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PARADOX - A SIMPLE ENGINE FOR PARSING AND EVALUATING INFIX MATHEMATICAL
EXPRESSIONSUSING A RECURSIVE DESCENT PARSING ALGORITHM

Michael Lam

Lam Home School, 20002 Wooded View Lane, Elkton, VA 22827

Evaluating a mathematicd expresson such as“2 + 1.05e-18[5%sin 4)( -7 log, 3)]” isaunique
challenge, even for acomputer. Much of the dallerge is as®ciated with the actof cutting or
“parsing” theacduad text of theexpresgon into aform that computers can understand. One method
of doing thisiswith areaursive descent parsing algorithm, which builds an expresson treeby
reaursively parsing an expresson acarding to a spedal grammar.

Paradox isaset of Java classs | programmed with JDK v1.41 that will parse andevaluate a
mathematica expresson such as the one written above. It supports variables, functions, boolean
operators, subexpressons, and deve oper-defined functions. | aso creaed Calc4, a ke per
application. It providesagraphicd user interface(GUI) for the Paradox engine, allowing the user to
type in complex expressons and obtain the numericd answer. Calc4 also demonstrates the benefits
of using a simple scripting language to automate routine catulations. Altogether, Paldox is a
reliable, expandable engine that hasmany potential usesat the home, on the job andin the
clasgoom.



Introduction

Evaluating acomgdex mathenatical expresson suchas"2 + 105e-18[5%sin4)( - 7 log. 3)]" is a
unique chalenge,even for a computer. The main problem isthatthe computer cannot go directly
from the textual representation of an expresson to aform that it can caculate the answer to.
Much of the chalenge, then, is asciated with the ad of cutting or "parsing” the adual text of the
expresson into amore workable form, such as an expresson tree Oncean epresson tree tas
been huilt, the computer caneasly obtan anumerical answer.

Goals & Expectations

The goal of this projed wastwo-fold: 1) to write an engine (ie. an APl — Apglication
Programming Interface which would solve the problem mentioned above, fadlitating the
parsing and evaluating of infix mathematica expressons and 2) to write asample front-end GUI
that would provide a"nice' interfaceto the functions of the engine.

The expectdionsfor the Paadox engine wee as foll ows:
That it be able to reliably parse an expresson string into an expresson tree so thatthe
expresson could be exduated multide times without re-parsing.
That it be able to provide a string repgeserntation of an expresson tree
That it be able to handle dl common operators plus bodean operaionsand eponents.
That it be able to recognize scentific notation in someform.

That it be able to handle subexpressons, impli ed multidi cation and extra whitespacein
expressons.

That it allow the user to use variables and constants with multi-charaader namesto hold
temporary values and mathematicd constants, respedively.

That it provide many basic functions as well asthe abili ty to addmore lagr.
That it provide intelligent and useful erra messags when arerrar does occur.
That it be padkaged into an easy-to-use API for any developer to use in their program to
provide expresson parsng and ewduating cagbilities.
The expectdionsfor the Cat4 front-end gpi cation were as foll ows:
That it provide afunctional and aestheticaly pleasng mulili ne display for entering
expressons and obtaining numerica results.
That it provide anareafor reporting errors to the wser.

That it provide afull-feaured set of on-screen buttonsfor those who prefer to use themouse
to enter expressons.

That it provide the option to show on-screen representations of expresson trees.

That it implement a smple scripting language to demonstrate the posshili ties of such a
devicefor performing routine catulations.

That theinterface ke simde and easy-to-use aswell aslogicd andfunctional.
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Description of Methods

The Paradox engine and the Cat4 interfaceprogram were programmed in Jaa over the course
of several months, mainly using a 266 Mhz Compaq laptop with 128 MB RAM running
Windows '95 (upgraded to Windows '98 part of the way through he projed). The projed was
started usng the Java Destopment Kit (JDK) v1.3.1, but was switched to the JDK v1.4.1 when
the new version wasreleased. The Xinox JCreaor Lite Edition Integrated Development
Environment (IDE) was also used as afront-end to the JDK.

History

Predevelopment

During my AP Computer Science tasslast yea, | became rather fascinated by binary trees and
by the problem of coding aroutine to evaluate infix mathematicd expressons. Evaluating
prefix and postfix expressons were easy to evaluatewith stads; infix expressons however,
posed more of a problem sinceyou couldn't simply push and pop @erators and goerands sng
astadk. My AP Computer Science textbook aye the following algorithm for parsing infix
expressons.

If the expression is empty, do nothing.

If the expression is a single operand, create one leaf node for
that operand.

If the entire expression is enclosed in parentheses, drop them
and parse (recursive step) the expression inside.

Otherwise, find the last operator of the lowest precedence order
outside of any parentheses. Create a root node for that
operator. Parse (recursive step) the part of the expression
to the left of that operator and append the resulting tree as
the root's left subtree. Parse the part of the expression to
the right of the operator and append the resulting tree as the
root's right subtree. L

Using C++ and MFC (Microsoft Fourdation Classs, alibrary for credinginterfacesin
Windows), | programmed a smple catulator application usng thatagorithm. It supportedall
the basic operators (including the modulus and power operators), parentetical expressons,
scientific notation and numerous functions. It could also store 26 variables ("a" to "z").
However, the program was unreliable and the projed soon becane what programnersrefer to
as “ gpaghetti-code,” meaning that the code washard to understand and hard to debug. Sincel
had no ideahow to proceed from there anyway, | set the projed aside for a ime.

| began to search for an aternate dgorithm for evduating an nfix mathenatical expresson. |
did numerous searcles on theinternet, both through punlic seach enginesand thelocal
community college's INfoTRAC system.

After along seach, | finally found an alternate agorithm that seened promising: the reaursive-
descent parsing algorithm. Using thisagorithm, | could combine my desire to program an infix
expresson caculator with my fascination with kinary trees (or, in this case, expresson trees).
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Calcl

Thefirst incarnation of the Paradox engine wastitled "Calcl,” for ladk of a better name. It was
basicaly a much-expanded version of the dgorithm presented on the Jaa Notes website?. It
supported all the basic operators (including the modulus and power operator), patentetical
expressons, scientific notation and numerous functions. | creaed the Calcln classfor use as a
spedalized input stream, and exceptions were thrown using the ParseException class This
version was text-based and ran in a console window on windowed @erating systems.

Calc2

Having most of the codefor theengne together in one classmight be convenient, but it quickly
becane overwhelming. | dedded to separate ewerything autinto classefor amorelogical
organization. Also, | had by this time found a much better grammar at the JEP website. Instead
of trying to modify the previous Calcl code, | dedded to completely re-write the engine. This |
did, and the results were invigorating. Sincethe parsing part of theenginesmply built an
expresson treeand wasseparate from the evaluating part of the engine, an expresson cauld be
parsed onceand evdluatd multide times. Like the previous verson, Calc2 was text-basedand
ran in aconsole. Its list of supported feaures waslong:

Basic operators (+, -, *, /) plus modulus (%) and power () operators

Boolean operators (==, I=, <=, >=, <, >, &&, ||, &, |, !) resultingin a \dlue of ether frue (1)
or false (0)

Parentheticd expresgons and sub-expressons

Scientific notation with both E' and '€

Two exception classes. ParseException and EvalException

ParadoxEngine wrapper classwith Parse(), Eval() and Evaluate() functions

Numerous functions, with the abili ty to add more extemdly by overloading the Function
classand cdli ng the addFunction() method of an instance of the PaadoxEngine dass
Variableswith names of any length, provided that they start with a leter

Multiple assgnment operators (=, +=, -=, *=, /=, %=, =)

Many predefined constants and the ahili ty to addmore by ethercdli ng the addConstant()
method of an instance of the ParadoxEngine cless(deve opers) a by usng the "#="
assgnment operator (users)

Variable "ans' for storing the results of the previous expresson

Calc3
There was not much change in the actual engine ketween Calc2and Calc3, but the nice
windowed interfacereplacal the consoleinput/outpu of the previous two versons.

Calc4

Calc4 was the second mgjor change of the Paradox engine. In this version, the actual engine was
separated from the user interfaceprogram. The engine code was stored n a packge
("paradox") and the user interfaceprogram was a separate projed that imported the packag.

2 Eck, David J. <http://math.hws.edu/javanotes/c11/s5.html>
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Thisalowsfor the easy distribution of theengineon theintemet, while kegingthe user
interface a separaprojed.

Paradox

Although “Paradox” isthe name of the entire projed, it refersmostspecificdly to the actual engine
(or API). Just like a caengneisthe part of the carthat does most of the hard work, Paradox is
the part of this projed that doesmost of the hard work. Itsjobis totake cae d all the detail s of
parsing and evaluating mathematicd expressons. The developer or user should be able to giveit
expressons such as “2+(1.05e-4){53sin(4)[pi-7*log2(3)]} " and recave anumeicd
answer (2.04518 in return.

The following discusson concerning Padox has be@ split into two parts, thefirst deding with
the theories and concepts behind the engine,and the £oond dedi ngwith the adual Java
implementation.

