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Abstract

from afamiliar methodof requirementspecification.
An introductionto andbrief history of ladderdiagrams

This paperdescribesa systemfor the automaticgenera- is presentedn Section2 along with examplesof how

tion of programsourcecodefrom a graphicalrepresen-

tation of systemrequirements.Thesearein the form of
ladderdiagramsthat are usedto documenthe Boolean-
logic basedprogrammingpresentn mary industrialau-

theseladderdiagramshave evolved and are usedtoday
We will seeexamplesof situationswherea PLC andlad-
derdiagramanightbeappliedbut dueto applicationcon-
straints,apurchasedPLCisn’t suitable.

tomation applications. Thesediagramsare descended  After the objectivesof the projectarediscussedn Sec-

from electrical schematicof relay panelsand are used
as a meansof programmingmicroprocessebasedpro-
grammabldogic controllers.Thecodegeneratiorsystem
describedconsistsof two parts: a graphicalladderdia-
grameditor anda post-processathat generategprogram
sourcecode.

1 Intr oduction

Programmabldogic controllers(PLCs) usedto control
automatednachineryareoften programmedisingladder
diagrams[Krigman]. Thesediagramsprovide a widely

understood/isual representationf systemrequirements.

This projectdemonstrates set of tools that allow such
ladderdiagramso be usedto automaticallygeneratgoro-
gram sourcecode in a high level languagesuchas C.
Thesetools consistprimarily of a graphicalladderdia-

tion 3, Section4 will describethe architectureof the
project. The featuresand designof the ladderdiagram
editorwill beoutlinedin Section5, andthe codegenera-
tor will bedescribedn Section6.

2 History of Ladder Diagrams

If you have ever watchedan automatedmanufcturing
procesgmetal stamping,plastic molding, etc.) you saw
the synchronizedand sequencedperationof tens, hun-
dreds,or thousand®f separatenechanismsElectricand
hydraulicmotorsstartandstopon cueto move corveyor
systemsHydraulicandpneumaticylindersactuatén the
propersequencéao pressmold halvestogetherandthen
inject molten plastic. Switch contactshbuilt into safety
coversautomaticallyshutdown dangerougortionsof the
systemwhencoversare opened.After every 5000parts,

gram editor running underUnix/X11 and a source-code an empty cardboardcartonreplacesa full one which is

generationprogramthanrunson ary platform that sup-
portsANSI C.

While ladderdiagramamay be usedto programa PLC
thereareapplicationsvhenit is notpracticalto useaPLC.
Instead customdesignednicroprocessebasecardware
may be required. The tools discussedn this paperallow

sealedandlabeled.

Such systemscan involve mary hundredsof inputs:
mechanicallimit switches, proximity switches, safety
interlock switches, temperaturesensors,weigh scales,
liquid level sensors,pressureswitches, control panel
switches,andso on. That systemmight also have hun-

sourcecodetargetedfor suchhardwareto be generated dredsof outputs:solenoidshydraulicor pneumatiaylin-



ders,electricalmotors(steppeior continuous)heatingel-
ementsgcontrol panelindicators,audiblealarms,etc. For
the purposeof discussindadderdiagrams,all of them
areBooleandevices—they areeitheron or off.

In computeisciencgerminology thesystemcanbede-
scribedaseithersimplecombinatoriallogic or asa finite
statemachine dependingon whereyou draw theline be-
tweeninternal stateand externalinputs/outputs.Indeed,
mostsuchsystemsbuilt within the lastdecadeor two are
controlledby a computerof sometype— thoughpossibly
just a 8-bit processomith a few thousandbytesof code
spaceanda few hundredbytesof RAM. But, suchcom-
plex machinesvererunningquite happily beforethe mi-
croprocessqrbeforethe transistor beforethe computey
andevenbeforethevacuumtube.

Oneprimarytechniquethatwas(andoccasionallystill
is) usedto control suchsystemss relaylogic. This tech-
nigueinvolveswiring relay contactsandswitchinputsin
series/paralletombinationshetweenra power supplyand
anoutputdeviceto implementBooleanexpressionsVari-
oustypesof mechanicallylatchingrelays,counterstime-
delayrelays,andotherelectro-mechanicalevicescanbe
connectedor additionalfunctionality.

The schematicsshoving the series/parallecombina-
tion of relayandswitch contactsareknown as“ladderdi-
agrams’becauseavhenlarge setsof themaredrawn side-
by-sidewith a commonpower line acrossthe top they
somavhat resemblea ladderlaying on it's side. (They
don't look that muchlik e ladders,but probablyasmuch
asdrawingsof “tree” datastructuresesembleealtrees.)

Recently the InternationalElectrotechnicalCommis-
sion hasissueda standardthat coversthe programming
of PLCs[IEC 1131-3]. This standardincludesspecifi-
cationsfor ladderdiagrams- unfortunatelythe standard
only specifieshow ladderdiagramsare to appearwhen
dravn with ASCII charactersinddoesnotaddressheis-
sueof representindadderdiagramson bit-mappeddis-
playsor printerswith graphicscapabilities.

2.1 Ladder Diagram Examples

Thestandardschematisymbolfor a setof relay contacts
is a pair of parallellinesperpendiculato the directionof
currentflow. If you arefamiliar with electricalschemat-
ics,thisis alsothesymbolfor acapacitor Whetherthede-
viceis acapacitoror apair of relaycontactds determined
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Figurel: SimpleLadderDiagramExamples

eitherby context or by thedevice'slabel! Capacitorsare
not usedin ladderdiagramssoin theseexamplesall of
the describedsymbolswill representitheractual,phys-
ical relay contactsor “logical” contactsusedto represent
thetruth valueof a Booleanvariableor input.

A symbolwithout a diagonalline indicates‘normally
open”contactghatallow currentto flow only whenthere-
lay is turned“on” or thevaluerepresentety the symbol
istrue. A diagonaline throughthesymbolindicates'nor-
mally closed”contactghatallow currentto flow whenthe
relay is “off” or the valuerepresentedyy the symbolis
false—the equivalentof alogical “not” operator

Figure 1 shows three simple examplesof ladderdia-
grams. The outputX will betrue (powered)if A andB
arebothtrue (switchesclosed).TheoutputY will betrue
(powered)if A or B aretrue(switchesclosed).Theoutput
Z will betrueif A istrueandD is true,or if A istrue,B
is true,andC is false:

X=A-B

Y=A+B
Z=A-(D+(B-T))

Where' -’ is Booleanand,' +' is Booleanor, andC is the
unaryBooleannegationof C.

1A device labeledC1030n a schematiavould likely be a capacitor
while onelabeledk103 would bea pair of relay contacts.
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Figure2: A More Complex LadderDiagram

In ladderdiagramssuchas Figure 1, A, B, C, andD
might beinputsfrom proximity or limit switches.Some-
thing analogoudo temporaryor internal statevariables
are implementedby usingthe outputto control another
relay whosecontactsshow up in othercombinatorialcir-
cuits. A relay typically had several setsof outputcon-
tacts— both true (normally open)andinverted(normally
closed).

A circuit representingmorecomplex Booleanexpres-
sion might have ten, twenty or a hundredelementsthat
mightincludecounterstime delays,andotherfunctional
blocks.By usingfeedbackthe contactcontrolledby the
outputsignalareusedin the circuit that controlsthe out-
put), it is possibleto implementa circuit which hasan
internalstatesuchasan R-Sflip-flop.

The examplein Figure2 shows a circuit with aninter
nal state(which, in this case,happendo be equalto the
outputsignal). In Figure2, the stateof X is givenby the
Booleanexpression:

A-(B+C+D)-[(Start- (E + F-QG)) + (Stop- X)]
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Figure3: A LadderDiagramUsinga FunctionBlock

Sucha diagrammight be generatedby an electrician
or mechanicakngineerto satisfy the following require-
ments:

e X isthecontrolsignalfor someoutputdevice.

¢ X maynotbeenabledinlesghefollowing interlocks
arepresentA, andary oneof B, C or D.

e X may be turnedon by pressingthe Start button
wheneitherconditionE is true or conditionsF and
G arebothtrue.

e X will remainon (assumingthe interlocks stated
above arepresentuntil the Stopbuttonis pressed.

Ratherthanshaving feedbackasin Figure 2, a func-
tional block containinga “switch” might be definedthat
hastwo controlinputs;oneto turntheswitchoff, theother
to turnthe switchon. Whenneitherof thetwo controlin-
putsaretrue,the switch’s stateremainsunchanged.The
switch’s behavior whenbothcontrolinputsaretruecould
be defineda numberof ways,but we will definethe“off”
input hashaving priority: whenboththe “on” and“off”
signalsaretrue,the switchis off.

