is 4 component in the
overall system-level design (in C. this
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EXTENDED STATE

(continued from page 78)
component is a function; in C++, it's 3 |
class; and so on). In each language, this
component needs to be invoked by the
system-level code. This is done in C/C++
by a function call, where each call to the
controller’s function realizes one pass over -
all transitions in a diagram, firing one or -
more concurrent transitions, and then re-
turning control to the calling program. In
Verilog, the invocation is done using an

always statement that invokes the task, =

typically based on a clock event. In VHDL,

the invocation is done by a CLOCK input |

signal to the entity for this architecture. 4
This simple way of scheduling lets you
invoke the controller in a flexible way.
Listing Two (page 108) shows some pOs-
sibilities.

Often, the controller will be invoked in
some infinite loop, based on a clock, a
certain input, or some other event. Some-
times, the design needs to abort this in-
finite invocation when the controller
reaches a certain state; a terminal state
supports this property. When it reaches
a terminal state, it returns a value indi-
cating that a terminal state has been
reached, thereby allowing the C invoca-
tion in Listing Three (page 108) to break
out of the infinite loop.

Similarly, in VHDL, when the controller
reaches a terminal state, it will suspend
itself, generate a suspended signal, and
resume only when the entity receives
a resume signal from the system-level
design.

Animated Playback and Graphing
Often, you need to view the behavioral
execution of a reactive component to ver-
ify the design or analyze the actual be-
havior in the field under the real stimuli.
A playback mechanism allows the execu-
tion of the generated code to be record-
ed in a database, then played back in an
animated fashion onto the original ex-
tended state diagram graphics. A state box
flashing on/off might indicate, for instance.
that a state is being “visited.” The execu-
tion might use simulated stimuli (using a
C or C++ debugger, for example) or the
real stimuli from the field.

Graphing is a vehicle for visually dis-
playing visitation information from the
recorded database. This gives both you
and system users insight into the actual
behavior in the field. For example, a con-
troller for automatic-door handling might
recognize the fact thar certain doors are
open more than others during certain time
periods.

DDJy
(Listings begin on page 106.)
To vexe for your favorite snicle, cirdle inquiry no. 3
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EXTENDED STATE

Listing One (7ext begins on page 72.)

/¢ Code~Generation Output File #1 of i: Generated for Chart Traffic_light
by the Better-State Code Generator, Proprietary of R-Active Concepts
Cupertine CA, 95014, (408)252-2808 #/

LAty State ID dictionary
Use thig dictionary to symbolically reference your states (for those States
that you gave names in the chart editor). You can also examine the state

register, using the mapping provided as & remark.
+/

Licenses for Embedded Systems || i
:g:gsi ggf—g‘fg g /* mapped to PS[a] */
Not big enough to get a bulk OEM license agreement from Microsoft? fdetine gg-gfgg;ﬁ};gg e
Or do you need an earlier, more compact MS-DOS version for your tdefine St_c_0.P3 86 /* mapped to PS[g] */
embedded system design? Annabooks has the answers. eting Sresos ba o norved so Belo) a7
Choose any MS-DOS version from 3.3 to 6.2, Windows or Windows Piotine Se-onns 3 peapred ro BSLI ¥/

i = i i i #define St_Shoot_P3 78 /+ d PS{1] */
NT. We prowd‘e both farge and smail-quantity licenses under special Heting st pooonaiy 18 Z:P;gppgg e H *;
#defi St_On_going_P2 23 * d to PS[4] *
arrangement with Microsoft in: ;};’I‘__Traffgzﬁgght(int Bs_i'{ii‘ﬁ) °

Also, we have versions of MS-DOS that actually execute in ROM, (
/% RESETing: calling CHRT Traffic.light with BS_Reset>d will reset your

