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Abstract

This paper uses the example of a litter-collecttgpt, LitterBot, to illustrate the
difference betweesate transition diagrams andstate charts as ways to specify and
implement system behaviours. State charts allovaigaic modelling of states and
transition between such hierarchic states. Thasallfor the encapsulation of
behaviours. They also provide an elegant expresdionultiple, parallel behaviours.
State charts remain humanly tractable even for éexrgystems. State transition
diagrams lack these devices and quickly becomearipcehensible, even for
specifications of modest complexity, such as ottetBot specification.

The second part of this paper illustrates the ehgk of implementing the state
behaviours specified by a state chart. States &ohierarchy, but transitions can occur
at any level of that hierarchy and result in a idgvarchy. The implementation has to
identify the correct transition to take and esktbthe new hierarchic state, as well as
execute all relevant program code to effect actign transition, upon exit of the
state hierarchy and upon entry to the new hierarchy

There are a number of variants of state chartabiptHarel’s original and evolving
versions of UML. For purposes of exposition, thegant paper stays at a high level
and introduces the common concepts.

A separate paper, available only under non-discigsiescribes GLO Ltd’s solution
to implementing the state behaviours specified btate chart. The implementation
requires minimal processor cycles and minimal memat is fast and small. This
solution has the effect of turning state chartenfepecification tools into
programming tools, maintaining a one-for-one magiatween chart and code. The
solution can be adapted to any consistent semdntistate charts.
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Why State Charts are superior

The concepts of state, event and transition

Both state charts and state transition diagramsifygbe behaviour of a system in
terms of thestates the system can occupy and the allowaidesitions between these
states. Transitions are triggereddyents, of which there are a finite number of types.
Figure 1 illustrates these basic concepts.

1.
ii
13
L == |
P
A
A
In state 13, the system can An event of type P causes
deal only with events of a transition from state 13
types S, G, A or P. to state 7.
i 13 - Playing
The same event (P) causes P — Stop-button press
different transitions ¥
depending on the current @@'
state of the system. P — Stop-button press
3 - Tape ejected
Figure 1 States, Events and Transitions

Parti of this diagram shows that, in a given state sifgtem’s behaviour depends on
which one of potentially many different inputs oceuPartii shows that, for one
given input (P), the system responds differentlyeaeling on which one of

potentially many states the system is currentlyltre correct transition is determined
by the combination of current state and event tgpaany-to-many problem. This can
be conceived as a matrix, with states as its colneauings; inputs and events
labelling the rows; and transitions in the cellshere the combination of state and
input is a valid one.

LitterBot’s basic behaviour

LitterBot is in the world to find and dispose dtér. Its basic behaviour is modelled
in the state transition diagram of Figure 2. HoweléterBot runs on stored energy
and this runs low after a variable period of ogeratlts basic rule of survival is to
drop everything and get a recharge, as soon asses its power is low. This
additional behaviour is illustrated in Figure 3.
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LitterBot

Finding
Found
litter
Picked
up
Pick up litter Go dispose ~ Empty litter
Full Arrived
2.
Figure 2 Litterbot’s basic states
LitterBot
Finding
Pick up litter Go dispose Empty litter
Power low
Recharge
ColCharge batteries
Arrived Recharged
Figure 3 Litterbot drops everything to get recharged

Figure 3 shows that this simple survival requiretmesults in four transitions,
triggered by the Power Low event, in addition te transition needed to resume work
(Recharged) and an intermediate transition (Arfjved

A State Chart, as opposed to a STD, uses hieraoobypress the same more clearly
and elegantly. Figure 4 introduces the Collectiittet state, to wrap up the four
original states. Now a single Power Low transitsorffices.

(For presentational purposes we alternate coléorgrogressive levels in the
hierarchy. Siblings have the same colour. The aslbave no other significance.)
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LitterBot

Collecting litter N
Finding
Pick up litter Go dispose Empty litter
- J
Power
low v
Recharge
EDEETE batteries
Arrived Recharged
Figure 4 A single transition quits all states in Collecting Litter

Figure 4 can be further improved upon. We can dedfinding as the primary state
(the initial state) within Collecting Litter. Themhenever any transition enables the
Collecting Litter state, the sub-state Finding wilo be enabled. This effectively
encapsulates the behaviours within Collecting Listed hides the detail from states
outside it. Transitions are naw as well agrom boundary, as shown in Figure 5

LitterBot Q. -
The ~» symbol marks Finding _ as the
initial state within Collecting , started
whenever Collecting is entered.
Collecting litter A
Finding
Pick up litter Go dispose Empty litter
. J
Recharged
Recharge
ColCharde batteries
Arrived
Figure 5 Encapsulated detailed behaviours

To find litter, dispose of it and charge itselfiterBot needs to move around until it
arrives where it needs to be, or receives a chahtggget. The chart for this
behaviour is shown in Figure 6.
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LitterBot

Stopped

A
To (p) ?