Figure 3 shavs a ladderdiagramusing sucha switch
block thatmeetsthe samerequirementsasdid the ladder
diagramin Figure 2. This diagrammore clearly shavs
the purposeof this control sub-systemthe logic on the



left controlswhenthe outputwill be turnedon, andthe
logic ontheright shavs whenit will beturnedoff.

2.2 Ladder Diagrams Today

For severaldecadebeforecomputersvereinventedme-
chanicalengineersandplantelectriciansreatedcomplec
discretecontrolsby designingelay-logicsystemsToday
Booleancomputationusing actualseries/paralleCombi-
nationsof physicalcontactds rarelyusedin systemawith
morethana few inputsandoutputs.Eventhoughthe use
of relaysto performlogic is rare, the use of ladderdi-

its) andno longerareall calculationsperformedcontinu-
ouslyandin parallel.
Theladderdiagraminterpretersvaluatediagramsn a
specifiedorder, from top to bottom,left to right. To con-
tinuetheanalogywith aphysicalimplementationcurrent
canonly flow down the pageandnot up the page.
The“computerization’of ladderlogic hasmadeit easy
to add higherlevel devicesto thetool set. The designer
commonly has accessto blocks suchas a counterthat
countsinput pulsesand setsan output to true after N
pulseshave beenaccumulatedSuchacountemighthave
severalinputssuchasincrementdecrementclear, anda
“trigger” level thatdeterminesvhenthe outputgoestrue.

agramsto documentthe operationof electro-mechanical otherfunctional blocksthat are commonlyseeninclude

systemss still widely used. The primary useof ladder
diagramss to programmicroprocessebased’LCs.

ThesePLCsrangein capabilitiesfrom 5-101/O points
andaserialportfor programmingto thosewith hundreds
of I/O points,a graphicallocal operatoiinterfacefor edit-
ing diagrams,and a LAN interfacefor connectionto a
supervisorycontrolsystem.Purchasgricesrangefrom a
few hundredo severalthousandiollarsandthey aresold
by mostof the providers of processcontrol equipment:
GE, WestinghouseGould,L&N, ToshibaAllen-Bradley,
SquareD, etc. Specificationdor a typical low-endPLC
programmedisingladderdiagramsthe ToshibaEX14B,
is includedasAppendixE.

PLCsprogrammedy ladderdiagramsare usedin al-
mostall applicationsinvolving discreteprocesscontrol?
Theseprocessegan consistof anything that requiresa
setof discreteoperationde performedin setsequences:
injectionmolding, stamping corveyor operations.

PLCsinterpretladderdiagramsarnywherefrom ten to
onethousandimesper second.The move from physical
implementatiorto interpretatiorby a microprocessohas
introducedboth new capabilitiesand new restrictionsto
the processof designinga system. No longeris the de-
signerlimited by the numberof contactsperrelay or the
fan-outrestrictionsthatlimited how mary relaysan out-
put could control. However, no longeris the responsef
the systeminstantaneouéwithin electro-mechanicdim-

2Discrete processcontrol refers to systemswhere a controller
switchesoutput devices on and off accordingto pre-definedrequire-
ments— asopposedo continuougprocessontrolwhereananalogout-
put (speedtemperaturer pressurdor example)is controlledto main-
tain asystemwithin desiredoperatingimits.

time delaysand analoginput blockswith binary outputs
for multiple high andlow alarmconditions.

2.3 The Needfor Code Generation

While PLCsaresuitablefor mary discretecontrol appli-
cationstherearesituationswhen eithercustomdesigned
hardware or a more generalpurposecomputermust be
used. A more generalpurposecomputermight be re-
quiredin orderto provide accesgo hardwareor software
capabilitiesthat arent availablein a PLC. For example,
anapplicationmight requiresomesortof machinevision
capabilities. While video captureequipmentand pattern
recognitionfacilitiesarereadilyavailablefor workstation-
classmachinessuchfacilitiesarent availablefor PLCs.

Unusual physical requirementssuch as an extended
temperaturerange or hardeningto resist radiation or
electro-magnetiénterferencemight precludethe use of
off-the-shelfPLCs andrequirethat customhardware be
designedUnusualinterfaceor performanceequirements
might alsorequirethe designof customhardware or the
useof a particularcomputernot originally intendedfor
discretecontrolapplications.

If either a generalpurposecomputeror customde-
signedhardwareis used,it is likely to be the exception
within thefacility. If the majority of the discretecontrol
within a plantis performedby PLCsprogrammedising
ladderdiagramsijt would be advantageou# our “excep-
tion” applicationcould alsobe programmedusingladder
diagrams. This would allow personnelalreadytrained
in the useof ladderdiagramsto createand maintainthe
discretecontrol portion of the applicationwithout hav-



ing to learn a programminglanguagesuchas C. Since
ladderdiagramsare easily generatechnd understoodoy

non-programmerghey aresometimesisedto document
controlevenwhenthe actualprogramis writtenin acom-

piled language. The manualtranslationof ladder dia-

gramsinto a proceduralanguagesuitablefor useeither
on a generalpurposecomputeror customhardwareis a

time-consumingnderror-pronetask.

Automatic generationof sourcecodefrom ladderdi-
agramswill allow usersfamiliar with ladder diagrams
to continueto use familiar designmethodologieseven
thoughthe target machinedoesnot provide a ladderdi-
agraminterpreter To changethe discretecontrol func-
tionality, the usermerelyneedsto edit the pertinentlad-
derdiagramandthendo a“make” whichwill re-generate
thesourcecodefrom thealtereddiagramandthenrecom-
pile theapplication.Oncesuchasystems setup, mainte-
nancecanbeperformedwith lessrisk of introducingbugs,
andthereis lessrequiredprogrammingexperienceon the
partof the personmaintainingthe system.

3 Project Objectives

In the past,the programmemvould be given ladderdia-
gramsshawing the systemrequirementsndwould have
to translateheseinto sourcecode.

This projectwill provide tools to automaticallygen-
eratesourcecodefrom ladderdiagrams. The generated
sourcecodecanthenbeincorporatedn a compiledpro-
gram. This would allow the control logic and operation
sequencéo be designedoy the industrialor mechanical
engineesinga familiar methodologyandnotation(lad-
der diagrams)even though an off-the-shelfladderlogic
controlleris notsuitablefor thetask. Theladderdiagrams
would be designedby the engineerdesigningthe process
or the machine,andthenautomaticallytranslatednto C
for incorporatiorwith theremaindeof the software.

3.1 RelatedWork

A literaturesearchrevealednothingin the areaof gener
ating sourcecodefrom ladderdiagrams.Therehasbeen
work done[Devanatharet al] on programsto do the in-
verse: generatdadderdiagramsfrom a definition writ-
tenin a state-transitiolanguage. The ladderdiagrams

arethendownloadednto theladdercontrollersmentioned
previously.

4 Project Architecture

The project consistsof two main components:an X11-
basedgraphicalladderdiagrameditoranda codegenera-
tor. The codegeneratomay be run from within the dia-
grameditoror it mayberun asa stand-aloneuitility.

Thedecisionto separatéhe functionalityinto two pro-
gramswas driven by the additionalutility of beingable
to performthe sourcecodegeneratioraspartof anauto-
matedsoftware build facility suchasis provided by the
Unix “make” utility. If the sourcecodegenerationwas
available only from within the ladderdiagrameditor, it
might be possiblefor the userto edit the diagrambut for-
getto runthe codegeneratiorfunction. This would result
in the ladderdiagrambeing out of syncwith the corre-
spondingsourcecode.

If the sourcecode generatoris available as a stand-
alone utility, thenit is quite easyto usea utility like
“make” to insurethat when a ladderdiagramhasbeen
changedhecorrespondingourcecodeis regenerateénd
compiledonly asneeded.

Thefollowing sectionswill describehedesignandop-
erationof thetwo portionsof the project.

5 LEd: A Diagram Editor

The portion of the projectmostvisible to the useris the
ladderdiagrameditor. This sectionwill describethe pro-
gram’s featuresandusageandthenaddresghe designof
theeditor.

5.1 Program Features

Fromthe users perspectie the ladderdiagrameditor re-
semblesa simpledrawing or schematicaptureprogram.
LEd hasfacilitiesfor:

e Placing objects of various types (relay contacts,
functionblocks,etc.) onthediagram.

o Editingthenamef theseobjects.