USiﬂg Oﬂfy 17K Of RAM ROMab[e WmeWS VEfSiOﬂS tOO! controller to it's default composite state, and will execute all on_entry

actions for that state, */

More from Annabooks * 8042 Source Code: Complete it NSISI- (o, 0, 0. 5 gy -K1I-F2: DML, DUNKL. Do, o)

for Embedded System developer's kit for AT keyboards, e

Designers! PS/2 mouse. Full background info. { ]

* RTKernel: A real-time, multitasking i (0] o8s _gesre 2esignments +/

* PromKit: Put MS-DOS or other code executive that runs under MS-DOS! NS [1]=DUMMY ;
in EPROM as a read-only disk. * Design Publications: More abouf e
Includes source codet embedded systems than you can find NS [4]=DUMMY ;

* DOS Buttons: Create pull-down anywhere else. Also courses on /* On_entry sctions for reset states +/
menus, on-screen calculators — alf ISAJEISA, PCMCIA, PCI, Flash Coler_Main=YELLOW;Color_Sec=YELLOW:
without the Windows overhead! Memory, others. ] eise

(/t ------- */
It Toll Free (800) 462-1042 i g ;
O o Co b Annabooks e
= st e o to et =
@ l;’ (619) 673-0870 » Fax: (619) 673-1432 e 8}2 g% = %ﬁ:%g
& (¥S{4] = DONT_CARE)
CIRCLE NO. 394 ON READER SERVICE CARD if (Riset)
[NS[E] = St_Yellow_All P2 ;
NS(1] = DUMMY ;

v NS[2] = DUMMY g
NS{3] = DUMMY 5
TAKE YOUR TURN top) - om
Color_Mai =YELLOW: Color_S =YELLOW;
lN THE / ) olor. 10 olor ec
Fm e m e */
if ( (Ns{e] == DONT_CARE)
&& (NS[l] == DONT_CARE)

OMPUTER GAME INDUSTRY i (501 = i)

&5 (NS[4) == DONT_CARE)

)
if (IReset)
(

Introducing . . . Game Developer, the magazine for NS[0] = St_GreenMain b2 -
programmers and developers of console, arcade, and NS[1] = DUMMY ; o
home computer games. RS et D

This publication is the information source for game Nlal - St Ongoing B2 i
programmers and developers looking for the latest trends S S
i ivity! e */
in code, commerce, and creativity! el St_?mnm,m_w

if ( (NS[@] == DONT_CARE)
ORDER YOUR COPY TODAY! i (5] = Do oars)
Yes! Send copies at $4.95 each = § i (Timm
(Foreign add $3.00 per copy) =$ « o - s o
S = St.c B8P3 ;
TOTAL DUE =$ NS{1] = St_on_P3 ;

NS[3] = St_Red?Main_P? ;
Color_Main=RED: Color_Sec=GREEN:
}

U Check Enclosed  [J Charge my:

[Fowmmmes +/
D VISA D MC D AMEX if (PS [3]==St_Re}i2Hain_P2)
if ( (NS[8] == DONT_CARE)
Card No. Exp. & (NS %1] == DONT_CARE)
= && (NS[2] == DONT_CARE)
Signature 4 : && (NS[3) = DONT_CARE)
¥ Make checks payable to Miller Freeman, fnc. Orders must be prepaid in US dollars. )
i Please allow 34 weeks for delivery. if (TIMEOUT)
: {

NS[@] = St_GreenZMain P2 ;

i TO ORDER: NG 44 IVREE| BH - e

il Telephone 1-800-444-488| Rl L

B Fax 1-415-905-2233 Color.Main=GREEN; Color_Sec=RED:
Mail this form & payment to: /*AZ _____ v

il Game Developer, PO Box if (5 [1]ecSt_0n_P3)

105448, Atlanta, GA 30348.5448 )if (" (NS[1] == DONT_CARE)
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if (Car_in_Junct)
{
N$[1] = St_Shoot_P3 ;
}
[ */
if (PS[1]==St_Shoot_P3)
if ( (NS{1] == DONT_CARE)
)]
{
Nsf1] = St_on.P3 ;
A /t
if (PS{1]==St_On_P3)
if ( (NS[1] == DONT_CARE)
)
if (Manual_on)