Arrived

Moving

Figure 6 Introducing parallel behaviours

How do we integrate this parallel behaviour with #xisting specification? In a state
transition diagram, one would have to create a Mgwand a Stopped variant of each
previously specified state, doubling the numbestafes. The result is shown in

Figure 7. This does not show transitions whose @oeetbnumber would also double.

LitterBot

Finding / Finding /

Moving Stopped
Pick up litter / Pick up litter / Go dispose / Go dispose / Empty litter / Empty litter /
Stopped Moving Stopped Moving Stopped Moving

Recharge Recharge
g(t) chargg/ ;\;/IO ch_arge ! Batteries / Batteries /
oppe oving Stopped Moving
Figure 7 States of parallel behaviours multiply

A state chart deals with the integration of patddEhaviours without multiplying
states. Instead the parallel behaviours are kégjpendent, as shown in Figure 8. The
new, parallel behaviour is simply given a name (&ubing) and separated from the
original behaviour (now named Operating) by a dblige. Primary (initial) states are
identified to show in which sub-state each pardi&faviour starts up when entered.

The specification of the original behaviour staysact. This is a key advantage of
state charts: you can add behaviours with minimalaict on the existing specification
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LitterBot

v

éperating “ Advancing
/Collecting litter
L3 Stopped
Finding BE
: A
i Arived | TO (P
v @
Pick up litter Go dispose Empty litter Moving
N
Recharge
COEETES batteries
Figure 8 Parallel behaviour is added with minimal impact

To emphasise the point that you can evolve a stad incrementally, without having
to rework the entire specification, let's add sam@e behaviour: LitterBot may, from
time to time, loose traction. The design assumpgdhat this is because it has flipped
over — it's gone belly up — possibly because a ating bot has assaulted it. This is
an event that can happen in any of its statestrigegy for righting itself is not
detailed here (presumably it involves vigorous shiag and flailing), but it is

survival behaviour that takes precedence evenreekiarging. Figure 9 shows the

enhanced specification.

LitterBot Belly up

Lost4

Righted

Active traction J,
@erati ng

N\

)

Advancing
/Collecting litter i
St d
Finding oppe
Pick up litter Go dispose Empty litter Moving
.
Recharge
Go charge batteries
Figure 9 Major survival behaviour added with little effort
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Note how little needed to be done to add the eébetaviour. We simply gave the
combination of Advancing and Operating a new ngfative) and introduced just
two new transitions, to or from the new Belly Uptst

Contrast this with the havoc this extra behavioeates in a state transition diagram.
Each of its multiplied states needs to be ablestd @ith the Lost Traction event, so
each has a transition arrow going to Belly Up. Fegil0 shows our first attempt to
draw the state transition diagram (STD) equivatdrigigure 9. This shows the lowest
level states only, since a STD has no hierarchghB#ate has Stopped and Moving
variants, to account for the parallel behavioure @esigner has eliminated two
Moving variants as invalid. Note that we have tdftall event names from the
transitions. The diagram is already too cluttered.

LitterBot

Belly up

o

7“?
Finding / AJ Finding /
Moving /‘( Stopped
Pick up litter / .| Pick up litter / Empty litter /
Stopped Moving Stopped Two states are
eliminated as
— invalid:
Go dispose / Go dispose /
/ Stopped Moving
- o
Recharge
(SEth)) Ch:;QE/ > 32&:3’98/ »| Batteries /
pp! 9 Stopped
Figure 10 State transition diagram specifying the same behaviour as Figure 9

The long and crossing lines make this diagram irgeimensible. It can be tidied up

by placing the most frequently targeted statesQBarge and Belly Up) centrally on
the diagram. This results in Figure 11. This i®mplete reworking of the original.