Making interconnectiondbetweenthe terminals of
objects.

Moving anddeletingobjects.

Saving, loading,andprinting ladderdiagrams.

Runningthe codegeneratoprogramandviewing its
output.

¢ Viewing hypertext helpdocumentation.

Figure 4 shaws the applicationwindow of the ladder
diagrameditor. The editor is invoked by typing the fol-
lowing atthe shellprompt.

$ led [filenane]

If afile nameis providedonthecommandine, the editor
will openthatfile anddisplaythecontaineddiagramin the
mainsub-windav. Oncethe editorhasstarted the useris
presentedvith amenubamacrosghetop of theapplication
window andatoolbardown theleft sideof theapplication
window.

5.1.1 Menubar

The menubarprovidesfor operationsancillary to the ac-
tual manipulationof the drawing. It containsfour drop-
down menus:

File containsentriesthatallow the userto openandsave
diagramfiles, print the diagram,and exit the pro-
gram.

View allows the userto view a list of objectsonthe cur
rentdiagram the correspondingnet-list, or the code
producedy thecodegeneratoprogram.

Options allows the userto choosethe settingsfor vari-
ousprogramoptionsthatcontrolline width, drawing
size,etc.

Help allows the userto startan HTML browserthatis
usedto view the programs helpdocumentation.

5.1.2 Toolbar

Thetoolbaralongtheleft sideof the applicationwindow
is usedfor manipulationof the drawing itself. The func-
tionsprovidedby thetoolbarcanbedividedinto four cat-
egories:

1. Thetop seven buttonsareusedto placenew objects
on the drawing. First the userleft-clicks on the de-
siredobject(the function block buttonwill pop-upa
menuthatallowsthetypeof blockto bechosen)The
userthenmovesthe pointerinto thedraving window
—anew objectof the selectedypewill beshavnin
red,andit will follow thepointerasit is movedabout
the drawing window. Whenthe new objectis in the
desiredposition, the userleft-clicks and the object
is placedon thedrawing. If the userright-clicksthe
new objectis discarded.

2. The wire button is usedto interconnectdeviceson
the drawing. The useleft-clicks on the wire button,
thenmovesthe pointerinto the drawing window. In
thedrawing window, aleft-click will startanew wire
atthepointerposition(terminatinga pendingwire if
oneis beingdrawn). Centerclicking will terminate
the wire currently beingplaced. Right-clicking will
discardthewire currentlybeingplaced.

3. Thetext buttonis usedto edit the nameassociated
with eachnon-wireobjectin thedrawing. To editan
object’s name the userleft-clicks on the text button
thenleft-clicks on the object. A text cursorwill ap-
pearandthe usermaythenenteror edit the objects
name.

4. The move and deletebuttonsare usedto move and
deleteeithersingle objectsor groupsof objects. To
move or deletea singleobjectthe userleft-clicks on
the appropriatebutton andthenclicks on the object.
If the objectis to be moved, it will changecolor to
red and follow the pointerasit is moved. A left-
click will placethe objectin its currentlocationand
aright-click will abortthemove operationyeturning
the objectto it' s original location.

Deleting or moving multiple objectsis similar ex-
ceptthe userselectsa rectangularegion by center
clicking at oppositecornersof the desiredregion.



LEd: Ladder Diagram Editor
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The Unix manpageandhypertet help documentdor
led areincludedasAppendixesA andB.

5.2 DevelopmentPlatform

Thelanguagechoserfor the projectwasthe STk package
[Gallesio]: a Schemanterpreterdinked with the Tk X11
toolkit andwidgetset[Outsterhout].

Severallanguageoptionswereinvestigatedor theim-
plementatiorof aladderdiagrameditor;

o Smalltalk.

— Digitalk Smalltalkwith athird partyuserinter
facekit.

— GnuSmalltalkwith X11 interfacelibrary.
— ParcPlaceSmalltalk.

e TheTcl/Tk Tcl interpreterandX11 toolkit.
e CandvariousX11 widgetsets.

e The STk SchemanterpreterandX11 toolkit.

Smalltalk. A freely distributable and easily extended
packagewasone of the goalsof the project. For this to
be practical, the developmenttools must also be freely
distributable.

Of the Smalltalksystemspnly Gnu Smalltalkmetthis
requirement. Unfortunately the X11 interfaceavailable
for GnuSmalltalkwasratherprimitive anddidn’t provide
a setof widgetssufiicient for the task.

Tcl/Tk. ThislanguageandX11 toolkit wasdesigneds
partof asetof toolsto do integratedcircuit designandin-
cludesavery sophisticatedcanvas” widgetthat provides
thefundamentafunctionsrequiredfor anobject-oriented
drawing applicationlik e editingladderdiagramsTheim-
portantfeaturesof the Tk carvaswidgetare:

e Two dimensionakcrollingwithin awindow.

¢ Directsupportfor themanipulatiorof graphical‘ob-
jects”.

e Built in capabilityto generatea postscriptrepresen-
tationof the“drawing” containedn thewidget.

While the Tk toolkit andwidget setwasideally suited
for theladderdiagrameditorportionof theproject,theTcl
languagealidn’t seemsowell suited. The Tcl languagés
basicallya string-orientedcommandlanguageakin to a
Unix shell. It lacksary datatype otherthanthe string,
andthe syntaxand semantic®f the languagatself area
bit odd.

C. Gnu C provided an excellent, freely distributable
compiler A freelydistributable high-level widgetsetthat
providedtherequiredfeaturesvasnt found.

STk. The STk packages a Schemeinterpretermated
with the Tk toolkit. Schemds a small, modern statically
scopeddialectof LISP. It is awell defined,standardized|
languagewith alargelibrary of availablesourcecodefor
functionality, rangingfrom hashtablesand queuesto a
completeobject orientedprogrammingsystembasedon
CLOS, the CommonLisp Object System. The Advan-

tagesof STkare:
e STkis availablefor mostUnix/X11 platforms.
e STksourcecodeis availableandfreely distributable.

e STkis easilyextendedn C.

Thedisadwantage®f STkare:

e Inability to generatestand-alone,binary applica-
tions. An STk applicationis like a Unix shellscript
— if you don't have the interpreterinstalledon your
systemyou cant runthe program.

e STkhasnotyetbeenmplementedor non-Unix/X11
platforms.

e The Tk toolkit is designedto be usedby an inter-
pretedlanguageatherthana compiledlanguageso
it's not likely thatit will be possibleto producea
stand-alondinaryapplicationin thefuture.

3LiketheC languagetherearetwo “standards. Oneis IEEE P1178-
1990“IEEE Standardfor the SchemeProgrammingLanguagé. The
secondstandardis the “K&R” of Scheme:“Revised Reporton the
Algorithmic LanguageSchemé, ClingerandReesdEditors)



5.3 The Designof LEd
Thedesignof the editormustaddresshreemajorareas:

e Manipulationof graphics— the actualmechanicof
editingthedrawing.

e Maintenanceof a datastructurethatis sufiicient to
recreatehe drawing andanassociateet-list.

e Generatiorof a net-listsuitablefor post-processing.

In orderto explain how theseproblems(especiallythe
first two) are solved, it is importantto understandhe
functionality availablein the Tk toolkit's carvaswidget,
which is seenas the main drawing areain the applica-
tion window. The carvaswidget providesfor the display
andmanagementf severaltypesof graphicalprimitives:
lines,ovals,text, rectanglesetc.

These primitive objects are managedand organized
mostly by theassignmenof “tags” to objects.Eachprim-
itive hasa unique,automaticallygeneratechumericaltag.
Theuseris allowedto assignadditionaltagsto primitives
asdesired. A primitive objectmay have any numberof
tags,andtagsarenotrequiredto be uniqueto anindivid-
ual primitive. A new tag may be assignedo primitives
within a givenregion, to the primitive closestto a spec-
ified coordinate to the primitive(s)that have a specified
tag, or to the primitive selectedby the pointer Addition-
ally, it is possibleto retrieve all of the tagsassignedo a
particularprimitive,aswell asotherinformationaboutthe
primitive suchascoordinatesandtype(line, oval, text). In
thecaseof text objectsthestringvaluemaybealsobeset,
modified,or queried.

Theseprimitive objectsare manipulatedoy operations
suchasmove, delete,changecolor. The primitivesupon
which the operationsare to be performedare specified
by the previously discussedags. For example,all of the
primitiveswith a specifiedtag may be moved 100 pixels
to theleft and75 pixelsdown.