Theory

The main problem in this sort of program is converting an expresson suchas"2 + 3 x4"into a
form that the computer can use. "2 + 3 x 4" is considered a "charader string' by thecomputer;
that is, it seesit assimgdy astring (sequene) of charaotrs (@ngle letters, numbers or symbals).
To understand the expresson, the computer must build an ‘expresson treg" first "parsing” the
expresson acarding to a defined "grammar.” Ead of thes conceptsisexplained in detail in
this sedion concerning the theory behind the Paadox engine.

Expression Trees

The most logicd way to represent a mathematicd expresson on acomputer is to use what is
termed an "expresson tree” In an epresson treg the different parts of an expresson are
organized in atreelike structure. For instance, the expresson "2 + 3 x4" could be
represented by the following expresson tree




Inthistree ead box iscdled a"node" and the boxes diredly under it are calkedits
"subnodes." Thenode at hetop of thetree(in this case, the "+" node) is cdl edthe "root’
node. The nodes are the base of the treethat have no subnodes are calked "led" nodes (in
thiscase, the"2", "3" and "4" nodes). All of the nodesin between are calkd "branch”nodes.
Any node that has a subnode is also referred to asa " parent” node, and any subnodes are dso
referred to as " child" nodes.

In the computer, ead nodeis a ®ries of bytes stored in an allocaed chunk of memory. Each
root or branch node contains pointers tothelocations of its subnodes.

The concept of an expresson treeisvery smilar to the concept of abinary treg a mncept
that was explored extensively in my AP Computer Science ourse. The differenceisthat a
nodein abinary treeislimited to having two subnodes (thus the term "binary"), while nodes
in an expresson treemay have asmany subnodes & necesary.

To evauate the aboveexpresgon tree simply go from top to bottom, left to right starting &
theroot node. Theroot nodeis"+," thusits subnodesmust be alded together. It hastwo
subnodes, one of whichiisaled node ("2"). The other isabranch node ("x"). The
multiplication sign indicates that its subnodesmust be multigied together. Sinceboth of its
subnodes are led nodes, they can beimmediately multiplied. This product isthen added to
the "2" node to obtain thefina result.

This expresgon treecould dso beexpresseal usng thefollowing notation:

Root
Leaf (2)
+ Branch
Leaf (3)
x Leaf (4)

Thisisan extremely smpletree Hereisthe expresson treethat Paadox builds of the same
expresson ("2 + 3 x 4"):

Expression
OrExpression
AndExpression
EqualExpression
RelationalExpression
AdditiveExpression
MultiplicativeExpression
UnaryExpression
PowerExpression
UnaryExpressionNotPlusMinus (2)
+ MultiplicativeExpression
UnaryExpression
PowerExpression
UnaryExpressionNotPlusMinus (3)
* UnaryExpression
PowerExpression
UnaryExpressionNotPlusMinus (4)

Why isthistreeso much more comgdicated than hefirst? Most of the complexity is caused



by the extensve grammer that Paiedox uses, which acudly makes the computer's job much
simpler (grammars ae covered in the next sedion).

Grammars & Backus-Naur Form

Before an expresson can ke parsed into an expresson treg itishepful to define a
"grammar."” The grammar specifieshow the different parts of an expresson are aénotedand
provides clues asto how to construct atree Inagrammar, there ae"terminas’ and "non-
terminals." A termind represents a bd node of theexpresson treg such asanumber or a
gpedfic charaadr. A non-termind representsthe root node or abrandy node of the
expresson treeand may contain terminal and/or other non-terminads. A grammarcould be
stated in a verbose paragraph form, such as the following (note that in this paragraph, non-
terminals are contained in quotation marks and terminas aein bold):

An "expression" is defined as at least one but possibly more
"term." Aterm is defined as at least one but possibly more
"factor." A "factor" is either an "expression" surrounded by
parentheses ora number.

Although thisform is sufficient for simde grammars, amore concise ad clea form is
needed for more comdex grammars. Themost comnonly used form is the Badus-Naur
Form (usually abhreviated as BNF). BNF was mostly invented by John Backusin 1959as a
formal notation describing the syntax of ALGOL 58, a programming language. It was later
modified by Peter Naur in 196Q° Since then, seveal dfferentvariationshave arisen, such as
Extended BNF, but they dl share nany commnon charaaistics. BNF usessymbols cdled
"meta-symbols’ to abbreviate comnon phraseslike "is definedas’ and to represent ideas
such as"at least one but possbly more." Thefoll owing meta-symbols ae commaly
acceted in BNF:

n= "is defined as"

| "or"

<> non-terminal
terminal character(s)
1 optional item(s)

{} 0, 1, or more item(s)

It isalso common to drop the "<" and ">" charaders around non-terminals and to put non-
terminals that are not single charaatrsin bold or betweenasterisks (* ). Using BNF, then,
the grammar described by the paragraph above could be dfinedasfoll ows:

Expression ::= Term {Term}
Term .:= Factor { Factor }
Factor Number |

"(" Expression )"

Asamatter of interest, the definition of BNF itself can be expres&din BNF:

Syntax = {Rule}
Rule = Identifier "::=" Expression
Expression := Term{"|" Term}

3 <http://cui.unige.ch/db-research/Ense gnement/anal yseinfo/ AbocutBNF.htmlI>
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Term .:= Factor { Factor }
Factor ::= ldentifier |
QuotedSymbol |
"(" Expression ")" |
"['" Expression "" |
"{" Expression "}"
Identifier ::= Letter { Letter | Digit }
QuotedSymbol ::= ""{ Character }™"

The grammar used by Paradox is based on a grammar® used by asimilar project caled the
JavaMath Expresgon Parser (or JEP). | made d&ew madifications, most of which involved
adding extra operators to allow the user more choicesin the processof entering expressons.
| also modified the Expresson classto allow for assgnments. The final grammear used by
Paradox is shown in Appendix A.

Recursive Descent Parsing

Now that expresson trees have been explained and the need for a defined grammar shown,
all that remainsisto finish the discusson by describing the parsing technique used by
Paradox. "Parsing” isthead of cutting upa charader sring into differert parts. There ae
many ways of parsing astring. One of the smplest waysisto read through the string,
making a"cut" whenever acertain characte(cal ed the "delimiter") is found. For instance,
the string "thisisa string" parsed with a spaceas the ddimiter would result in four separate
strings. "this’, "is', "a", and "string".

Thismethod is sufficient for simde parsng, but whenattempting to parse acomplex
mathematicd expresgon, this method is utterly inadequate, and a more sophisticated method
isneeded. The Paradox engine uses atechnique calked "reaursive desent
parsing"—sometimes referred to as (LL )1 parsng—to adiieveits gods. Reaursve desent
parsing isthe tool that allowsthe computer to convert a dharader string into an expresson
treg from which it can obtain a numericd answer. Although it isadually afairly common
type of parsing, it isvery powerful and can acdually be used to parse a programming
language. A reaursive descent grammar for the Javalanguage itself can be seen in Appendix
C.

Before reaursive descent parsing can be understood, the concept of "reaurson” must be
explained. Reaursion isanother concept explored in first-yea computer science courses, and
isareatively complex concept. Formally, reaursion is defined as "a programming method in
which aroutine callsitsdf."* 1t candso appy to astuation wherea routine cdl's another
routine which may cadl the first routine agin, et.

To understand reaursion the ardogy of a team of people handing apieceof papger aourdis
helpful. One person beginsto write on a particular paper, and handsit to another person
when the need arises. That person writeson it and passeit agan. The net person might
passit yet again, perhaps even bad to thefirst person. Each person remembers who he got
the paper from ead time he recaeved it. When one person is done working on the paper, he

4 Funk, Nathan. <http://www.singularsys.com/jep/doc/grammar.htmli>
5 <http://www.webopedia.com/TERM/r/reaursion.htmi>
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hands it badk to the person who gave it to him. That person may or may not be done et,
and the paper might get passed around and handed badk any number of times before it finaly
gets badk to the very first person to work onit. When heisfinished, the overall task is
completed.

Reaursion is used in the Paradox engine to build expresson trees acording to a grammear.
There are separatroutinesfor ead leve of the grammar. Eacd routine takes charaas
from the charadar string and buildsits corresponding node and/or subnodes on the treg
passng off the string to a separate routine if necessary.

An example may help to ill ustrate this concept. Consider the following example expresson
along with a dightly modified version of the exampe grammar presentedin the previous
sedion:

7220+ ( 1- &(2))
5
Expression ::= Term { ("+"|"-") Term }
Term s={("x"|"I") Factor }
Factor := Number |

"(" Expression )"

Using this grammar, threedifferent routines would be written: Expresson, Term and Fador.
Ead routine takes care of itsrespedive line of the grammar. Note that theexpresson above
could not be enteredinto the computer as shown, sincethe computer doesnot immedately
understand graphics such asthe large parentheses. Instead the expresson must be ertered n
sngle-lineform: "7220+(1-13x2/5) "

Thereaursion begins with the first line of the grammar and its corresponding routine:
Expresgon. Thisroutinefirst creaes an Expresson node as the root node of theexpresson
treeon level 1. Then the routine follows the grammar's Expresson spedfication to build the
subnodes. The grammar spedfiesthat an Expresson consists of a Term first. Thus, the
Termroutineiscdled. It first cregdesa Term node as asubnode of the paentnode (in this
case, the Expresson on level 1). Since a Brm consist of a Fador first, the routine @sses
off the expresson to Fador. In Fador, the routine dedks for the presence d adigit or aleft
parenthesis. (Note that if it found anything else, an error would be reported and the parsing
aborted.) Itfindsadigit, so it readsthe entirenumber” 7220 " and places itinto a ”ador on
level 3, achild node of the Term node on level 2. After that, Factor is done, soit passes
control badk to the Term routine that cdled it. The Term then looks for any remaining
Fadorsprecaled by a"x" or a"/ ". Thenext charader isa"+", however, so itswork is
done andit passesontrol bad toits parent, the root Expresson node onlevd 1.