Not only is this a waste of the engineer’s timenilitate against the best practices of
incremental refinement and makes it very hard tewain whether the original
behaviour has survived in tact. A dedicated toolld@ssist the engineer and calculate
the optimum layout, perhaps piping connectionslindbes to their common
destination, but the result will remain hard to ersand and hard to compare with
earlier iterations.
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LitterBot

Finding / _ Finding /
Moving h Stopped
JANEE )
/ Recharge
Batteries /
Pick up litter /
Stopped v Stopped

A

Go charge / Belly up

Stopped
v Ca
Go charge /
Pick up litter / Moving
Moving

=

Go dispose / Go dispose / _ | Empty litter /
Stopped ™ Moving 7| Stopped
Figure 11 ‘Tidied up’ STD — completely new layout

Figure 12 shows a further refinement of the Lit@rBpecification, adding additional
detail to two of its existing states, including dubshal parallel behaviour. A dedicated
state chart tool could hide or show the detaildalb@®ur within states on request,
perhaps jumping to it via a hyperlink, or using lsisficated zooming behaviour to
expand in context. This enhanced specification #atures references to entry and
exit code, to be executed when the machine reamteaves the state in question.
Transition code could similarly be added to thagitions arrows.

LitterBot [W]

A
Lost Righted

Active traction v
@erating Advancing N

KCollecting litter Finding ‘. N
3 : P o
Detecting “ iPatrolling : Stopped
: f A
Follow plan To (p)| Arrived
Out/To (Next P) v To (p)
Decide i (Moving R
Out/ Found litter No litter
OR
Out/ No litter —
\ rrived On track
Empty
Go dispose Empty litter A
Out/To (Nearest : Bumped| Avoided|
disposal site) Arrived | Entry / Open hatch ) 4
K Exit/ Close hatch j
Goch — Avoiding
o charge echarge i obstacle
Power low Out/ To (Nearest Arrived batteries Recharged
charge point)
K J
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Figure 12 A more detailed specification, leaving original in tact

We did not attempt a state transition diagram emjaivt of the behaviour specified in
Figure 12. The additional state in Advancing wocadise a multiplication of states
not by two, as with the original Stopped and Moyibgt by three. The additional
parallelism in Finding would multiply the number sihtes further. Each resulting
state would need transitions to Go Charge and/B#il as well as more local
transitions. The result would be humanly intractadohd probably involve a complete
change of layout. In the state chart, by conttastadditional behaviour is just a
refinement of what was already there, the impadheroriginal specification is
localised and minimal, and the result remains cetm@nsible and is easily compared
with the earlier iteration.

Summary of State Charts

State charts are a superior to state transitiograimas as a formalism for specifying
event driven behaviour. This derives from two inaiian, pioneered by Harel and
present in all subsequent variants, namely hieyaacid parallelism.

e Hierarchy delivers

o Overview and drill-down

o Minimal number of transition arrows

0 Scoping of transitions

o Encapsulation of behaviours

0 Progressive refinement within a stable context.
» Parallelism delivers

o Comprehensibility through the prevention of statd &ransition
explosion

o Extensibility, since parallel behaviours can beexbdithout
destroying the original specification

State charts provide an intuitive and elegant faidbr hierarchies of states and for
parallel live cycles (either of sub-systems or @fexisting roles of a system or sub-
system). Consequently, state charts have gaineasabmiversal acceptance,
especially since their incorporation into UML.

However, the advantages of state charts are noeddorward into program code.
The next section examines why implementing theifipation in a state chart poses
challenges.
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Implementing a state chart

When an input arrives, the software has to detegrthie type of the input and the
current state of the system. It must then idertig/requisite transition, execute any
relevant code and establish resulting state.

A state table or matrix is one of two common waygvhich state charts are
implemented. Effectively this flattens the hieraccétate chart to a finite state
machine, multiplying out any parallel states, mliké a state transition diagram. A
state table quickly gets quite large. Dealing wfith possibility of more than one valid
transition (in independent sub-systems) makesgela Optimising it (sparse matrix
compression) reduces the size, but adds machinesaycthe lookup. Because of the
size of the table and the absence of clear stingtalevices (to reflect the hierarchy
and parallel behaviours) a state-table implementas hard for engineers to debug.

The other common implementation of state charés ia hierarchy of branching
statements (if then else; case of; switch) tottesinput type and state in all valid
combinations. A moderately complex state chart giite rise to a deeply nested
hierarchy of branching statements. To deal withalp@rstates again requires them to
be multiplied out. This destroys any resemblaneehibrarchy of tests might have had
with the hierarchy of states in the chart. It dlsreases the number of tests, resulting
in a big and slow program. Nested branching statésrexre notoriously hard to write
and debug — the bigger and deeper they are, tidehand more error prone they get.