5.4

The mostimportantdesigndecisionis how the ladderdi-
agramis representethternallywithin the editor. Concep-
tually, the diagramconsistsof a setof high-level objects
(relays,function blocks, labels,wires) eachwith a name
(exceptwires)andapositionon the drawing.

Inter nal Data Representation

A certainminimum amountof datais maintainedin-
ternalto the carvaswidget: The coordinateof all of the
graphicalprimitivesandthe string valuesof thoseprimi-
tiveswhich aretext objects.

This raisesa number of design questionsrevolving
aroundthe centralissueof how to partition the editor’s
representationf thediagrambetweerthecarvaswidget'’s
internal state(usingthe tagsdescribedpreviously) anda
datastructurewithin the applicationprogram:

o If thecompletestateof the diagramis to beresident
in adatastructuresxternalto the carvaswidget,how
much effort is requiredto make surethat the infor-
mationduplicatebetweerthecarvaswidgetandthe
externaldatastructureis maintainedin a consistent
state?

o [f the stateof the diagramis to be split betweerthe
carvas widget's internal stateand an external data
structurewithout duplicatinginformation, how will
changedo the diagramstatebe coordinated?

e Is the tag mechanisnpowerful enoughto allow the
stateof the diagramto be containedentirely within
thewidget?

In orderto decideon one of the threeapproacheshe
requirementshatmustbe methave to be defined:

Grouping of Primiti ves. Groupsof graphical primi-

tives needto be definedso that the applicationprogram
canperformthedesiredoperation®n higherlevel objects
suchasrelaysandfunction blocks. This canbe accom-
plishedexternalto the carvaswidgetby maintaininglists
of primitivescorrespondindo eachhigh level object. It

mayalsobeaccomplishedavithin thecarvaswidgetby as-
signinga uniquetagto the setof primitivesthatmake up
eachhigh-level object.

Attrib ute Assignment. Eachhigh level objecthasser-
eral attributes that need to be manipulated: a user
specifiedname,the location on the drawing, the object
type(relay, wire, label,etc.). Theseattributesarerequired
for generatiorof the netlist—thelocationsareusedto de-
terminethe connectionbetweerobjectsandtheotherat-
tributes(name,type) arerequiredby the codegeneration
algorithm.



The maintenanceof thesehigh level object attributes
can be performedexternal to the carvas widget with a
datastructurethat is instantiatedfor eachhigh level ob-
ject. This may alsobe doneusingthe carvaswidgetsin-
ternalstate. The carvaswidget certainlymustkeeptrack
of the locationof eachprimitive, andif we defineoneof
the primitiveswithin eachhigh-level objectasthe “ori-
gin” of that object, thenwe canusethe location of that
primitive to definethelocationof the high level object.

To maintainotherattributestagswith a definedformat
may be assignedo the primitives that composea high
level object. For examplewe candecidethat a tag with
a value of “type-XYZ" will be assignedo an objectto
definethetype of thatobjectas“XYZ".

Likewise, we can assigna predefinedtag to the text
primitive within a high level objectthatcontainsthe user
edit-ablenamefor that high level object. This will allow
usto editor retrievethenamefor agivenhighlevel object.

The Road Chosen. Thedecisionwasto utilize thecan-
vaswidget'stagfacilitiesandits internalstateto represent
the entirestateof the drawing. This approacthasseveral
adwantages:

e No duplicateddata. Sinceall stateinformationis
containedin the carvaswidget, therecant be ary

discrepanyg betweertheapplicationsrepresentation

of thedrawing andwhatis displayedo theuser

No effort is requiredto coordinatechangego two
data structures. When an object is deleted, it is
not necessaryo deleteit bothfrom an externaldata
structureandfrom the carvaswidget.

Theroutinesrequiredto manipulateobjectattributes
usingthe carvaswidget’s tagmechanisnrequirelit-

tle or no additionalwork comparedo usingan ex-
ternaldatastructure.

5.4.1 Example of Tag Usage

Primitive objects(lines, text, ovals) needto be grouped
into high-level objectssuchasrelaysandfunctionblocks.
This is doneby assigninga uniquehigh-level objecttag
to all of the primitive objectsthat composea particular
high-level object. Thesetagsalwaystake the form “obj-

NN”" andare generatecautomaticallyby the application

codeasnew high-level objectsare created. Thesehigh-
level objecttagscanbe seenin the netlist generatedy
theeditor

High-level objectscan then be operatedon as single
logical objects. For example, when the userwishesto
move afunctionblock, thefollowing takesplace:

e Whenthe mouseis clicked on one of the primitive
objectsthat make up the function block, the editor
readsthe tag list from that primitive objectand se-
lectsthe “obj-NN" tag. For our example,we will
assumat is “obj-23".

e A temporary'move-tag”is addedo all primitive ob-
jectswith thetag“obj-N23".

e Thecarvaswidgetis thentold to changehecolor of
all primitive objectswith the tag“move-tag”to red.

e As the pointeris moved, the widgetis told to move
all objectswith thetag“move-tag”’the samerelative
distanceasis movedby the pointer

e Whenthe move is completedthe widgetis told to
changethe color backto black for everythingwith
the tag “move-tag; andthenthetag “move-tag”is
deletedfrom all primitive objects.

Onceit wasdecideto maintainthe drawing statein the
carvaswidget, the implementationof the variouseditor
functionality followedin a straightforvardmanner

5.4.2 Net-list Generation

When a ladderdiagramis saved by the editor, two data
structuresarewritten to thefile:

e A list of the objectsin the drawing including their
attributes(type, location, etc.). This informationis
usedto re-createhedrawing the next time thefile is
openedvy theeditor.

e The netlist correspondingto the ladder diagram.
This net-listis whatis usedby the postprocessoto
generatesourcecode.

The netlist consistsof two parts: an objecttable that
liststhevariousdevicesalongwith theirnamesandtypes,
andthe actualnode-listthat containsthe connectity in-
formation.

10



The generatiorof the objecttableis atrivial taskthat
requiresnothing more than retrieving a list of objects
otherthan wires and retrieving the relevent attribute in-
fromationfrom the carvaswidgettags.

The generationof the node-listis slightly more com-
plex, but still consistf threesteps.

e First, all of the wiresin the diagramare sortedinto
setscalled nodes. All of the wires in a particular
node are connectedio eachother through zero or
more otherwires, and noneof the wires in a node
areconnectedo ary wire in adifferentnode.

e All of the device terminalsconnectedo eachnode
arelistedasbelongingto thatnode.

e The device terminalsnot connectedo ary wire are
searchedo determinef they aredirectly connected
to ary otherterminalswithout usingawire. If so,a
new nodeis definedfor eachsetof inter-connected
terminalsand assignedhoseinter-connectedermi-
nals.

While thealgorithmis not overly complicatedthecur-
rentimplementationis O(n?) and cantake several sec-
ondsto processa moderatelycomplex ladderdiagramon
a slow workstation.

6

Having describedhe designand operationof the ladder
diagrameditor, the codegeneratiomportion of the project
is next to beaddressedThis componenbf thesystemis a
post-processathat generatesourcecodefrom a net-list
composeaf adevicetableandanodelist. Thecodegen-
eratormay be run from inside the ladderdiagrameditor
or asastand-alonautility..

If the codegeneratois to berun outsidetheladderdi-
agrameditor, theladderdiagramfile mustberunthrough
a formattingutility thatunderstandshefile formatwrit-
tenby theladderdiagrameditor. This formatteris asmall
Schemerogramcalledladformat Thisprogramdoesnot
usethe X11 toolkit usedby the editor. Therefore it may
berun from amakefile or aspartof ashellscript.

TheUnix manpagedor lad andladformatareincluded
asAppendixesC andD.

lad: A CodeGenerator

6.1 Overview

The ladderdiagramparadigmis that of an electricalcir-
cuit; if thereis a completepathfrom the power sourceto
the outputdevice, thenthatdevice is on. If not, thenthat
device is off. The designof the codegeneratoreflects
this view of aladderdiagram.Theladderdiagramis rep-
resentedisa graphwhichis subjectedo a series-parallel
reductionreductionthat producesand-ortreesthatrepre-
sentseries-paralletombinationsof graphnodes.Thena
depth-firstsearchis usedto find possiblepathsfrom the
“source”nodeto theoutputs.Thenodegandcorrespond-
ing and-ortrees)encountere@longthat pathareusedto
constructa Booleanexpressiorthatrepresentshe condi-
tionsunderwhich the outputis to betrue.

The contentand format of the generatedcodeis con-
trolled by a setof templatefiles thattheusermayeditand
extend.