The Expresson looks for any remaining Terms precaded by a"+" or a"- ". The next
charader isa"+", so it cdlsthe Term routine, passng the sign asatag. The Term routine
creaesa Term node asanother subnode onlevd 2 with a "+" tag before cdling Fador. The
Fador routine aceaesaFador on level 3, then chedks for the presence d adigit or aleft
parenthesis. It finds aleft parenthesis, so it knowsthat it must read a subexpresson. It reads
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the left parenthesis and then cadls the Expresson routine. Thisisthe purpose of reaursion:
that aroutine far down in the hierarchy can cdl routines higher up, essntially starting the
parsing over again.

So anew Expresgon iscreaed on level 4. It thencdls Term, which creates a @&m onlevel
5. A fador iscreaed, anumber isreal (sincethe next charader isthe digit “1”). Control
passes bad to theterm on level 5. The next charader isnot a“x” or a“/ ”, so control goes
badk again to the Expresson on level 4. The next charader isa“- " so Term iscdled,
creaing another Termon level 5 with the - " tag.

Fador iscdled, creaing a Fador with the number “13” on level 6. Badk in Term, the next
charader isa“x”, so Fador iscdled again. Thistimeit creaesaFador on level 6 witha
number (“2”7) and a“x” tag. Control passes badk to Term, where the job isnot done yet,
becaise the next charader isa“/ ”. Fador iscdled again, creding yet another a Fador on
level 6, thistime with the number “5” and the “/ " tag.

Control passes badk to the Termon level 5. The next charader isnot a“x” ora“/”, so
control passes badk once agin to the Expresson anlevd 4. The net charaotrisnota “ +”
ora“-", however, so control goes bad to its parent Fador on level 3. Remember that this
routine isin the middle of reading a subexpresson. It now chedsfor aright parenthesis and
findsit. It readsthe parenthesis and passesontrol bad toits parent Term. Theend of the
expresson has now been readied, and Term passes badk to Expresgon. Thisistheroot
node, and sinceit is done (end of expresson), the entire task isfinished. Hereis the
completed expresson tree

Expression
Term l (+) Term
| |
Factor Factor
7220 ()
|
Expression
| | |
Term (-) Term
| | ! .
Factor Factor ||(x) Factor||(+) Factor
1 13 2 5
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Thiswas arather lengthy example. Theirony isthat this is a redtively short expresson,
parsed with avery smple grammar containing only threeroutines. Obviously, the human
mind could very well handle this expresgon in much lesstime. However, it would take at
least a minute or so, and would probaly require the use of a calcuiatorto crunch the
numbers. On the computer, however, the dfair takes on awhole new light. Although this
algorithm might seem complicated, the computer does eerything described above aimogt
instantaneousdly, giving aresult within asecond or two. In addition, there is alwaysthe
chancethat a human might make amistakein his arithmetic. Corredly programmed,
however, the computer makes no mistakes. For these easons, the rebtive complexity of the
algorithm is more than made up for by the speead and reliability of the computer.

Implementation

This sedion deds with the actual Javaimplementation of the Paradox engine. Note thet it does
asaume some experience with the Javadnguage and with the ideaof objed-orierted
programming. Note aso that the source @de isfarly well commented and following aongin it
while reading this sedion may be tepful in aidng understanding.

When | began Paradox, | knew little Java. Up until thattime, | hadmainly worked in Visud
Basic and C++. When Ibegan Paidox, therfore, | had tolean Javaas| went. | am not an
expert Java programmer now by any means, but | know quite a goal ded more than when |
began. Walter Savitch's booklava - An Introduction to Computer Science &Programmingvas
extremely helpful in learning the Javalanguage and the AWT. The fdion @out Swingin The
Java Tutorial® was also very helpful.

Nealy al of the codein Padox was written by mysdf, andisformattedaccording tomy own
style. | copied certain snippets concerning certain topics like Swing (a GUI library like the
AWT), but they were quickly editedand changedand ae now probably quite unrecognizeble. |
believeit isfairly safe to say that theentire projed ismy own work.

The Paradox padkage contains 17 classs, ead of whichis de<ribedin de@l in its respedive
sedion. Notethat the only classes that the end devel oper should haveto interad with ate the
ParadoxEngine, Calcln, Function, Util, ParseException, EvalException and Expresson classs.
The other classes ded with the internal implementation of the engineand are dedared private,
thus prohibiting accessto them by outside classs.

ParadoxEngine

Thisisthe main classfor the Paradox padkage. Infad, it might be the only classused by a
particular program. For instance the following function returns a double answer given an
expresson string:

public  static double EvalExpression(  String  expression)

{
}

It contains the following major functions for top-level expresson parsing and evaluating:

return  (new ParadoxEngine()).Evaluate(expression);

6 Campione, Mary, et al. <http://java.sun.com/docs/bodks/tutorial>
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double Evaluate( String ) —parsesan expresson string andthen evaluatesthe
expresson treeg returning a double and printing all errors to System.out

double EvaluateE( String ) —parsesan expresson string andthen evaluatesthe
expresson treeg returning a double and throwing exceptions

Expression Parse( String ) — parsesan expresson string and returnsthe root
Expresson node, printing all errorsto System.out

Expression ParseE( String ) — parsesan expresson string and returnsthe root
Expresgon node, throwing exceptions

double Evaluate(Expression) — evduatesan epresson tree returning a
double and printing all errors to System.out
double EvaluateE(Expression) — evduatesan epresson treg returning a

double and throwing exceptions

Eadh of these functions simfy creates a Caln strean (for those that do parsng) and then
cdls Eval on the expresson tree(for those that do eduation).

ParadoxEngine dso ontainsfunctionsfor addng as well as printing lists of constants and
functions (for more info on custom functions,seethe £dion on he Function class). It dso
provides for printing an expresson treewith the toString(Expression) and
toString(  String ) functions.

When the developer creaes a new instance of the ParadoxEngine cless the constructor
creaes anew random number generator plus new variable, constant and function maps. It
then initializes the built-in constants and functions, which are described in Appendix B. To
add anew constant in code, usethe AddConstant( String , double ) function. (see
the sedion on the Function classfor info on addng new functions).

Another interesting function contained in the ParadoxEngine is the

handleFunction( String , Vector ) function. Thisrather unique function handles
function cdls within expressons. Given the name of the function ("sin", "sgrt", "rand", etc.)
and the arguments (in theform of a Vedor of Expressons), it will calculatethe results,
returning adouble. Note, however, that thisfunctionisfor internd useand is not accesble
from outside the padkage.

Calcln

When | started the projed, | quickly redized the need for aflexible stream class Sincel had
some rather spedfic requirements, | dedded to write my own. Calcln hastwo constructors.
The default constructor creaes a stream by reading aline of input from System.in (using the
Util.readLine() function). If you already have your expresson in the form of a
String, however, you can just usethe Calcin( String ) constructor. Thisis probably the
most common way to initialize a Cadln strean. The other functions ae used for
manipulating the stream:

charAt( int ) - returnsthe darader at a edfied index
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charsLeft() - returns thenumber of characersleft

dump() - returns theentire stream, includingany charadersalrealy read
EOS() - returns trueif theend of the streamhasbeen eaded, falseif not
peek() - returnsthe net charaotr

peek( int ) - returnsthe nexin charaatrs

peekPastldentifierW( int ) - returns the nexin charaadrs, skipping aidentifier
and any whitespacefirst

pos() - returns the current position in the stream

readAll() - reads to end of streamskip() - kipsa charaat in the
stream

readChar() - reads a tarader

readDouble() - readsa dauble (includng scientific notation

readldentifier() - reads an identifier (function/variable name)

readString(  int ) - reas astring of aspecifiedlength
skip( int ) - skipsncharaders
skipCommay() - skipsany comma
skipW() - skipsa characteand any whitespacethat foll owsit
skipW( int ) - skipsn charadersand any whitespacethat follows them
skipWhitespace() - skips any whitespace
Notethat the difference letween peeing and readingis that peeing does not advance he

current position whereas reading does. Once a chrader hasbeen rea, it cannot be read
again. Peeking smply gives an quick look at the daradersthat are about to be read.

Function

To add a custom function, you rmust write anew classthat extends the Function class and
then passan instance of that classto the addFunction(  String , Function) function
in ParadoxEngine. An example best ill ustratesthisidea The following isthe codefor aa
function that smply chedk for two arguments and then adds them together, returning the
sum:

import  java.util. *
import paradox. *;

public class F _add extends Function

public double Handle( Vector args, ParadoxEngine eng)
throws paradox.EvalException

if  (args.size() == 2)

/l return sum of arguments
return
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eng.Evaluate(((Expression)args.elementAt(0))) +
eng.Evaluate(((Expression)args.elementAt(1)));
else
throw new paradox.EvalException( "add() requires" +
"exactly two arguments." );

}
}

The above code would go in a sepaate file (F_addjava). To addthe function to an ingarce
of ParadoxEngine, the following line would be used:

enginelnstance.addFunction("add", new F_add());

Thefirst argument is the name of the function (this must be unique among function names)
and the second argument is an instance of the F_add function.