While the state matrix allows for fast lookupssivery large (and compression slows
down the lookups). The deeply nested conditiorakstent may be parsimonious
with memory, but takes many machine cycles to tsee\either device is readily
comprehensible by an engineer.

Only GLO Ltd have an implementation that is bottarand fast, using neither a
matrix, nor a deeply nested conditional stateméatlows a one-for-one mapping
between the code and the statechart, allowingretithiee debugged and corrected.

What needs to be implemented

The hierarchy of states and the parallel behavj@arglegantly expressed in the state
chart formalism, also make it hard to implement. W€ use the LitterBot example to
set out what is required of an implementation. &ase of exposition, we will revert to
an earlier evolution of LitterBot’s specificatiopeated here as Figure 13.
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LitterBot Belly up

Traction

Righted
Active lost
@erating Advancing N
Collecting litter i
Stopped

Finding PP

Found
litter To (p)
Picked Empty Arrived
up To (p)
Pick up litter Go dispose Empty litter Moving
Full Arrived
o
Power
low Recharged
Recharge
COEETES batteries
Arrived
3.
Figure 13 The LitterBot behaviour to be implemented

This statechart represents a hierarchy of statiés parallel as well as mutually
exclusive branches. Figure 14 makes this struepécit as a tree. A double border
around the parent node (Active) indicates paralteliThis is further emphasised by
the horizontal line from which the parallel childr@Operating and Advancing) are

suspended.

Belly up

LitterBot

Active

Operating

Advancing

Recharge
Go charge } ‘ batteries } [

litter

oliectyy ‘ ‘ Stopped ‘ ‘ Moving }

(Empty litter ‘ (Go dispose ‘ (Pick up litter } [ Finding

Figure 14 The tree representing the structure of the state chart
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We can reflect in this tree the events that cahdrelled in each state. The Arrived
event, for example, can be handled in three disgilaces. (Figure 15.)

LitterBot

Belly up

Operating Advancing

. )
Recharge Collecting q
Go charge ( batteries ] [ litter ( Stopped ‘ ‘ Moving J
A/Arrived
Arrived
(Empty litter Go dispose kick up litter } { Finding
Arrived
Figure 15 The Arrived event can cause three different transitions

The implementation must match the event withdireent state in order to determine

what (if anything) should happen next. In Figuretii® statechart is marked to show

the current state: Litterbot is moving to the neadésposal chute. Events that can be
handled (including Arrived) are highlighted.

LitterBot

TractionT

[ Active ) lost

(/ . H . ]
Operating = Advancing

(Collecting litter

Arrived

Go dispose

Moving

Power
low

\ y
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Figure 16 The current state of LitterBot

Unlike states in state transition diagrams, wheihestate corresponds to precisely
one node, states in a state chart are complexrd-igishows show the composition
of thecurrent state. Valid events can occur anywhere in theligigted hierarchy.

LitterBot

Arrived

Collecting
litter

Arrived

Figure 17 Structure of the current state

The implementation has to find the most specifitdvstate for an event. There may
be more than one, as is the case here: both Mavidgs0 Dispose can (and do)
handle the Arrived event. Figure 18 shows the tegubtate.

 SEEEE—
LitterBot

S

Traction lost = N

Collecting
litter

Active

—

—

Power
\ .
low To (p)

Stopped

Empty Empty litter

Figure 18 Structure of the new state after Arrived occurred
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In this new state, LitterBot is ready to deal withir different events.

To complete this transition, the implementation taxecute all relevant transition
and exit code, assert the new (hierarchic) stadeesaacute entry code.

Conceptually, you go up the hierarchy to the paieobmmon with the new state.
(Advancing and Collecting are the relevant parenfsarallel branches.). As you exit
states you have to execute their exit code. Franpérent in common, you then go
down to the sub-state targeted by the transitinecating entry code as you go down
and carrying on down if there are any primary statelicated. You do so for each
relevant parallel branch. (There is no ordering iagst parallel branches.) You do not
exit or enter the parent(s) in common and so daretute their entry or exit code.

The state achieved in Figure 18 is marked on #ite shart in Figure 19. Litterbot is
stopped at a disposal chute. This chart has beggnented to show an entry and an
exit action. Litterbot’s hatch will now open. Pddsitransitions are highlighted.