6.2 Devicerepresentation

A device (andtherefore agraphnode)hasany numberof
terminalswhich are connectedo otherdevices. Two of
the terminalsare treatedspecially Thesetwo terminals
(the “input” and“output” terminals)representhe relay
contacts. Eachobjectin a diagramis requiredto have
thesetwo terminalsby IEC Standard1131-3(I) “Uni-
form PLC Programming’in orderto presere the binary
dataflow view. The modelusedby the codegenerator
alsoallows for additionalinput terminalsthatcancontrol
the internal stateof a device — however, thereare never
additionaloutputterminals.

Theoutputterminalis trueif theinputterminalandthe
stateof the device aretrue. The stateof the device may,
in the caseof a normally-operrelay, be simply thevalue
of aBooleanvariable.lt may, for anormally-closedelay;
betheinvertedvalueof a Booleanvariable.For comple
functionblocks,the device’s stateis controlledby control
inputsand block-specificlogic which may includeinter-
nal stateinformation.

The definition of a “function block” is ary device that
hasterminalsotherthanrequiredsingleinput and output
terminals.

The“output” device is actuallyafunctionblock whose
inputandoutputterminalscan't be connectedo anything
(this is notin accordanceo IEC 1131-3). What would

11



appeaito be aninput terminalon the diagramis actually
a controlinput. The reasonfor this will becomeevident
later.

6.3 Graph generation and reduction algo-
rithm

After the device table hasbeenread and the graphhas
beenconstructedthenext stepin thecodegeneratiorpro-
cesss thatof combiningnodegthatarein seriesor paral-
lel. This processingconsistsof 3 stepsillustratedin fig-
ures5 through7:

1. Constructa directedgraphfrom the netlist. Each
nodein thegraphrepresenta singledevice from the
ladderdiagram. Arcs betweennodesrepresenton-
nectionsfrom the outputterminal of one device to
theinputterminalof another

2. Add anand/ortreeto eachnodeof the graph. This
and/ortreehasa singleterminalnodewhosevalueis
thenameof thedevice representeth thegraphnode.

3. Reducehegraphof and/ortrees:

(a) Combinenodesthat are connectedn parallel
into a single“or” nodewhosechildrenarethe
nodeghatwereconnectedn parallel.

Two nodesaredefinedto bein parallelif their
inputterminalsareconnectedo eachotherand
their output terminalsare connectedto each
other

Combinenodeghatareconnectedh seriesnto
a single “and” node whose children are the
nodeshatwereconnectedn series.

Two nodesaredefinedto bein seriesf theout-
put of oneis connectedo nothing exceptthe
inputof the othet

(b)

Sincecombiningseriesnodesmay createadditional
parallel sub-graphgand combining parallel nodes
may createadditional seriessub-graphs}he above
two stepsare repeateduntil no additionalseriesor
parallelreductionsarepossible.

Listing 1 File templateexample
t ypedef enum{Fal se=0, True=1} bool ean;

bl ocks */

/* gl obals for all
£Z)
/*
void eval 9% (void)

Ve
}

code */

6.4 Codegenerationalgorithm

The codegeneratiorphasds controlledby codetemplate
files. Therearetwo typesof templatefiles: afile template
anda setof block templates.The processingf template
filesis handlednuchasif they wereformatstringsfor the
ubiquitousprintf() family of library functions. The tem-
platefile is readin and copiedto the outputwith “% X"
charactesequencereplacedy variousformattedoutput.
Thesetof outputspecifiers% X, depend®nthe particu-
lar type of templatefile beingprocessed.

6.4.1 The file template

The file templateis usedonceper invocationof lad and
controlsthe format of the outputfile. The resultsof the
outputspecifiersavailablefor usein thefile templateare
shawn below.

%f Outputthe“function” name(this defaultsto thename
of the input file, but may be overridden with a
command-lineoption).

%S Outputthe resultsof processinghe block template
(for eachfunctionblockin thenetlist) with the suffix
S. Smaybeary singlecharactentherthan‘f’.

An exampleof a simplefile templateis shavn in List-
ing 1.
6.4.2 The block template

Eachtype of function block usedin the ladderdiagram
musthave a block templatefile for eachoutputspecifier

12
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Listing 2 Latchblock templateexample
Headefrfile: latch.h

/* latch % state variable */

static bool ean 9%n;

Bodyfile: Tatch.c

/* latch % eval uati on code */
{
if (9%3)
% = Fal se;
else if (%)
% = True;
}

type otherthan%f thatis presenin thefile template All
block templatesare processeddentically, andthe output
specifierghatareavailablefor usein block templatefiles
areshawn below.

%n Outputthe device “name” (this is the namethe user
enteredusingthe LEd diagrameditor).

%N Outputthe Booleanexpressiorthatevaluatego the
value presenton the function block’s control termi-
nal N (whereN is avaluefrom 2 through9).

The examplefile templateshavn in Listing 1 contains
two outputspecifierghatrequireblock templatefiles: %h
and %c. Therefore,eachfunction block musthave two
block templatefiles whosenamesare blocktype h and
blocktype c. Thefile templateis setup sothatthe. h
blocktemplateoutputis locatedoutsideof arny C function
andis to be usedfor declaringglobalvariables.

The . ¢ block template output appearswithin a C
functionbody andthereforecontainsexecutableprogram
statements.

Examplesof the block templatesfor a latch function
blockareshavnin Listing 2. Thelatchfunctionblock. h
templatefile simply declaresa singlevariablethatis used
to holdthestateof thelatch. The. ¢ templatefile contains
C statementghat evaluatethe statesof the two control
inputs(setandclear)andsetthelatch’s stateaccordingly

Thelatchtemplateexampleillustratesthetwo basicop-
erationghatmustbeperformedy theblocktemplategor
ary typeof functionblock:

e Declarea statevariablewith the samenameasthe
device. This variablemay be usedin Booleanex-
pressionghataregeneratedor otherblocks’ control
terminals soit mustbevisible to any codeproduced
by the file template. It may or may not be visible
outsidethefile, dependingn thewishesof theuser

e Producecodethatcontrolsthestatevariableby eval-
uating the control inputs and performing whatever
computationsrerequired.

6.5 Control terminal evaluation

Whenthe codegeneratoiis producingcodefrom afunc-
tion block templateandit encounters token of theform
%N (2 < N < 9) it emits a Booleanexpressionthat
representshe valuepresenton controlterminal N. This
expressiontakes one of two forms. If the terminalwas
connectedo a label, thenthatlabel’s valueis used.This
may be ary string and could represent constantvalue
or a variable. Suchusageof a label canbe seenlaterin
Section7 wherethe value“100” is attachedo a control
terminalfor a counterblock.

If the terminalis connectedto other devices, then a
depthfirst searchs performedo find possiblepathsfrom
theterminalto the sourcenode. The and-ortreesbelong-
ing to nodedoundalongthepathsareformattedandcom-
binedto form aninfix Booleanexpressiorwhich is then
emitted.

6.6 Exampletemplatesfor a counter

To further illustrate the operationof block templatesan
examplewill be shonn for a counter This device will
have two statevariables: the requiredBooleanstateas-
sociatedwith all devices, and an integer counterthatis
manipulatedbasedon the control inputs. The example
counterdevice will have four controlinputs?

4Rememberterminals0 and 1 are the input and output terminals
which areusedto constructhe and/ortrees,andneednot be addressed
by block templates
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Listing 3 Counterblock templateexample

Listing 4 Outputblock templateexample

Headerfile: counterh
/* counter % state variable */

stati c bool ean %n;

Bodyfile: counterc

/* counter % eval uati on code */
static int count;

static int |astinc;

static int |astdec;

int inc = %;

int dec = 93;

if (inc & !l astinc)
++count ;

if (dec && !l astdec)

--count;
if (%)

count = O;
|l astinc = inc;
| ast dec = dec;

%% = (count > (%));

e Terminal2: IncrementA falseto truetransitionwill
incrementheintegercounterassociatedvith thede-
vice.

e Terminal 3: Decrement. A falseto true transition
will decrementheintegercounter

e Terminal4: Clear A truevalueon thisinputwill set
theintegercountervalueto 0.

e Terminal5: Compare. This terminalis to be con-
nectedto a “label” device which is to representain
integervalue.

The Booleanstateof the device shall be true iff the
counteris greaterthanthe “Compare” value. Listing 3
shaws the templatefiles for the counterdevice require-
mentsdefinedabove.

