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ABSTRACT

flo is a language for including flowcharts into documents typeset using the UNIXO ditroff. A basic
flowchart can be created with minimal effort by inputting only the basic algorithm written in a Pascal-like notation.
The example below illustrates the general capability of flo.

YE
—S Odd | Power:=Z
NO
Z:=7*W
I:=I Div 2
W:=Sqr W




This flowchart was created with the input:

. FL
[W=X;
Z: =1,
[:=Y];
WHI LE [I>0]; DO
BEG N
IF [CQdd 17];
THEN [ Z: =Z2*W ;
[I:=] Dv 2;,W=Sgr W;
END
[ Power: =7] ;
. FE

flo is a pic preprocessor, which in turn is a ditroff preprocessor. flo lets most of its input pass through un-
touched; it trandates flo commands lying between . FL and . FE into pic commands that draw the flowcharts.

As ditroff forces all pic pictures to fit within a page, all individual flowcharts are thus constrained to fit
within one page. Since nodes have a certain minimum readable size, this one-page limitation limits the complexity
of flowcharts that can be specified. In building flo, advantage was taken of the limitations to build a program that
draws small, simple, and structured flowcharts well and efficiently, at the expense of generality and of poorer ap-
pearance and performance for more complicated flowcharts. For the rare cases in which flo does less than an ade-
guate job, or the layout is not what the user had in mind, flo provides a host of commands by which the user may
fine tune or even direct the layout of the flowchart.

This paper itself was typeset camera-ready using flo, pic, ditroff, and other ditroff preprocessors with se-
guence of commands essentially equivalent to the command line,

refer paper | flo | pic | tbl | egn | ditroff -nXP

1 INTRODUCTION

Many papers written in computer science deal with algorithms. In many cases, a flowchart, either by itself
or accompanied by a linear representation in some programming language, is a convenient representation of the al-
gorithm, especialy from the reader’ s point of view. Indeed, as aresult of recent experiments showing the superiori-
ty of flowcharts over pseudocode for helping programmers understand algorithms [21], flowcharts may be coming
back into fashion!

In addition, today, amost all papers in computer science are prepared with the aid of some formating sys-
tem capable of printing on a laser printer or phototypesetter, which in turn is capable of drawing arbitrary figures.
These formating systems include batch-oriented systems such as the UNIXDO troff [19], its more recent enhance-
ment ditroff [10], TeXO [13], its enhancement IATEX [14], and scribe [20], as well as a host of WYSIWYG sys-
tems based on systems with high-resolution screens.

Many of these formating systems include facilities by which non-textual material may be included and for-
mated along with the text. As examples, there are a number of pre- and postprocessors for including into a ditroff
document a variety of not strictly textual entitiesas listed in Table 1 below [15, 25,11, 3,24,7,16,9,5,2, 1,4].

Prepass Included entity

refer bibliographical citations

ideal line-oriented pictures with some limited filling
pic line-oriented pictures

grap graphs

drag directed graphs

dag directed graphs



tbl tables

egn formulae

alg source program code

psfig arbitrary POSTScrRIPTO documents
indx back-of-document index

make.index  back-of-document index

As shall be shown, there exists no suitable tools integrated into the ditroff family for producing and including into
ditroff documents flowcharts such that the description of the flowchart is its algorithm rather than its physical layout
or topology.

For other formatters, there are similar tools. In particular, there exists a version of pic, called tpic, that can
be used with IATEX.

The project described herein was to develop a pic preprocessor, called flo, that prepares a flowchart given a
linear representation of an algorithm. Because flo is a pic preprocessor, just as grap, it can be used to prepare
flowcharts for inclusion in documents typeset with either ditroff and IATEX.