Util
The Util classcontains many small utility functionsthat are dedared static so asto be
accesshle from any locaion. Here are alescription of the functionsin Util:

main( String []) - Thisisasmall program that was used during testing. It runsin the
console and prompts for expressons, parsing andevaluating them until the wser enters"q"
to quit.

formatDouble(  double ) - Formatsadouble value and makes itlook nicefor
displaying it on the screen by stripping all traili ng zeros and decima points. Returns the
formatted string. Note that thisfunction converts thenumber to a H oat before formatting
it; thisisto avoid some of the predsion problems with doubles.

readLine() - Returnsoneline of input from System.in, first discarding the endline
charader.

spaces( int ) - Returnsastring containing a given number of spaces.

isZero( double ) - Chedksto seeif the doubleis esentialy equal to zero (as
determined by the AEP constant)

areEqual( double , double ) - Chedksto seeif thetwo doubles are esential equal
(as determined by the AEP constant)

isAlpha( char ) - Returnstrueif the charaar is a leter ("a'-"z","A"-"Z")
isNumeric( char ) - Returnstrueif the charaarisadigit ("0"-"9")
isAlphaNum( char ) - Returnstrueif the charadris a leter a adigit

DEBUGSGEtring ) - Printsthe given error message to System.out if the
SHOW_DEBUG_INFO flag is set.

DEBUGSEtring , int ) - Piintsthe given error messge precaled by agiven number
of spacesto System.out if the SHOW_DEBUG_INFO flag is set.

The Util classalso contains definitions of TRUE (1.0) and FALSE (0.0), along with the AEP
(Approximately Equal Predsion) constant and the accessor function
getAEPConstant() , whichisused to determine if two doubles are approximatey equdl.
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This constant is defaulted to 1.0 x 104, but can be changed if desired by using the
setAEPConstant( double ) function.

ParseException

The ParseException classis an exception classwhich prepends the text "Error while parsing
expresson” to any error message. Otherwise, it behaves as any other exception class

Notethat therisdso a RrseException classin the jaa.text packa@. If you import both
javatext and paradox and thenattempt to use ParseException, youwill need to indicate
which ParseException classyou want by using the full padkage name (i.e.
java.text.ParseException or paradox.ParseException )

EvalException

The EvalException classis an exception classwhich prepends the text "Error while
evaluating expresson" to any error message. Otherwise, it behaves as any other exception
class

ExpressionTreeNode

Thisisthe abstract cbssthatdl of the other chsssin Paiadox are baed upon. It regresents
one node in an expresson tree  Subnodes are contained in a vedor appropriately named
"subNodes," and a"tags' vedor for storing subnode operator information if needed (whether
the subnode isto be multiplied or divided, for instance). Two constructorsinitialize these
vedaors.

The definition of ExpressonTreeNode dso @ntains two abstrad functions:

Parse(Calcln) and Eval() . Theformer usesthe given Calcin to fill i ninformation for
the node and any subnodes, whil e the lattereaursively evaluates any subrnodes, performs any
node-spedfic cakulations and then returnsa daible. Since thesfunctions are declad
abstrad, all classesinheriting from ExpressonTreeNode must implement them. Another
function, toString(  int ), returnsastring representation of the node. Occasionally this
function will be overloaded to accept an operator and/or tag parametr.

Expression

Expression ::= OrExpression |
*|dentifier* AssignOp Expression
ASSIQNOp  1:= "= | T | TS | M=t | Rt | e | k=" |
=" | = | "0p="" | "n="
Thetop-level node in an expresson treeis aways an Expresson, and thisis the only node
classthat isdedared public (it can ke accesed from outside the padkage). Note thet it also
has a spedal constructor, allowing you to let the Expresson know if it isa"main”
Expresgon (whether it isthe root node). An Expresson contains either asingle
OrExpresson or an assgnment (an identifier followed by an assgnment operator and another
Expresgon). There ae 11 possble assgnment operators.

- Assggnsthe subrnode value to the variale.
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"#=" - Asggnsthe subnode value as aconstart (ie. it cannad be changed after the first

assgnment).

"+=" - Asggnsthe previous value of the varialde added to thesubnadevalue

"-=" - Asdgnsthe previous value of the varialde subtraded from the subrnode value
"*=" - Asdgnsthe peviousvalueof the variade multiplied by thesubnadevalue
"e=" - Asdggnsthe peviousvalueof the variade multiplied by thesubnadevalue
"x=" - Asdggnsthe previous value of the variade multiplied by the subnode value
"/=" - Asdgnsthe previous value of the varialde divided by thesubnadevalue

+=" - Asdgnsthe previous valueof the varialde divided by the subnode value

"%= - Asdggnstheremainder obtained by dividingthe previous value of the varable by
the subnode value.

"n=" - Asdgnsthe previous value of the varialde raised to the subnode value

When Parse() isexeauted, it first chedks for an empty expresson. Asauming that the
expresson is not empty, it then cledsfor anidentifier by chedingfor a leter in theinput
stream. If it finds an identifier, it chedksthe charaarsfoll owingit to seeif there are any of
the possble assgnment operators. If itfinds one, then it assumes that thisisan assgnment
and sets the appropriate bodean mamber variable. It reals theidentifier, stores the operator
in the tag member variable and thencreates aew Expresson as asubnode. Notethat it
creaes an Expresson, not an OrExpresson. Thisalowsthe user to nest assgnments, such
as"a= b=c=1",inwhich cag all variablesmentioned are asdgned thevalue"1". If ther
is no assgnment, then it smply creaes an OrExpresson as a subnode.

When Eval() isexeauted, it chedksthe assgnment member variable to seeif this isan
assgnment Expresson. If not, then it smply cadlsthe Eval()  function of its subnode
OrExpresson. If it isan assgnment, then it performs the assgnmentby changing the \due
stored in the appropriate placein theengine's varialde or constant map, first cheding to
make sure the user isnot trying to reassgn a constant. After evaluaing, Eval() savesthe
answer in the "ans' variable (if desired and if thisisaroot node) regardlessof whether a not
thiswas an assgnment. It then returns the result of the OrExpresson or the \dlue assgned
(whichever is appropriate). Note that thismeans thatan assgnment such as"a = 3" will
return the value ("3").

ThetoString() function smply prints"Expresson” preceded by the given number of
gpaces and followed by the assgnment operator if applicable.

OrExpression
OrExpression ::= AndExpression { OrOp AndExpression }
Orop =

An OrExpresgon contains at least one AndExpresson followed by any number of other
AndExpresgons precealed by aboolean OR operator. The OR operator isthefirst of the
supported boolean operators (the operators deding only with "true" or "false" values)
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supported by Paradox. It isalso the boolean operator with the lowest precedence (ie. it is
evaluated last). Becauseit isthe lowest precalence, it must be parsed first. OR returnstrue
(1.0) if any one of its subnodes eduates totrue (1.0). Note that there are two operators

“|| " This operator performs a”short-circuited" OR. Thismeans that onceit finds one
subnode that istrue, it automaticdly returns true without evaluating the other subnodes.
This could possilly resultin smdl speedgains at the expense of possble logic errors. Fa
instance, "1||x=3 " returnstrue sincethefirst part ("1") istrue. Sincethe short-circuited
operator is used, the second partisnot even eduated, and thusx isnot assgned the
value 3 aswas probably intended.

"| " This is the "non-short-circuited" OR operator. This causes theengine o evaluate dl
subnodes before returning a value.

Notethat if multiple operators are used in asingle expresson ("1|1||1 ", for example), the
last operator mentioned overrides all previous operators. Thus, the expresson abweis
evaluated with the shortcircuited operator even though the non-shortcircuited operator is
used ealier.

When Parse() isexeauted, it first creaes achild AndExpresson. It then chedks for an
OR operator. If it finds one, it first notes which one it found by setting the "shortcircuit"
member variable flag and then creaes child AndExpresson. It doesthisrepeaedly until it
does not find another OR operator.

When Eval() isexeauted, it chedksthe shortcircuit member variable to seeif thisisa
short-circuited OrExpresgon. If it isshort-circuited, it starts exduating the subnodes,
returning true after thefirst true subnode (and returning falseif none of the subnodes
evaluateto true). If it isnot short-circuited, it starts evaluating the subnodes, returning a
value only after the last subnode has been evaluated.

ThetoString() function smply prints "OrExpresson" preceded by the given number of
spaces.

AndExpression
AndExpression ::= EqualExpression { AndOp EqualExpression }
AndOp D= &N ] &&”

An AndExpresson contains at least one EqualExpresson followed by any number of other
EqualExpressons precaled by aboolean AND operator. Unlike OR, AND returnstrue (1.0)
if and only if ALL of itssubnodes eduate totrue (1.0). Note that there are two operators

"&&' This operator performs a”short-circuited” AND. Thismeans that onceit finds one
subnode that isfalse, it automaticadly returns false without evaluating the other subnodes.
This has the same pros and cons as the short-circuited evaluation indicaed by the
corrosponding OR operator.