Headerfile: output.h

/* output % state variable */

bool ean %n;

Bodyfile: output.c

/* output % eval uation code */

% = 9%2;

6.7 Exampletemplatesfor an output

An output device’s templatesare considerablysimpler
The purposeof an outputdevice is to evaluatethe value
on its singlecontrolterminal(terminal2) andassignthat
valueto a globally visible variable. The templatego ac-
complishthisareshavn in Listing 4.

7 A completeexample

We will how seea completeexampleof aladderdiagram
using the example devices definedin the previous sec-
tions. Figure 8 shaws the ladderdiagramcreatedwith
the ladderdiagrameditor alongwith the codegenerated
from thatladderdiagram. This exampleshavs mary of
thefeaturesof thetool set:

e Useof standarchormally openandnormally closed
relaycontacts.

e Useof two typesof functionblocks: a counteranda
latch.

e Useof alabeldevice to supplya valueof “100” to
oneof thecontrolinputsto thecounter

8 Analysis

8.1 Statistics

The LEd editoris comprisedf approximate\2800lines
of Schemgcommentsand whitespacenot counted). Of
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START

; —— CntClIr
—— A ~ E

In
CntX LatchY
Set Clr
Dec Cmp 100
S { Out
OutX

t ypedef enum{ Fal se=0, True=1} bool ean; .
/* counter CntX eval uation code */

/* globals for all blocks */ { o
static int count;
/* latch LatchY state variable */ static int |astinc;
static int |astdec;
static bool ean Latchy; int inc = ED&&! EE;
] int dec = (A&&(!'B||O));
/* counter CntX state variable */ . ) )
if (inc & !l astinc)
static bool ean CntX; ++count ;
int QutX; if (dec && !l astdec)
--count;
/* code */ .
. ) if (Ghtdr)
voi d eval _conpl et eExanpl e(voi d) count = 0;
.  astinc = inc;
[* latch LatchY eval uation code */ | astdec = dec;
Cnt X = (count > (100));
Lg%hY = Fal se; } ( ( )
else if (P)
LatchY = True; }QJtX = (LatchY]| Cnt X);

Figure8: A completdadderdiagramexample
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thattotal, codereusedrom otherprojectstotalsapproxi-
mately800lines. Themajority of thereusectodeis in the
HTML displayroutinesusedby the helpbrowser These
routineswere modifiedto supportrelatve URLs andan-
chors.
The lad codegeneratoiis approximatelyl 200lines of

C sourcecode(commentswhitespaceandlines contain-
ing only bracesot counted).

8.2 Generalcomments

Thetools have beenusedextensiely only by the author
(who naturallyfinds the userinterfaceintuitive and sim-
ple). Sincethe authorof a programis rarelya goodjudge
of theuserinterface,additionalinputfrom userswvould be
invaluablein tuning the mechanicof editing a drawing.
As a whole, the editor’s userinterfaceturned out quite
nicely. Thanksin partto the Tk toolkit, theresultinguser
interfacehasa polishedandprofessionafeel.

Someportionsof the projectinvolved morework than
expected.Thesewerethe“auxilliary” userinterfaceitems
suchasthe help browserandthe file open/sae browser
anddialogbox. Somethingasapparentlysimpleasa file
browserthat allows the userto navigatethrougha direc-
tory treeandselectafile to openbecomesathercomplec
whenit musthandlethingslik e wildcardsandvariouser
ror conditionssuchasfiles that cant be openedor files
thatcan't bewrittento.

The HTML help browser also required more work
that anticipated. The STk packageincludedsupportfor
displayingHTML, andan examplebrowserapplication.
However, the HTML supportwasnt quite completeand
supportfor relative URLs andanchorshadto be added.
While the HTML help browserrequiredmorework than
expected,the resultswere well worth the additional ef-
fort. Providing on-line help asa setof HTML files not
only makes authoringthe contentmuch simpler, it also
allows the userto browse,print, andsearchthe helpdoc-
umentationevenif he cant getthe ladderdiagrameditor
torun.

Themostchallengingpartof the projectwasthedevel-
opmentof thetemplatemechanisnthatallowstheuserto
not only addsupportfor new function blocks,but alsoto
add supportfor almostary high level languagethat pro-
videsinfix Booleanexpressions.

8.3 Areasfor further work
8.3.1 LEd performance

At presentgeneratinghenet-listcantake severalseconds
for aladderdiagramwith ahandfulof componentsSince
theladderdiagramassaved on disk containsthe net-list,
this performanceenaltyis seereverytime afile is saved.

8.3.2 LEd editing features

The LEd editor is missinga numberof editing features
thatusershave cometo expectin this type of application:

e Copy/Pasteobjectsandregions.
e Undo

e Multiple opendiagrams

8.3.3 Templatefiles

Thereexists a very real dangerof collisionsbetweerthe
userenteredevice namesandtheinternalvariablenames
usedin someof the device templates(the counterfor
example). Such name-spacepollution could easily be
avoided by useof a standardfor for internalvs. exter-
nal names(somethingsimilar to the leadingunderscore
corventionin C programming). The currentsetof tem-
platefiles is suitablefor demonstratiorpurposesbut the
templatefiles would probablyneedto be more carefully
evaluatedandre-designedor a productionervironment.

8.3.4 Extensibility

The usermay add new function block typesby editing
a text file containingSchemedatastructures. This file
containsinformationabouthow eachfunctionblockis to
appearandwherethe devicesterminalsarelocated. This
taskwould be mucheasieiif afunction-blockeditorwas
developed.

8.4 Conclusion

The projectasa whole was a success.While it lacksa
few featureghatmightbeneededn aproductionerviron-
ment,it doesdemonstrat¢he feasibility of automatically
generatingourcecodefrom ladderdiagrams After more
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extensvetestingandafew enhancementshetoolsdevel-
opedduringthe projectcouldeasilybe usedasa practical
way to generatesourcecodefor discretecontrol applic-
tionsthatarent suitablefor aPLC.
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LEd(1) LEd(1)

LEd - A Ladder Di agram Editor

SYNOPSI S
led [fil enane]
stk [options] -f led [fil enane]

OPTI ONS
led itself accepts no options; only an optional filenane
argunent specifying a | adder diagramfile to be initially
opened. See the stk man page for stk options avail able
when running | ed.

DESCRI PTI ON
led is a graphical |adder diagram editor running under
STk. Stk I1s a Schene RARS interpreter which provide a
sinpl e access to the X11 Tk tool kit.

If you have problens running | ed, nmake sure that both the
STk and LEd libraries are installed. |f the prograns have
not been properly installed, you nmay need to set the
library path environment varaibles

If LEd still won’t run, browse through the help files
(particulary the hints section) by pointing your favorite
HTML browser at the file $LED LI BRARY/ hel p/i ndex. htn

ENVI RONMVENT VARI ABLES
| ed and stk use the follow ng shell variables:

STK_LI BRARY Thi s variable indicates where the STk
library files are located. This variable
allows to overload the default value of the
Schene variable *stk-library* which is
automatically calculated by the inter-
preter.(i.e. stk or snow).

LED LI BRARY This variable indicates where the LEd
library files are | ocated

FI LES
SEE ALSO
stk(1)

April 1996 1.0 1
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Appendix B

LEd Hypertext Help Documents

24



BB Help - Index

Help is available on the following topics

® About LEd
® Overview
® Menubar
O File
O View
O Options
O Help
® Toolbar
O Object Types
B Relay Contacts
B Labels
® Function Blocks
O Placing New Objects
O Naming Objects
O Wiring Connections
O Deleting Ojbects
O Moving Objects
® Code Generation
O References to "node-XX" in Code
® Hints
O Error loading file
O Unrecognized bitmap data
O Umbound variable: option
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About

The Project

The LEd ladder diagram editor was written as part of a project submitted to the Graduate Colleg
University of Minnesota to fulfil the requirements for a MS in Computer Science. Together with 1
accompanying code generation progréad, LEd provides a way to automatically generate C sourt
code from a graphical representation of Boolean logic based system requirements.

Development Tools

LEd is written in Scheme using STk 3.0, a scheme interpreter linked with the Tk X11 user interf
toolkit. The lad program is written in ANSI C. The author’s editor-of-choice for most of the projet
the jed editor with a home-made lisp mode added.

Platform

The vast majority of the development was performed on a 25MHz Intel 80486 machine running
Linux operating system and X11 (R5 and R6). LEd has also been tested under SunOS 4.1 runn
X11R5 and Solaris 2.[345] running Openwindows. It should run on any *nix machine upon whic
3.0 runs. The lad program has also been run under VMS and MS-DOS.