This paper describes the use, design, and implementation of flo. Asis common with papers describing a
new formating tool, this paper was typeset using flo, pic, tbl, egn, and ditroff, preparing output for a POSTSCRIPT
printing device. The command linesto print this paper were

refer -e -n -p refsidx -sADT paper > paper.ref
flo paper.ref | pic | tbl | eqn | psroff -nXP

All the diagrams in this paper were prepared as flo inputs except for Figure 2, which is done entirely with pic.

The following example demonstrates the capabilities of flo. Besides the algorithm in a Pascal-like nota-
tion, this example has additional commands and attribute settings that adjust the sizes of nodes, spaces between ad-
jacent nodes, and arc placement. This fine-tuned example differs from the purely algorithmic example of the
abstract, in which all of the layout is by flo supplied defaults. Given the inputl,

. FL
def shape ends shape is oval: {ellipse ht $1 wid $2} shapew is O0.6;
stm shapeh is 0.25 ;
gueryshapeh is 0.3 ;
spaceh is 0.25;
spacew i s 0. 2;
[ START] with ends;
[ (Y1.Y2,Y3,Y4) = (X1,X2,1,0)]
shapew is 1.7;

VHILE [y1>Ys];

DO [ (y2.y3)—(2y2,2y3)] shapew is 1.2
LOoP

IF [yi2ya] ;

THEN [ (Y1,Y4) = (Y17Y2,Yaty3)]
shapew i s 1.5;

EXITIF [ys=1] config is RI GHT;

[(Y2,Y5 < (div(y2,2),div(ys,2))]
shapew is 1.9;
@p ;

END

ror clarity, the input is shown after processing by eqn. The text that has been processed by eqn is shown in the
Helvetica sanserif font to make it standout against the Courier typewriter font normally used to show input. The
same holds for all other examples involving egn text. The full input for thisfirst example appears in the appendix.



[ (z1,22) = (Y1,Ya)] shapew is 1.1;
[HALT] with ends;
. FE

flo, with the help of pic, eqn and ditroff produces the flowchart in Figure 1.

(Y1,Y2:Y3,Y4) < (X1,X2,1,0)

YES NO

W

YES
(Y2,Y3) < (2y2,2y3) y@?
L ] O

(Y1,Ya) = (Y17Y2.Ya1Y3)
L
NO

ys=1 (Y2,Y3 < (div(y2,2),div(ys,2))
ES

(21,22) < (Y1,Y4)

Figure 1

2 PREVIOUSSOLUTIONS

In the sixties and early seventies, from the need to provide better documentation for computer programs, a
host of programs to generate flowcharts were written. The earliest description is of work done by A.E Scott of IBM
in 1955 [22]. In 1963 D. E. Knuth described the advantages of using a computer to produce flowcharts and dis-
cussed some of the implementation problems, as well as his own program [12]. F. D. Lewis of IBM led a project
team that introduced the Symbolic Flowchart Language (SFL) and used it the first series of autodoc programs [17].
By the end of 1963, three major families of flowchart drawing programs had been developed. The first family used
the source of a programming language. The second family used the Lewis SFL language. The third family em-
ployed a cumbersome special input. Most flowchart programs after that belonged to one of these families. The
main drawback of these programs isthat in their attempt to be general enough to handle any flowchart, they handled
none of them very well. Flowcharts are spread over severa pages with the use of a common label appearing at the
nodes in place of an otherwise cluttering, possibly inter-page, arc drawn between the nodes. More recently there
have appeared two pic preprocessors for drawing graphs, dag [7] and drag [24]. Both create graphs for a docu-
ment. They receive as input a series of specifications of nodes and edges and connectivity information, and then out-
put a, generaly, nicely drawn graph. There exist a number of flowchart drawing programs that run on personal
computers, such as flo draw 1.10 [6], which isa WY SIWY G program, and flowcharter 1.45 [8], whose input is a