LitterBot

TractionT

[ Active ) lost

(/ . H . ]
Operating = Advancing

(Collecting litter

Stopped

Empty T

Empty litter

Entry / Open hatch
Exit/ Close hatch

Power
low

\ y

Figure 19 The new state in plan view

Let's say the Power Low event occurred. .Figurei2@ws LitterBot’s resulting state:
it will go to the nearest charger. But this exitdl€cting Litter and hence Empty litter.
Before it goes anywhere, Litterbot must close é&h.
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LitterBot

[ Active 1
5 \]
meraﬁng : Advancing \
Stopped
To (p)

Exit/ Close hatch

Power
low

Go charge
Entry /Out:

To (Nearest charge
point) Arrived

\ y

Figure 20 The state after a Power Low event

Again, in order to complete the transition to thésv state, the implementation has to
identify the relevant state/event combination mlfthe transition. It must execuset
actions (from the lowest up), assert the new hofiieal state and execute any entry
code (from the highest newly enabled state dowthd@dowest primary state). Figure
21 visualises the transition as a move from onaligigted tree to another, with the
highlights marking the old and new states.

Old state | Power low > New state

| Emply liter I

Figure 21

It is clear from this exposition that identifyiniget correct transition for an event is not
trivial; that the transition involves a varying anmb of work that must be executed in
a certain order; and that asserting the resultiag snust establish the correct
hierarchic structure of that state.
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StateLogics - the solution

4, The GLO algorithm represents the tree structuth@turrent state in a
compact data structure. A number of highly effitieperations are defined on this
data structure to match the valid states for argaxeent with the current state of the
system at all levels of the hierarchy. When a matdbund, the algorithm calculates a
pointer into a simple table of transitions, whdre tode fragments to be executed are
listed and the resulting state is indicated.

5. The hard work is done during a pre-processing staga to compilation.
This parses the state chart into the required stetature and constructs the table of
transitions.

6. GLO's innovation takes state charts and implemietspecified behaviour
as a one-for-one mapping into code. The clear andise structure of the state chart
is thus echoed in the code, without a massive cahiprehensible state table or
deeply nested conditionals.

7. The implementation can therefore be debugged, c®deand enhanced in
program code that reflects the clarity of the sjpeation. This improves quality, gets
you to market more quickly and lets you evolve ypraduct lines more rapidly:
throughout the entire product lifecycle you stayhat analysis level.

8. This can be achieved today, without the need fdeagmeneration. Our
algorithm is encapsulated in a library of C machtsur software engineers can use
these immediately and gain the benefit. Even if gaw a state chart using pencil
and paper — you can then structure your C or e @recisely like the state chart
you drew. There is an immediate gain in transparamc maintainability. You
describe the state structure in macros and spadifpction for any transition, entry
and exit code. (Entry and exit are are similah® C++ constructor and destructor
notions). Because of the close structural mappiog,can do round-trip engineering
(from the code back to a pencil and paper drawing).

Copyright © GLO International Ltd 2003 - 2004 16
Private and Confidential

All information contained within this document remains the property of GLO International Ltd.

Do not disseminate or reproduce without prior permission.



Your next step:

0. StatelLogics - generates high quality software cod#rectly from state
chart specifications and has been implemented assat of macros and generated
header files within C+. It is of general applicabiity and of particular interest to
the software engineering community engaged in buildg embedded and real-
time systems.

» Development partner -work with us to incorporate, adapt and extendiomovation,
in particular its integration with established dc@developed tools. We look to the
partner to contribute development resources, irmeor significant influence on
priorities and earliest access to any results.

* Investors —be enthused by amazing upside and patent protemthdologies. GLO
will consider third party investment from qualifigastitutions. Our commercial
model has low running costs and is highly scalabik limited resources. It is a
common and effective model in the software induatrg, in addition to license fees;
it generates maintenance, consulting and bespolaafement revenues.

» Academics —get involved with these breakthrough technologi¢s require
technology validation and research assistance on a variety of exciting software
technologies. Our current interest is in establishing research partnerships with
academic institutions.

Call us now...

10.

William M Pearson Michael Tanaka

Chief Technical Officer | Chief Executive Officer
bill@gloltd.com michael@gloltd.com
+44 781 425 5901 +44 776 777 6141

11.

12.

Copyright © GLO International Ltd 2003 - 2004 17
Private and Confidential

All information contained within this document remains the property of GLO International Ltd.

Do not disseminate or reproduce without prior permission.