Many Thanks To:

® Erick Gallesio eg@unice.fr
The author of the STk Scheme package.
® Larry Ousterhout
And the rest of the people who developed the Tk toolkit.
® John E. Davisdavis@amy.tch.harvard.edu
The author of the JED text editor with which most of the source code was created.
® Linus Torvalds Linus.Torvalds@Helsinki.FI
And the rest of the authors of the Linux operating system, utilities, distributions, and the Li
community in general.
® The XFree86 Project, Inc.
For providing a complete, GPL’d X11R6 package for Linux and other Intel based *nix systt
Thanks also to the X Consortium, Inc. for the base X11 system.
® The Free Software Foundation
For gcc, RCS, groff, and the countless other gnu tools without which none of the free *nix
would exist.
® My Employers,
FMC Naval Systems Division and Rosemount, for paying my tuition.
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Copyright
Except where noted in the source files, all software is
Copyright (c) 1996, Grant Edwards, grante@winternet.com

Permission to use, copy, and/or distribute this software and its documentation for any
purpose and without fee is hereby granted, provided that both the above copyright notice ¢
this permission notice appear in all copies and derived works. Fees for distribution or use
this software or derived works may only be charged with express written permission of the
copyright holder. This software is provided “as is” without express or implied warranty.

Grant Edwards
grante@winternet.com
grante@rosemount.com
edwards@grad.cs.umn.edu
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B# Help - Overview

Purpose

LEd is a ladder diagram editor. It allows the user to draw schematic diagrams that represent bo
system requirements. LEd can generate a netlist for the entered diagram and then call an exter
generation program that will read that netlist and generate source code that implements the boc
represented by the ladder diagram.

Invokation

The LEd program is normally invoked by typing the folling at the shell prompt.
$ led [fil enane]

If that doesn’t work, try the following
$ stk -f [path]led [filenang]

If that doesn’t work, then it's probably that the STk scheme interpreter isn’t installed. Try running
alone:

$ stk

If that doesn’t work, you need to install STk.

Operation

The user interacts with the program via thenubatocated horizontally across the top of the
application window and via theolbarlocated vertically along the left side of the application windc

The menubar allows the user to do file operations, set program options, view help documents, ¢
the code generation facility.

The toolbar is used to edit the ladder diagram. It allows the user to place new objects, edit the r
objects, move/delete objects, and make connections between objects.

28



B Help - Menubar

The menubar across the top edge of the application window provides the user with most of the -
not associated with direct manipulation of the ladder diagram. It contains four drop-down menus
File, View, Options andHelp menus.

File
The File menu contains the following entries:

Open
A file selector dialog box is created to allow the user to select the ladder diagram file to be
The current ladder diagram is erased before the selected file is loaded.

New
The current ladder diagram is erased.

Save
The current ladder diagram is saved in the current filename (shown at the right hand end ¢
toolbar).

Save As
A file selector dialog box is created to allow the user to specify the filename in which the ci
ladder diagram is to be saved. The specified name then becomes the current filename (sh
the right hand end of the toolbar).

Print
A printer dialog box is created to allow the user to select either the print command or the fi
to which the postscript output is to be sent. The print command entered must accept posts
input on stdin (for example: "lpr -Pps" on many Unix systems will send data from stdin to a
named "ps".

Close
Exits the LEd program.

A You will not be warned if the drawing is unsaved.

View

The view menu contains entries that will pop up a text viewing window containing various intere
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not-so-interesting information. The things that can be viewed are:
Object List
Will display a list of all of the "objects" in the current ladder diagram. Each line of the displ:
text has the format
("ojb-6" "xyz" "normopen")

where "0bj-6" is a unique, internally generated label, "xyz" is the object name that the user
entered, and "normopen" is the object type.

Net List
Will display a netlist showing the interconnections present in the current ladder diagram. E
of the displayed text has the format

(node-7 (("obj-5" 1)("obj-4" 3)("obj-15" 1)))
where node-7 is the node name, and the rest of the line is a set of object/terminal specific:
the above example, terminal 1 of obj-5, terminal 3 of obj-4 and terminal 1 of obj 15 are all
connected and that node has been given a unique, internally generated label of node-7.
If the node name is not of the form node-99, but rather is a string enclosed in double-quote
the node name was taken from the user-entered name of a "label" device that was placed
ladder diagram by the user. An example of such a line would be

("START" (("ojb-5 0)("obj-1" 0)))

Formatted/Merged

Will display the object list and net list as it will be sent to the code generate program. This
information consists of two separate sections which are separated by a single blank line. 1
sections contain the same information (formatted slightly differently) as is displayed by the
List and Net List menu entries.
The first section is object list, each line of which looks like

obj-5 xyz normclosed
where obj-5 xyz and normclosed are the object name, user entered value, and object type
The section section is the net list, each line of which looks like

node-25 obj-6 1 obj-7 1 obj-8 0
where node-25 is the node name and the remainder of the line consist of object/terminal s

Generated Code

Will pass the formatted/merged object table and netlist to the code generation utility and d
the generated source code.
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Options

The options menu contains entries that allow the user to modify certain features and behaviors
editor. These settings are stored with the diagram when it is saved to disk and restored from the
when a diagram is loaded from disk. The options are

Drag Bounding Box
This option determines how the editor will visually represent objects when they are being r
as part of a groumove If this option is enabled the objects being moved will be representec
bounding box drawn around the selected objects. If this option is disabled, representations
objects themselves will be dragged.

Line Width
This option determines the line width used to draw the ladder diagrams. It may be set to 0
A line width of O will allow the X server to use a fast, machine-dependent line drawing algc
However, lines with a width of 0 may not behave in a portable fashion. For example where
lines meet, there may or may not be a small gap. Lines of width 1 or 2 will always behave
predictable, albeit somewhat slower, manner.

Drawing Size
This option determines the size of the drawable area available. It may be set to five differe
values A,B,C,D or E. The A size is portrait mode, the others are landscape mode. The pos
output does not do any scaling or translation depending on drawing size. It is assumed the
postscript will be printed to queue or device that will correctly render the drawing.

Help

The help menu contains entries that will invoke a viewer that will allow the user to browse throu
accompanying hypertext documents. The entries in the help menu are

Help
This entry will display an index to the hypertext help documents.

About LEd

This entry will display a document containing miscellaneous information that does not pert
the actual operation of the program (copyright, author, etc).
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B# Help - Toolbar

The toolbar along the left edge of the application window provides the functions that are used tc
and manipulate ladder diagrams. The buttons perform the following basic functions:

® The top seven buttons (from the top button through the function block button) are pkses:to

new objectof varioustypeson the drawing.

® Thewire button us used to interconnect objects.

® Thetextbutton is used to edit the name associated with an object.

® Themoveanddeletebuttons are used to move and delete either a sinle object or a group of

within a rectangular region.

Object Types

There are four classes of objects that can be placed in the drawing area

f

L
T

> C Labels

All of the label objects perform the exact same function. They assign their user-entered na
the node to which they are connected. The only differences between the label types are th
physical location of the name text and the appearance.

# Contacts

A relay contact represent a single boolean value with the name given by the user entered
name. The normally open contacts (without the slash) represents the non-inverted value. -
normally closed relay contacts (with the diagonal slash) represents the inverted value.

The output (bottom terminal) of a normally open contact is true IFF the input (top terminal)
AND the named value is true.

The output of a normally closed contact is true IFF the input is true AND the named value

Function Blocks

Function blocks are similar to contacts in that the output (bottom terminal) is true iff the ing
terminal) is true AND the value of the function block is true.

While contacts represent the state of a single boolean value, a function block’s value is co
by one or more inputs located on the sides of the block. A function block may also have in
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state information so that it may count events and remember it's previous states.

J) Outputs

An output object assigns the value on it's input (top terminal) to the user-entered name.

Placing a New Object

To place any of the above objects on the diagram, left-click on the button showing the desired ¢
the case of the function block button, a menu will pop up showing the various function block typ
select a type by left-clicking.

Move the pointer into the drawing area. A new object (colored red) will be created and will follov
pointer as it is moved. Another right-click will place the new object at it's current location on the
diagram. A right-click will discard the new object without placing it on the diagram.

T Naming an Object

To edit the name of any of the above objects, click on the text button (the one with the large T)
click on either the object itself or the name. A text cursor will appear and you will be allowed to ¢
object’'s name.