language similar to an assembly language and whose output is similar to the early flowchart programs described ear-
lier. There also exist a host of interactive programs, such as tde [18] and fig [23], which run on high resolution
workstations, for drawing general illustrations and pictures. In these, the drawback is that the user must specify the
topology of the flowchart rather than the algorithm. Moreover, the flowcharts produced by such systems with a
draw-the-flowchart paradigm tend to be flexible only to the extent of enlarging or shrinking by alinear scale. It is
not easy to adjust the lengths and directions of individual arcs and the sizes and shapes of individual nodes to deal
with tight layout problems without making the nodes too small to read. These sorts of changes are easy in which the
input describes the structure of the flowchart, albeit only the topological structure. These changes are easy, for ex-
ample, in pic, dag, and drag; such changes can be achieved by adding or changing some layout attributes of the
arcs and nodes involved.

3 GOAL

The goal of this project was to enable the user to input an algorithm in some sort of psuedo-Pascal nota-
tion and get as output a flowchart of that algorithm. The program, called flo, should behave as follows. The input to
flo should be embeddable in ditroff input surrounded by . FL and . FE. The flo program should let most of the input
pass through untouched. It should transform the flowchart description lying between the . FL and . FE into a pic
specification of the requested flowchart, laid out nicely according to the user’s needs. Figure 2 illustrates flo’s func-
tion.

CFL . PS

flo description flo pic description
of algorithm of flowchart

. FE . PE

Figure 2

flo isto be a pic preprocessor. Therefore, flo must be invoked in the ditroff pipe before pic is, asillustrated in Fig-
ure 3.

It should be that by inputting only the algorithm, provided that the resulting flowchart is not too big, some
flowchart is produced. Moreover, it should be possible to adjust the layout of the flowchart by merely adding to the
basic algorithm additional layout information. When the effect of thisinformation isto be global, it should be possi-
ble to give it once, and when the effect should be local to a particular node or arc, it should be possible to give it as
part of the node’s or arc’s specification. This layout information should look almost like comments added, as an af-
terthought, to the algorithm, and not like part of the algorithm.

4 INTEGRATION VS MODULARIZATION



Other
Preprocessors

Other
Preprocessors

Other
Preprocessors

Figure 3

There are two possible methods of including the capabilities of flo into the ditroff collection. The first is by
integrating it fully into pic and the second is as a separately invokable program called flo. The advantage of the in-
tegration method is that flo would have access to interna information available to pic. Indeed if pic were then in-
tegrated into dtroff itself there would be even more information available and both flo and pic could arrange to
choose object sizes to exactly fit around the text whose size is known by dtroff. The drawback of the integrating
method is that the programs become bound to each other, making changes to any one more difficult and it more like-
ly that a bug in one will effect the others. The disadvantage of the separate program method is that for any program
p, there is information that is known only to other programs and that cannot be known to p. The result is that more
has to be left to the user to inform p. The benefits of the separate program method are the increased modularity and
the fact that separate programs can be strung together in a pipe, avoiding intermediate files and gaining whatever
concurrency is allowed by the sequential ordering of the document elements.



5 ADVANTAGESOF flo

As mentioned earlier, the first flowchart programs which appeared in the sixties and early seventies, were
designed to be used as documentation tools. These programs produced large complicated flow charts covering many
pages usually on aline printer. The objective of these programs was different from flo’s, namely to be able to draw a
flowchart for any algorithm no matter how complex and how big. Thusit would not pay to upgrade these programs.
Moreover, as they are geared to produce arbitrary flowcharts, they tend to make decisions in favour of generality at
the expense of a poor appearance even with small flowcharts. As described later, flo eschews generality in favour of
producing pleasing small flowcharts.

Since a flowchart is a graph, the drag and dag programs mentioned earlier are capable of typesetting a
flowchart. However, the input for these programs is a description of the topology of the graph rather than the algo-
rithm being charted. The same drawback occurs in the numorous interactive programs for drawing pictures which
have become very popular recently. These programs are geared for the interactive, WY SIWY G, hand layout of
drawings rather than charting any specific algorithm.