"&" This is the "non-short-circuited" AND operator. This causes theengne 1o evaluate
all subnodes before returning a value.
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When Parse() isexeauted, it first creaesachild EquaExpresson. It then chedks for an
AND operator. If it findsone, it first notes which one it found by setting the "shortcircuit"
member variable flag and then creaes a child Equa Expresson. It does this repeagdly until
it does not find another AND operator.

When Eval() isexeauted, it chedksthe shortcircuit member variable to seeif thisisa
short-circuited AndExpresson. If it isshort-circuited, it starts e\duating the subnodes,
returning false after thefirst fase subnode @nd returning trueif dl of the subnodes eduate
to true). If it isnot short-circuited, it starts evaluating the subnodes, returning avalue only
after the last subnode has been evaluated.

ThetoString() function smply prints"AndExpresson” preceded by the given number of
spaces.

EqualExpression
EqualExpression ::= RelationalExpression [ EqualOp RelationalExpression ]
EqualOp ===t e
An EqualExpresson contains at least one Relational Expresson possbly followed by an
operator and another RelationalExpresson. This meansthat there can betaéhe most two
child RelationalExpressonsin an EqualExpresson. There ae threeoperators, dl deding
with the equ@ity orinequdity of the EquaExpresson's subrodes:

"==" This operator compares the two subnodes, cheding for strict equdity on thelowest
level. Thisismore appropriatefor integers than doubles (which often hae small errarsin
predsion), and thisiswhy the other " ~=" operator has been provided (seebelow). This
operator only returnstrue (1.0) if the subnodes are eq@. "2==2" returnstrue (1.0),
while"2==3" returnsfalse (0.0). Note that this operatoris "==", not "=". Thisisto
prevent any ambiguity between it and the assgnment operator. This trick isnot unique to
Paradox; it is done by many major programing languages, such as C++ and Ja\aitsdf.

"I= " This opefator is the reerse of the previous operator, and returns true (1.0) if the
subnodes are NOT equal. "2==2" returnsfalse (0.0), while"2==3" returnstrue (1.0).

"~=" This opefator is used for comparing doubles and only returns trueif thediff erence
between two numbers can be consdered sosmdl that the numbersare essentially equal
The predsion of this chedk is determined by the AEPConstant member variable of the Util
class

TheParse() functionisfairly straightforward. It creaesachild Relationd Expresson
before chedking for the presere of anequds operator. If itfinds one, it sawes the operator
in the "op" member variable and thencreatesanother child Relationa Expresson.

TheEval() functionisequaly straightforward. It evaluatesthe first RelationalExpresson,
and then chedks the "op" variable to seeif there is an operation occurring. If so, it evaluates
the second Relational Expresson, and then performs the operation and returns the resullt.
Notethat it usesthe Util.areEqual( double , double ) method to determine
approximate eq@aity ("~=").
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ThetoString() function prints "EqualExpresson” preceded by the given number of
gpaces and followed by an operator (if appropriate).

RelationalExpression

RelationalExpression ::= AdditiveExpression [ RelationalOp AdditiveExpression ]

RelationalOp SETS = >
The RelationalExpresson isthe last of the main boolean operation classes. A
RelationalExpresson contains at least one AdditiveExpresson possbly followed by an
operator and another AdditiveExpresson. This meansthat there can betahe most two
child AdditiveExpresgonsin a RelationalExpresson. There aefour operators, dl deding
with the comparison of order on thenumber line of the Redtiona Expresson's subnodes:

"<" This opertor compatres the two subnodes, returning trueif thefirstsubnode isless
than the second and false otherwise. "2<3" returnstrue (1.0), while"2<1" and "2<2"
return false (0.0).

">" This opertor compatres the two subnodes, returning trueif thefirstsubnodeis
greaer than the second and false otherwise. "3>2" returnstrue (1.0), while"3>4" and
"3>3" return false (0.0).

"<=" This operator compares the two subnodes, returning trueif thefirstsubnode isless
than or equal to the second and false otherwise. "2<=3" and "2<=2" return true (1.0),
while"2<=1" returnsfdse (0.0).

">=" This operator compares the two subnodes, returning trueif thefirstsubnodeis
greder than or equal to the second and false otherwise. "3>=2" and "3>=3" return true
(1.0), while"3>=4" returnsfdse (0.0).

TheParse() functionisfairly straightforward. It creaesachild AdditiveExpresson
before chedking for the presere of an relationa operator. If itfinds one, it sawes the
operator in the "op" member variable and thencreatesnotherchild AdditiveExpresson.

TheEval() functionisequally straightforward. It evaluatesthe first AdditiveExpresson,
and then chedks the "op" variable to seeif there is an operation occurring. If so, it evaluates
the second AdditiveExpresson, and then performs the operation and returns the result.

ThetoString() function prints "Relational Expresson” precaled by the given number of
spaces and followed by an operator (if appropriate).

AdditiveExpression

AdditiveExpression ::= MultiplicativeExpression { AddOp MultiplicativeExpression }

AddOp e
The AdditiveExpresson isthe first of the non-boolean mathematicd operators (ie. they
return values other than "true" or "false"). Addition and subtradion are together on the
lowest precadencelevel, and they are both parsed in thisclass An AdditiveExpresson
contains at least one MultiplicativeExpresson followed by any number of other
MultiplicativeExpressons preceded by an operator. There ae only two operators: "+"
representing addition, and - " representing subtradion.
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Notethat this class § equvalent to the Temn level used in the exanmple grammer in the
previous sedions about theory.

Parse() isfairly smple. It creaesone MultiplicaiveExpresson and then repeaedly looks
for an operator followed by another MultiplicaiveExpresgon until there aeno more or until
the stream isempty. It savesthe operatorsin the tags veador.

Eval() isalso fairly smple. It evaluatesthe first MultiplicativeExpresson, and then it goes
through the others, adding or subtrading their values from the first acording to the
operators contained in the tags vedor.

ThetoString() function prints "AdditiveExpresson" preceded by the given number of
spaces and followed by an operator (if appropriate).

MultiplicativeExpression
MultiplicativeExpression ::= UnaryExpression { PowerExpression |
MultOp UnaryExpression }

MultOp | e | Y | ] 0"
The MultiplicativeExpresson is the seaond of the non-boolean mathematica operators.
Multiplication and division are together on thislevd. A Multipli cativeExpresson contains at
least one UnaryExpresson followed by any number of PowerExpressons or other
UnaryExpressons preceaded by an operator. There are sevet operators on tislevd: "* ",
"o " and " x" representing multiplicaion, "/ " and "+" representing division and "%
representing the modulus operator (which performs a division but returns the iemander).

Notethat this class § equvalent to the Fador level used in the example grammer in the
previous sedions about theory.

TheParse() function first creaes one child UnaryExpresson. Thenit goesinto aloop
where it adds other subnodes depending on what it finds. If it finds one of the operators, it
savesthe operator and creaes a UnaryExpresson. If it finds a number, it creaesa
PowerExpresgon, and if it finds aleft parenthesis, it creaes a UnaryExpresson. These last
two adions alow for implied multiplication. "2 3 " and "2(3) " both evaluate to 6 becaise
of thismethods. Notethat "2 -3 " isinterpreted as"2 minus 3" rather than "2 times-3." To
use implied multiplication with a negative number, it must be inclosed in parentheses (ie.
"2(-3) ". All operatorsare saved in the tags vedor.

Unlike Parse() , Eval() isfairly smple. It evaluatesthe first UnaryExpresson, and then
it goes through the others, multiplying or dividing their values from the first according to the
operators contained in the tags veaor. As mentioned before, the modulus operator returns
the remainder of adivision (ie. "21%?5' returns 1, the remainder when 21 isdivided by 5).

ThetoString() function prints "MultiplicativeExpresson™ precaled by the given number
of spaces and an operator (provided by the paent AdditiveExpresson).

UnaryExpression

UnaryExpression ::= UnaryOp UnaryExpression |
PowerExpression
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UnaryOp EE S

All operationsto this point have been “binary” operators, meaning that they dedt with two
operands. The UnaryExpresson represents any possble “unary” operators (other than
exponents), meaning that they deal with only one operand. A UnaryExpresson contans
either another UnaryExpresson preceded by an operator or a PowerExpresson. There are
four possble unary operations:

“+” - Positive. Thisoperator is not redly necessary (itisassumed: “ 2” isthe same as
“+27), but isincluded for completeness

“-” - Negative. Note thatthesecan be strung together:“--2 " isequal to “2” sincethe
negative signs canced ead other out.

“I'” - Bodean NOT. Thisreturnstrueif the subrodeis false, and falseif it istrue (e.
“I1 7 returnsfalse (0) and “!10 ” returnstrue (1)).

“=" - Bodean NOT (seealove).

TheParse() functionisfairly smple. It first chedsfor an operator. If it finds one, it
readsit, savesit in the tag member variable, and then creaes a child UnaryExpresson. Note
that an UnaryExpresson is creaed, not a PowerExpresson. This alowsthe user to string
together unary operations (ie. “--2 ” or “---3 ). If no opematorisfourd, it createschild
PowerExpresson.

TheEval() function first chedksthe tag for an operator. If it finds one, it evalutesthe
child UnaryExpresson and then appliesthe spedfied operator. If it doesnot find an
operator, it just returns the value of the child PowerExpresson.