I Wiring Connections

To wire connections between devices

® Left-click on the wire button.
® Move the pionter to the point where a wire is to begin.
® Left-click to start the wire.
® Move the pointer and a wirepair will follow it. The first wire will always be in the directly the
pointer is first moved. The second wire will be orthogonal to the first. The mouse buttons a
defined so that
O Left-click will place the wire pair and begin another wire pair from that spot.
O Middle-click will place the wire pair without beginning another.
O Center-click will discar the wire pair without placing it.

Two wires that cross or meet in any way are considered connected. A wire must meet or cross-
endpoint of a device’s terminal to be connected.

0~0 Moving Objects
MOVE
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Objects may be moved individually or in groups.
To move an individual object

® |eft-click on the move button

® |eft-click on the object to be moved.

® The object will change colors from black to red and move as the pointer is moved.
O Left-click will place the object.
O Right-click will return the object to it's original position.

To move a group of objects

® |eft-click on the move button
® Center-click at one corner of a rectangular region containing the objects to be moved.
® A rubber-band box will follow the pointer as it is moved.
O Right-click will remove the rubber-band box without selecting any objects.
O Center-click will select the objects that are entirely contained within the rubber-band |
® Once the objects are selected they will either change color from red to black or a bounding
will appear (depending on the setting in the Options menu).
® The selected objects (or the bounding box) will now follow the pointer as it moves.
O Left-click will place the objects.
O Right-click will return the objects to their original positions.

) Deleting Objects
[ELETE

Objects may be deleted individually or in groups.
To delete an individual object

® | eft-click on the move button
® | eft-click on the object to be deleted.

To delete a group of objects

® |eft-click on the move button
® Center-click at one corner of a rectangular region containing the objects to be deleted.
® A rubber-band box will follow the pointer as it is moved.
O Right-click will remove the rubber-band box without deleting any objects.
O Center-click will delete the objects that are entirely contained within the rubber-band

AThere is no undelete.
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¥ Help - Code Generation

References to "node-XX" in Generated Code
This occurs when an object’s input is not connected to anything.

All inputs must be connected to something. If there is an input that you don’t want to use (for ex
the "clear" input on a counter) then attach a label to that input and give it a value of "0".
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B Help - Hints

Explanations/excuses for miscellaneous things that might go wrong.

Error messages about loading files

If you get an error message like this

*** Error at line 20 of file ./l ed.stk:
| oad: cannot open file: "fileselect"

then STk couldn’t find one of the library files. These files exist in two places: the standard STk li
directory and the led library directory.

If the message complains about files namedsel ect , t ext vi ew, st rcnd, pri nt di al og, netli st
orht m vi ewer, then it is probably the led library that can’t be found. If it complains about other fi
like di al og, then it is probably the standard STk library that can’t be found.

STk Library

By default STk will look for its library files in a location based on the location of its binary. If this
working (or STk wasn't installed properly) the location of STk library can be set explicitly by sett
environment variable STK_LIBRARY to the pathname of the directory containing the STk library
The usual place these files get installed is /usr/local/lib/stk/[version]/STk.

LEd Library
By default LEd will look for it’s library files in the location /usr/local/lib/led. If the library is installe

elsewhere, you will need to set the environment variable LED_LIBRARY to the pathname of the
library directory.

Unrecognized bitmap data

The help viewer occasionally doesn’t seem to recognize an X11 bitmap file as such. Try hitting
If that doesn’t work, ask for your money back.

Unbound variable: option

Example error message:
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*** Error at line 13 of file [path]/ fileselect.stk
unbound vari abl e: option
Current eval stack

0 (option (quote add) (quote *listbox*font)
(-]

This happens when you try to run led using the non-X11 version of the scheme interpreter. This
probably happened because you did't have the DISPLAY environment variable set properly. Eit
(and export) the DISPLAY environment variable, or provide the -display flag to stk:

$ stk -display hostnane: 0 -f [path]led.stk
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Appendix C

lad Man Page
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lad(1) l'ad(1)

NAVE
| ad - Ladder Di agram Code GCenerat or
SYNCPSI S
lad [options] [fil enane]
OPTI ONS
lad accepts a nunber of command |ine options that may be
used to nodify the default code generation behavior. The
optional argunent specifies an object-table/net-list file
to be processed. If no filenane argunent is present,
input will be read from standard input.
-d level Set debug | evel (0: none 9:too much)
(default 0)
- Enabl e aut o-i ndent of bool en expressions
-C Enabl e case-insenstive handling of nanes
-t tabsize Set tab size for auto-indent (default 3)
-n op Not operator string (prefix) (default 1)
-a op And operator string (infix) (default '&&)
-0 op O operator string (infix) (default "|]|")
-r Value reference format (printf) (default
10/87)
-1 path Li brary path for tenplate files (default
7 i l)
-f nane Functi on nane in output code (default
"[input-filenane]’)
DESCRI PTI ON

lad is a post-processor that will generate program source
code from information in |adder diagrans as produced by
the LEd and | adf ormat prograns.

ENVI RONVENT VARI ABLES

April 1996 1.0 1
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lad(1) l'ad(1)

FI LES
Tenmpl ate files are expected to be found either in the cur-
rent directory or in the path specified by the -1 command
line option. The overall tenplate used to generate out put
is called file.tenplate. Oher tenplate files have nanes
of the formblocknane.S where Sis a single character suf-
fix determined by the file.tenpl ate.

There are two types of tenplate files: a file tenplate and

a set of block tenplates. The processing of tenplate
files is handled nmuch as if they were format strings for
the ubiquitous printf() famly of library functions. The

template file is read in and copied to the output with 9%
character sequences replaced by various formatted output.
The set of output specifiers, X, depends on the particul ar
type of tenplate file being processed

FI LE TEMPLATE
The file tenplate is used once per invocation of lad and
controls the format of the output file. The results of
the output specifiers available for use in the file tem
pl ate are shown bel ow.

% Qutput the ‘‘function’’ nane (this defaults to the
name of the input file, but may be overridden with a
conmand- | i ne option).

%6 Qutput the results of processing (for each function
block in the net list) the block template wth the

suffix S. S may be any single character other than
“fr.

BLOCK TEMPLATES
Each type of function block used in the |adder diagram
must have a block tenplate file for each output specifier
type other than f that is present in the file tenplate
All  block tenplates are processed identically, and the
out put specifiers that are available for use in block tem
plate files are shown bel ow.

% Qut put the device ‘‘nane’’ (this is the nane the user
entered using the LEd di agram editor).
9%\  CQutput the bool ean expression that evaluates to the

val ue present on the function block’s control term-
nal N (where Nis a value from2 through 9).

SEE ALSO
| ed(1l) I adformat (1)

April 1996 1.0 2
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Appendix D

ladformatMan Page
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| adf or mat (1) | adf or mat (1)

| adf ormat - Ladder Di agram Netlist Formatter

SYNOPSI S
| adf ornat fil ename
snow [options] -f ladformat fil enane

OPTI ONS
| adf ormat does not support any conmand |ine options other
than the required filenane argunent.

DESCRI PTI ON
ladformat is a utility that reads a | adder diagramfile as
produced by LEd and produces an object table and netli st
In the format required by the | ad code generation program

|ladformat is witten in Schene and requires the STk pack-
age to run. It does not use any X11 user interface fea-
tures and may be run using the snow interpreter rather
than the stk interpreter.

The formatted object table and netlist are witten to
standard out put .

ENVI RONMVENT VARI ABLES
| adf ormat and snow use the follow ng shell variables:

STK_LI BRARY Thi s variable indicates where the STk
library files are located. This variable
allows to overload the default value of the
Scherme variable *stk-library* which is
automatically calculated by the inter-
preter.(i.e. stk or snow).

LED LI BRARY This variable indicates where the LEd
library files are located. These files are
used by ladformat to read and process the
| adder diagramfile.

FI LES
SEE ALSO
led(1) |ad(1)

April 1996 1.0 1
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Appendix E

ToshibaEX14B Specifications
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ToshibaEX14B PLC Specifications

e Programmedising ladderdiagrams. Programsmay be edittedfrom local 8x10 LCD display or they may be
downloadedvia serialport.

¢ In additionto relay logic, instructionsareincludedfor timers(56), up/dovn counterg(62), flip-flops, and bidi-
rectionalshift registers.

e Basicl/O consistof 8 inputsand6 outputs.l/O maybeexpandedo includeupto 32 points(20input, 14 output).
e Inputstypes:120VAC or 24VDC (dry contactinput available).

e Outputtypes:Relay(maxload2A resistve, 1A inductive)

e Optionalanaloginputs(2) available.

e Internalrelays:128retentve,112non-retentie, 16 specialpurpose.

e Dimenstions235x 180x 40mm

e Weight: 1.5kg
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