{
Ns{1] = st_off_p3

At «/
if (PS[{1]==St_Off_P3)
if ( (NS[1} == DONT_CARE)

if {IMenual_on)

NS[1] = St_0n.P3 ;
)

/%
if (PS5[@]==St_c_@_P3)
if ( (NS[@] == DONT_CARE)
&& (NS[2] == DONT_CARE)
)

if (New.car waiting)
e - {

L - Ns[e] =St 1.P3 ;
e NS[2] = 122 :

3

if (PS{0@]==St_c_1_P3)
if (NS[@] == DONT_CARE)
if (New_car_waiting)

3 {
NS{@) = St.c.2.P3 ;

[ Hmmm e */

if (PS[@)==St_c_2_P3)
if (NS[@] == DONT_CARE)

{

HS(@] = St_c_3_P3 ;

/%

if (PS[B]==St_c_2_P3)
if ( (NS[1} == DONT_CARE)
)

{
BS{1] = St_Shoot_P3 ;

} /* if BS_Reset */
/% Assigning next state to present-state */
for (BS_i=g;BS_i < 5;BS_i++)
if (NS[BS_i] != DONT_CARE)
(PS[BS_i)=NS[BS_i]); NS[BS_i}=DONT_CARE:)
return 1;

/% end of BS controller */
Listing Two

/% calling the two controllers in a multi-rate scheme: the TLC rung twice
for each cycle of the TH #/

for (i=0;i<100; i++)
(for (j=0;§<2:j++) GHRT_TLC(R):
CHRT_TH(8) ;
1

/# calling the charts stochastically */
for (i=0:;i<100;i++)
N (xl=rand(}:
| ¥ if (x1/RAND_MAX @.5) CHRT.TLC(®) ;
x2=rand(});
if (x2/RAND_MAX @.3) CHRT_TM(8) ;

/% & Round-robin scheduler in an endless execution (infinite-loop) ¢/
while(1)
(CHRT_chart1(s);
CHRT_chart2(8) ;
CHRT chart3(g);

}

o e
Listing Three
/% Jumping out of an infinite-loop execution of the controller uging Terminal
States. When the controller reaches a Terminal state (designated &s such using
the State C-Code Dialog while drawing the state), it returns a @ value, %/
while (1)

{

/% will break if Terminal state has been reached +/

End Listings

if (ICHRT_TLC(@)) break;
3
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Automated Data Collection

Windows

L fomiD, etc,

- CHECK MARK /-

AutoData SDK™II
A Total Forms Processing Toolkit

Empower your software to read! recognition and imaging tools
AutoData SDK II, Software for automating data entry
Developer’s Kit, provides from scanned or faxed forms.
developers with character 30-Day Money Back Guarantee.

Also Available: AutoData Systems

6111 Bive Circle Drive » Minnetonka, MN 55343
AutoData PRO If Phore: 1209384710 « Fax 1218384008
for End-Users Toll Free: 800/662-2192

CIRCLE NO. 850 ON READER SERVICE CARD

GetHew
Information _

L A T BT TR
[ Instan [T Reaister
Product Product
{7 cetHinor
Upgrade Patches ;

{ |7 Bnnual faint
Subseription

rchase
New Product

: Exit
these things?
If all you want is a simple installer, we make those
too, starting at $49. If you can'’t produce your “first
cut” distribution within thirty minutes with one of our
royalty free products, return it within 90 days for a full refung!

+ Dial-Up Network Installs
+ Custom Controls
* Secure Encryption

+ Charge your customer perinstall even from CD-ROM!!!

917~CV\ﬂ0wtxookDrM3'f‘k.l'ﬁsvie,AL35802°USA |
TR EEERIEDY- 205.880.8782 BBS Demos 205.880.8785 |
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CIRCLE NO. 09 ON READER SERVICE CARD
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