ThetoString() function prints “UnaryExpresson” with any sign or operator (provided
by its parent MultiplicaiveExpresson).

PowerExpression

PowerExpression ::= UnaryExpressionNotPlusMinus [ PowerOp |
"~ UnaryExpression ]

PowerOp R N
The PowerExpresson classtakes care of any exponent thatanumber a expresson might
have. There ae two types of exponents: Sngle-characteexponents (ie. “x2”) and
exponents expressed with the “~” operator (ie. “2”4 ). Notethat al single-charader
exponents can be expres®d with the “~” operator (ie. “3” equas “*3”). A
PowerExpresson is made up of a UnaryExpressonNotPlusMinus, which isthe lowest level
in the hierarchy, possbly followed by an exponent. Sincethere ae two types of exponents,
there ae two possibilitiesfor the exponent: asingle exponent operator, or the power
operator followed by the exponent (in theform of a UnaryExpresson).

Notethat there aethreediff erent single-charader exponent operators. “ 1”7, “2” and “3 ",
The“1” operator is probably unnecessary sinceit doesnt redly do anything (any number
raised to the first power isthe same number: x* = x), but it isincluded for completeness
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TheParse() function first creaesa child UnaryExpressonNotPlusMinus and then
examinesthe next charader. If itisa“””, it creaesaUnaryExpresson, storing it in the
“exponent” member variable. If it isone of the exponential operators, it creates a
UnaryExpresson with the corresponding vaue and stores it in the exponert member
variable.

TheEval() function smply evaluates the chil d UnaryExpressonNotPlusMinus and then
chedks for an exponent. If thereisone, the proper cdculations are performed and the result
returned.

ThetoString() function prints “PowerExpresson” proceded by any operator (provided
by its parent MultiplicaiveExpresson) and followed by any exponent.

UnaryExpressionNotPlusMinus

UnaryExpressionNotPlusMinus ::= *Double* |
*|dentifier* |
*|dentifier* "(" ArgList ")" |
LParen Expression RParen

ArgList = [ Expression { "," Expression } ]
LParen =
RParen =T

The UnaryExpressonNotPlusMinus is the lowest-level class It represents a single number
(double), variable (identifier), function cal (identifier followed by “( “, an argument list and
“) ™) or subexpresson (left parenthesis followed by an Expresson and right parenthesis).

TheParse() function cues off of thefirst charader:

IfitisaLParen (“(”,“[” or “{"”), then it assumesthat thereis asubexpresson
surrounded by parentheses. It realsthe left parenthesis, creaes a child Expresson and
thenreadsaRParen (*) 7, “] ” or “} "), throwing an exception if it does not find one.
Notethat al of the different parenthesis styles ae treaed the same (ie. “2¢(3+4) " isno
different from “2¢[3+4] " or “2¢{3+4} " or even“2¢(3+4] ”). The“tag” member
variableis set to “e”, denoting asubexpresson.
If it isaletter, it asumesthat it isthe first charader of an identifier. It readsthe
identifier, saving it in the “identifier” member variable. It then peeks at the nextcharader,
cheding to seeif it isaleft parenthesis (“( “):
If it isaleft parenthesis, it assumesthat theidentifier is the nane of afunction. It
then goesinto aloop to read the arguments, which are reads Expressons and

stored as subnodes. Any erras ae thrown as exeptions during this process In
addition, thetag isset to“f” to indicate a function call.

If thereis no left parenthesisit is assumed that theidentifieris a \ariable, and the g
isset to“v” toindicaethisfad.

If it isanumber, it assumesthat it isthe first charader of adouble. It readsthe double,
storing it in the “value” member variable. It also setsthetagto “d” to denote a dauble.

TheEval() function cuesoff of the value stored in the “tag” member variable. If it isan
“e”, it evaluates the subexpresson stored in the “ subExpr” member variable and returns the
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result. If itisa“f”, it sendstheidentifier and all subnodesto the handleFunction()
producedure in the ParadoxEngine clss If itis“v”, it returns the \ariable stored in the
constant or variable map for the spedfied identifier. Otherwise (if it is“d”), it Simply returns
the double stored in the “value” member variable.

ThetoString() function also cues off of the value stored in the “tag” member variable.
If itisan“e”, it prints “UnaryExpressonNotPlusMinus (subexpresson)” followed by the
string representation of the subexpresson. If it isa“f”, it prints
“UnaryExpressonNotPlusMinus (function cdl)” followed by the function name and string
representations of all subnodes. If it is“v”, it prints“UnaryExpressonNotPlusMinus
(variable)” followed by the variable name. Otherwise (if it is“d”), it prints
“UnaryExpressonNotPlusMinus’ followed by the string representation of the double.

Calc4

Unlessthey're using Unix or one of its variants, it is fairly uncommon for reguar computer users to
utili ze the command linemuch atyymore. In this el of "user-friendly” interfaces, itis rare tofind
someone who would not prefer a"pretty" GUI (Graphicd User Interface to a"boring" CLI
(Command Line Interfacg. Although there ae those who would arguefor the superiority of a

CLI and there ae otherswho would never dean of usng anything other thana GUI, | beliewe that
both havetheir place Therefore, athough Paradox has a simple CLI program built-in (found in

the Util clas9, | have dso creaéd Calc4, asmd sampe GUI for demonstration purposes. Itisby
no means a comprehansve program, but it provides a easonably niceinterfacefor entering
expressons and getting their results. It also demonstrates the possbility of usng asimple scripting
language in conjunction with Paradox to automate routine catulations.

Basic Interface

The main purpose of Calc4 isto provide a écent mulili ne display with which you can eter
expressons and obtain results. When the program is started, this display is the dominating
feaure. To evaluate an expresson, simgy type theexpresson in thewindow and pressthe
ENTER key (note that if for some reason you wish to simply insert a cariage eturn/line feed,
you can do this by pressng Ctrl-Enter or Alt-Enter). Thiswindow does support copy and
paste, so you don'thawe to enter comydex expressons over and over agin; simdy copy and
paste the expresson and thenedit it if necesary.

Also shown in theinitial screen isasmaller window below the main display. This window
serves as an error log, keeping tradk of all errorsthat occur in the sesgon. If you enter an
invalid expresgon, such as"3+*4", the erra messag"Error while parang expresgon: Number
expeded but not found." is shown in thiswindow. The error messages are fairly sdf-
explanatory, but sometimesin along expresson it can be hard to tell exadly where the problem
is. Therefore, it isrecommended that you make extraeffort to work slowly and enter your
expressons corred thefirsttime. However, typos are inevitale, andthis error log helps
aleviate some of the aggravation tat they catse.

Thereisaso alarge set of buttonsthat can be shown hy seleding "Show Buttons' from the
View menu or by pressng F4. These buttons simgy replacethe current selection with the text
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on them. When a button with text ending in parentheses (such as afunction) is clicked, the
cursor ismoved inside the parentheses.

Also in the View menu is an option to show expresson trees. If thisoption is seleced, the
expresson treeis printed after the result when you enter an expresson. The string
representation used is obtained by cdli ng the toString() function of the root Expresson
(seeabore dion on he imgementation for detals).

The Engine menu contains options for displaying lists of supported constants and variables as
well asfor exeauting scripts (seenext sedion for more info on scripts).

There are sevet other puey cosmetic options awell. Y ou can chage thefont szeandthe
"look & fed" of the application usng the apprqriate submenusin the Viewmenu. In addition,
seleding "Clea" in the menu or pressng Ctrl-Del will clea the display.

Scripts & Scripting

If you have some spedfic cakulations that you perform over and over again, you can automate
themwith ascript. A script issimgy a text file thatcontains a gries of expressons, commands
and comments, with ead on a separate line. A command isalinethat beginswith the" @
symbol. The next identifier after that symbol should be one of the following commands:

exec - Treastherest of the line asthe filename of an external script to run.

if - Evaluatestherest of the line asan expresson, and then skips thefollowing line if the
result isfalse (0.0).

label - Marksa dace n code for usewith a @goto statement. The next identifier on the
line is used as the name of the label.

goto - Movesthe aurrent script locaion to the specifiedlocation marked by a@label
command or a": " symbol.

print - Evaluatestherest of the line asan expresson and prints the resultswithout an
endline and without printing theexpresgon first.

printin - Evaluatestherest of the line asan expresson and prints the results with an
endline but without printing the expresson first.

printex - Evaluatestherest of the line asan expresson and prints the resultswith the
expresson first but without an endline.

printexIn - Evauats the iest of theline & an expresson and prints the resuts with the

expresson first and with an endline.
disp - Treatsthe st of theline astext to beprinted onto the green without an endline

charader.
displn - Treastherest of the line astext to beprinted onto the screen with an erdline
charader.
error - Tredstherest of the line astext to beprinted into theerror log with an endline
charader.
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A comment can also be indicated by pladng "// " or

abort

- Endsthe script with an error message.
end - Endsthe script without an error message.
rem - Ignorestheres of the line (comment).

a the keginning of theline. Smilarly,

alabel can also beindicaed by pladng a”: " at the keginning of theline. Any line thatisnot a
command, comment or label isinterpreted as an expresgon to be exduaied by theengne.
These ae normdly variable assgnments, although they could also be ugd to seed the random

number generator with the seed() engine function.

The following is an example script for solving qualratic equations:

' QUADRATIC.TXT

' Calculates solutions to a quadratic equation.

@displn

@displn --- Quadratic Solver ---

@displn Ax2+ Bx+C
@disp A =
@println a
@disp B =
@printin b
@disp C =
@println ¢

' calculate discriminant
d=b2-(4easc)

@if d<0

@goto no_real
@if d==0

@goto one_real
@if d>0

@goto two_real
@end

: no_real
'‘@displn No real solution.
d=-d
@disp Solution:
@print (-b)/(2+a)
@disp +
@print sqrt(d)/(2+a)
@dispin i
@end

: one_real
@disp Solution:
@printin (-b)/(2+a)
@end

: two_real
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@disp Solution: (
@print (-b-sqrt(d))/(2+a)
@disp ,
@print (-b+sqrt(d))/(2¢a)
@dispin)

@end

This script prints some geninginfo, calcd ates the discriminant, chedks  see vhat kind of
solution there is, branches to the appropriatelocation ad thencalculatesand diglaysthe
results. Notethat "a"', "b" and "c" must be assgned before exeautingthe script.

Thisisavery simple scripting language and isfairly limited, but it does demonstratethe eciting
possbilities. Paradox has progressed to such alevel that it can now itself be programmed!

Conclusion

Potential Applications
Paradox has many potential pradicd applicaions:

It was designed first and foremost to be an easy-to-uselibrary for parsng andevaluating
infix mathematicd expresgons. Any programmer working on aprojed in Java can use
Paradox to provide full expresgon cdculation cgpabili ties without having to "reinvent the
whed." Forinstance, someone writing a small expense managecould use Paradox to dlow
usersto enter amathematica expresson such as"19.95(.045" in the Amount field instead of
having to use a calclatorto obtain asingle number first Using Paradox, this addtion would
require only afew minutes on the part of the programmer, and would be a \ery pradical
addition to his program.

Engineers who use computers to run calculationsmight dso beal e to use Paradox. They
might wish to re-write parts of it for increased precison and sped, but the basc ideas would
stay the same. Sincethey can then use Paradox to write their own programs, they can let the
computer do the hard work while they concentrate on providing the best service possble to
their customers or employers.

Students in statistic, physics or other mathematics-based classes who need to be able to
evaluate comgicatedexpressonsbut who do rot havea multi-line caculator could benefit
from using Paradox in conjunction with Calc4. The addition of staistica functions to
Paradox and graphing cabilities to Calc4 (see n&t sedion) would bring the projectcdose
to the basic cagbilities of a T1-82 or TI-83 graphing calcuator, which these students would
normally be using. In addition, since Paradox is fredy distributed, teaders could use itin
clasgooms and computer labs without worrying about copyrights or licensing restrictions.

Future Additions & Enhancements

Although | have put alot of work into Paradox, it is by no means acomgdeted projed. There
are many ways that Paradox could be improved:

Support for complex numbers. Thiswould probebly require some mgor changesin the
grammar, such asthe addition of a ComgdexExpresson class It would dso require thatall
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Eval() functions be re-written to return a spedalized number class(insteal of asmple
double) containing information about the imeginary part of the complex number. Many of
the operations, such as multiplicaion, would also have to be re-written to handle comgdex
numbers. The sgrt() function (and perhaps other functions) would hawe to beale o edited
to return acompdex number. Thes additions would be rather lengthy and would take quite a
bit of time to implement and test.

Support for number bases other than base-10, such as hexadedmal or binary. Thiswould
make the engine more useful for programmers and enginees.

Support for multiple threads. The current implementation is not thread-safe (i.e. problems
could arise if more than one thread triesto accessa Paradox classat the sane time).

I mplementing this support would requireinserting "synchronized" into many of thefunction
definitions and might require the rewriting of some of the functions, a processthat could take
sometime.

Statisticd and/or cdculus functions. The addition of certain stdisticd functions cuch as
standard deviation) would not be too difficult, whil e others (such as catulating binomial
distributions or conducting statisticd hypothesis tests) would probably require an extemal
math library for the advancedcomputdions.

Graphing cgpabilities. Calc4 could be grealy enhanced by providing a mode that would
allow usersto graph functions (perhaps in a separate window). For instance the user could
enter the expresson "y=4 sin(x-3) " and seethe resulting sine wave. Multiple functions
could be graphed on top of ead other to compare them, and the display could be panned and
zoomed to show different parts of the graph.

The simple scripting language used by Calc4 could always be improved. Commands could
be addel to display promptsfor numbers, for instarce, rather than simgy reading them from
preassgned variables. While andfor loops could be alded aswell as proper subroutines. In
addition, a more sophisticated parsing routine (possidy reaursve desent parsang) would
probably have to be written oncethe language got too compex.

Extensivetesting. Sincel have only two computers (both of them running Windows '98) and
little time, 1 have not had a chaweto redly put Paadox or Calc4 through a comprehensve
testing program. There ae probably siill some minar bugs and logic errors that may mess up
cetain kinds of cdculations. No programmer can guarantee a prfect computer program.
However, they can perform extensive testing to ascertain that their program is nea-perfed.
Unfortunately, | have not had time to do thiskind of testing.

Distribution

| am currently distributing Paradox, Calc4 and their source codefredy on theinternet. They
may be obtained at the following addess

http://www.freearrow.com/projects/paradox/

Thereisaso an applet version of Paradox avail able at that website. Anyonewith a browser
cgpable of running Java appets can now use Paadox any time without having to download it
(although downloading is still the preferred gotion, Snce calclations are slower when done by

29



the appet).

The Paradox engine isfreavare. In other words, it is freeto anyone who desiresto useit in
their application, whether it be for personal, educaiona or commercia usage. Any individual,
organization or company who can afford to donate a small anount to compersate me for the
time | spent on the projed is certainly welcome to send any amount they deemappropriate, but
payment is by no means required for the use of this engine. In addition, the Paradox engine may
be fredy distributed. If you wish to put it on adisk or in acodelibrary, | would gpreciat a
complimentary copy of your disk or library.

The Java source codeis dsofredy and easly obtainablefor further study or enhancerent. If
you do wish to modify theengne ard release the modified version, feelfreeto do so. You do
not have to ask my permisson, but it would be niceto notify me of your intentions beforehand.
Note dso that if you are plannng to chargefor your product, | would very much appreciat a
complimentary copy of your product.

The only restriction on the use and distribution of this product isthat you may not charge for an
unmodified (or only marginally modified) version of this engine or claim that you wroteit.

All of the aborealso apgies to Calc4, the wser interface prgram

Closing

| have dwaysliked pragramming, and | have egpedally enjoyed working on Paradox and Calc4.
In fad, this has been one of the largest programming projeds | have worked on, containing over
4,700lines of code. It hasbeen along process one with seved setbadks and mgor problems,
but theend result hasbeen worth it. Paradox has more thanmetthe expedations that | set out
when | began, and | often use it myself.

| hope abore dl else that Paradox proveshelpful to someme, wheter they be a programmer, a
student, an enginea or smply someone who neals the functionality that it provides. | hope that
they enjoy using the program as much as | have enjoyed cedingit.
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Appendix A

PARADOX GRAMMAR

Expression ::= OrExpression |
*identifier* AssignOp Expression

ASSIgnOp ::= II=II | ll#=ll | ll+=ll | II_=II | ll*=ll | ll.=ll "X:" |
u/=|| | et | ||%=|| | A=

OrExpression ::= AndExpression { OrOp AndExpression }
Orop ::= IIIII | II”II

AndExpression ::= EqualExpression { AndOp EqualExpression }
AndOp D= &&!

EqualExpression ::= RelationalExpression [ EqualOp RelationalExpression ]
EquaIOp = n_—n | u!=u | n_—n

RelationalExpession ::= AdditiveExpression [ RelationOp AdditiveExpression ]
Relationop = u<u I ||>|| ||<:n u>=u

AdditiveExpression ::= MultiplicativeExpression { AddOp MultiplicativeExpression }
Addop .:= ll+ll | Il_ll

MultiplicativeExpression ::= [UnaryExpression] { PowerExpression |
MultOp UnaryExpression }
Multop .:= ke tt I ll.ll | lell | ll/ll | II+II | "0/0“

UnaryExpression ::= UnaryOp UnaryExpression |
PowerExpression
Unaryop :.= II+II ll_ll | II!II | II_|II

PowerExpression ::= UnaryExpressionNotPlusMinus ( PowerOp |
"A" UnaryExpression )?
PowerOp ez | non | ngn

UnaryExpressionNotPlusMinus ::= *Double* |
*|dentifier* |
*Identifier* "(" ArgList ")" |
LParen Expression RParen

ArgList = [ Expression {"," Expression } ]
LParen com g [ [ g
RParen ::: ll)ll | ||]n | Il}ll
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Appendix B

CONSTANTS
Name Value Description
avogadro 6.022 x 10 23 atoms per mole of a substance
boltzmann 1.38 x 10 23
coulomb 8.99x10 °
faraday 96,485 coulombs per mole of electrons
e 2.718281828459045 base of all natural logarithms
e _charge -1.602 x 10 -19 an electron's charge
e _mass 9.11x10 = an electron's mass
h_bar 1.05x10 = h
pi 3.141592653589793
planck 6.626 x 10 34 Planck's constant
rydberg 2.18 x 10 -18 Rydberg's constant

speed_of light 3 x 10 8

speed of light (m/s)

FUNCTIONS
Name Description
abs(x) absolute value of x - |x|
round(x) x rounded to nearest whole number
ceil(x) X raised to nearest whole number
floor(x) x lowered to nearest whole number
int(x) x lowered to nearest whole number
pow(X, Yy) X raised to the yth power - x y
inv(x) inverse of X - X -
sqr(x) X squared - X 2
sqrt(x) square root of x - x o
sqrt(x, y) yth root of X - X T
exp(x) e raised to the xth power - e X
In(x) natural logarithm of x - log e X
log(x) log base 10 of x - log 10 X
log(x, y) log base y of x - log y X
log2(x) log base 2 of x - log 2 X
l0g10(x) log base 10 of x - log 10 X
sin(x) sine of x
cos(x) cosine of x
tan(x) tangent of x

continued on next page...
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sec(x)
csc(x)
cot(x)
sind(x)
cosd(x)
tand(x)
asin(x)
acos(x)
atan(x)
invsin(x)
invcos(X)
invtan(x)
deg(x)
rad(x)
degrees(x)
radians(x)
min(x, y)
max(x, y)
sum(x, ...)
avg(x, ...)
seed(x)
time()
rnd()
rnd(x)
rnd(x, y)
rand()
rand(x)
rand(x, y)
random()
random(x)
random(X, y)
fact(x)
factorial(x)

secant of x

cosecant of x

cotangent of x

sine of x (in degrees)
cosine of x (in degrees)
tangent of x (in degrees)

arcsine - sin 1 x

arccosine - cos 1 x

arctangent - tan 10X
-1

inverse sine - sin
inverse cosine - cos
inverse tangent - tan =
convert x radians to degrees
convert x degrees to radians
convert x radians to degrees
convert x degrees to radians
smaller value (x ory)
larger value (x ory)
sum of all arguments
average of all arguments
seed the random number generator
seconds since defined moment
random number in range [0, 1)
random number in range [0, X)
random number in range [X, Y)
random number in range [0, 1)
random number in range [0, X)
random number in range [X, )
random number in range [0, 1)
random number in range [0, X)
random number in range [X, )
x factorial - x!
x factorial - x!

X
_1X

X
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Appendix C

JAVA GRAMMAR]

Identifier:
IDENTIFIER
Qualifiedldentifier:
Identifier { . Identifier }
Literal:
IntegerLiteral
FloatingPointLiteral
CharacterLiteral
StringLiteral
BooleanLiteral
NullLiteral
Expression:
Expressionl [AssignmentOperator Expressionl]]
AssignmentOperator:
+=

*=

/=

&=

|:

N=

%=

<<=

>>=

>>>=
Type:

Identifier { . Identifier } BracketsOpt

BasicType
StatementExpression:

Expression
ConstantExpression:

Expression
Expressionl:

Expression2 [Expression1Rest]
ExpressionlRest:

[ ? Expression : Expressionl]
Expression2 :

Expression3 [Expression2Rest]
Expression2Rest:

{Infixop Expression3}

Expression3 instanceof Type
Infixop:

Il
&&

7 Godling, James, et al. <http://java.sun.com/docs/bodks/jls/second_editi on/html/syntax.doc.html>
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Expression3:
PrefixOp Expression3
( Expr|Type ) Expression3
Primary {Selector} {PostfixOp}
Primary:
( Expression )
this [Arguments]
super SuperSuffix
Literal
new Creator
Identifier { . Identifier }[ IdentifierSuffix]
BasicType BracketsOpt .class
void.class
IdentifierSuffix:
[ (] BracketsOpt . class | Expression ])
Arguments . (class | this | super Arguments | new InnerCreator )
PrefixOp:
++

PostfixOp:

++
Selector:

. Identifier [Arguments]

. this

. super SuperSuffix

. new InnerCreator

[ Expression ]
SuperSuffix:

Arguments

. Identifier [Arguments]
BasicType:

byte

short

char

int

long

float

double

boolean
ArgumentsOpt:

[ Arguments ]
Arguments:

( [Expression {, Expression }] )

m

Qualifiedldentifier ( ArrayCreatorRest | ClassCreatorRest )

BracketsOpt:
Creator:

InnerCreator:

Identifier ClassCreatorRest
ArrayCreatorRest:

[ (] BracketsOpt Arraylnitializer | Expression ] {[ Expression ]} BracketsOpt )
ClassCreatorRest:

Arguments [ClassBody]
Arraylnitializer:

{ [variablelnitializer {, Variablelnitializer} [,]] }
Variablelnitializer:

Arraylnitializer

Expression
ParExpression:

( Expression )
Block:

{ BlockStatements }
BlockStatements:

{ BlockStatement }
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BlockStatement :
LocalVariableDeclarationStatement
ClassOrinterfaceDeclaration
[Identifier :] Statement
LocalVariableDeclarationStatement:
[final] Type VariableDeclarators ;
Statement:
Block
if ParExpression Statement [else Statement]
for ( ForInitOpt ; [Expression] ; ForUpdateOpt) Statement
while ParExpression Statement
do Statement while ParExpression ;
try Block ( Catches | [Catches] finally Block )
switch ParExpression { SwitchBlockStatementGroups }
synchronized ParExpression Block
return [Expression] ;
throw Expression ;
break [Identifier]
continue [Identifier]

ExpressionStatement

Identifier : Statement
Catches:

CatchClause {CatchClause}
CatchClause:

catch ( FormalParameter ) Block
SwitchBlockStatementGroups:

{ SwitchBlockStatementGroup }
SwitchBlockStatementGroup:

SwitchLabel BlockStatements
SwitchLabel:

case ConstantExpression

default:
MoreStatementExpressions:

{, StatementExpression }
Forlnit:

StatementExpression MoreStatementExpressions

[final] Type VariableDeclarators
ForUpdate:

StatementExpression MoreStatementExpressions
ModifiersOpt:

{ Modifier }
Modifier:

public

protected

private

static

abstract

final

native

synchronized

transient

volatile

strictfp
VariableDeclarators:

VariableDeclarator {, VariableDeclarator }
VariableDeclaratorsRest:

VariableDeclaratorRest {, VariableDeclarator }
ConstantDeclaratorsRest:

ConstantDeclaratorRest {, ConstantDeclarator }
VariableDeclarator:

Identifier VariableDeclaratorRest
ConstantDeclarator:

Identifier ConstantDeclaratorRest
VariableDeclaratorRest:

BracketsOpt [ = Variablelnitializer]
ConstantDeclaratorRest:

BracketsOpt = Variablelnitializer
VariableDeclaratorld:
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Identifier BracketsOpt

CompilationUnit:
[package Qualifiedldentifier ; ]{ImportDeclaration}
{TypeDeclaration}
ImportDeclaration:
import Identifier { . Identifier}[ . * 1;
TypeDeclaration:
ClassOrinterfaceDeclaration

ClassOrinterfaceDeclaration:

ModifiersOpt (ClassDeclaration | InterfaceDeclaration)
ClassDeclaration:

class Identifier [extends Type] [implements TypeList] ClassBody
InterfaceDeclaration:

interface Identifier [extends TypeList] InterfaceBody

TypeList:

Type{ , Type}
ClassBody:

{{ClassBodyDeclaration} }
InterfaceBody:

{{InterfaceBodyDeclaration} }
ClassBodyDeclaration:

[static] Block

ModifiersOpt MemberDecl
MemberDecl:

MethodOrFieldDecl

void Identifier MethodDeclaratorRest

Identifier ConstructorDeclaratorRest

ClassOrlinterfaceDeclaration
MethodOrFieldDecl:

Type Identifier MethodOrFieldRest
MethodOrFieldRest:

VariableDeclaratorRest

MethodDeclaratorRest
InterfaceBodyDeclaration:

ModifiersOpt InterfaceMemberDecl
InterfaceMemberDecl:
InterfaceMethodOrFieldDecl
void Identifier VoidinterfaceMethodDeclaratorRest
ClassOrlinterfaceDeclaration
InterfaceMethodOrFieldDecl:
Type Ildentifier InterfaceMethodOrFieldRest
InterfaceMethodOrFieldRest:
ConstantDeclaratorsRest ;
InterfaceMethodDeclaratorRest
MethodDeclaratorRest:
FormalParameters BracketsOpt [throws QualifiedldentifierList] (
MethodBody | ; )
VoidMethodDeclaratorRest:
FormalParameters [throws QualifiedldentifierList] ( MethodBody | ; )
InterfaceMethodDeclaratorRest:
FormalParameters BracketsOpt [throws QualifiedldentifierList] ;
VoidInterfaceMethodDeclaratorRest:
FormalParameters [throws QualifiedldentifierList] ;
ConstructorDeclaratorRest:
FormalParameters [throws QualifiedldentifierList] MethodBody
QualifiedldentifierList:
Qualifiedldentifier { , Qualifiedldentifier}
FormalParameters:
( [FormalParameter { , FormalParameter}] )
FormalParameter:
[final] Type VariableDeclaratorld
MethodBody:
Block
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