Therefore, the advantage of flo is that usually al that is needed is the basic algorithm. The user hardly
needs to be concerned about the layout, as thisis flo’s job. Also if any changes are required in the algorithm, flo au-
tomatically rearranges the layout. On a WY SIWY G system, the user has to rearrange the layout, and with dag and
drag, were the user has to input the new topology of the flowchart.

6.1 Constructs

6 THE flo LANGUAGE flo provides the basic control flow constructs of

This section is in double column format because
most of the examples are too narrow to waste a full
width column on them. As all of the examples in this
section are integrated into the text, only those that
need to be referenced elsewhere in the paper are given
figure designations.

flo is a language for drawing flowcharts. It
operates as a pic preprocessor in the same way as
grap, flowcharts marked by . FL and . FE. pic itself is
a ditroff preprocessor which may be used in conjunc-
tion with other available pre- and postprocessors. flo
was designed with three user levels in mind. The first
level is directed at the beginner or occasional user.
The beginner needs only to input the basic algorithm
in a Pascal-like language and will receive a default
flowchart of that algorithm. The more advanced user
may use commands that adjust the layout. For exam-
ple, the sizes and shapes of nodes, the configuration of
branches, and the direction of the flow may be atered
from the defaults. The experienced user may use mac-
ros to customise flo even further. He or she may also
add pic specifications to flo input in order to program
constructs not even anticipated by the designers of flo.

The discussion below is an example-directed tour
through the features of flo. Input to flo is given in the
Courier typewriter font. Occasionaly, the feature of
focus in an example is highlighted by use of Courier
Bold. The text included inside flo output is given in
the Helvetica sanserif font. The discussion itself, as
usual, isin the standard Times fonts.

any standard programming language. These are Sate-
ments, Ifs, Whiles, Repeats and Loops.

The basic statement is a string enclosed in square
brackets followed by a semi-colon. For example,

. FL
[Statenent];
. FE

creates a standard statement node, whose shape is that
of abox %2 inch wide and ¥z inch high, and centers the
statement text inside of it.

Statement

If a statement consists only of one word, the brackets
may be omitted; thus the input

. FL
St at enent ;
. FE

produces the same output.
A number of statements one after the other will
create the appropriate flowchart. For example,

. FL



m>
non 3
o=
2=

generates:

Temp := A

A:=Temp

To enclose a number of text lines in one statement
node, the individual lines must be separated by a
semi-colon within the square brackets. For example,

. FL
[Start];
[Temp := A

B := A
A = Tenp];

. FL

yields:

Start

Temp = A
B:=A
A:=Temp

Notice that neither flo nor pic is smart enough to
adjust the size of the node to the size of the contained
text or visa versa. This adjustment is the user's
responsibility. How to do this adjustment is explained
later.

The constructs for building flowcharts of standard
arrangements of nodes are the If, While, Repeat, and
Loop constructs. These constructs usualy involve
some condition, that is, some Boolean expression
which determines which way control is to flow. The
shape of the standard Boolean expression or query
node is a diamond ¥ inches wide and %2 inches high.

The output for

. FL

Start;

IF [A < B]; THEN [ Swap a, b];
[return A];

. FE

which contains an EL SE-less If construct is:

Start
YES
—< A<B
NO
Swap a,b
return A

and that for

. FL

Start;

IF[A>B]; THEN [return A];
ELSE [return B];



. FE

which contains an If construct with an ELSE, is:
Start
Start
YES NO
YES NO
return A return B
return A return B
Rest of
Flowchart

In the previous example, the If construct is not fol-
lowed by any additional statements. Observe what

happens when there is another statement after the con- ) )
The While, Repeat, and Loop constructs al build

struct, asin . .
looping flowcharts. The input
. FL
Start; - FL
IE [A>B]; THEN [return Al; Start;
ELSE [return B]: VWH LE [Hungry]; DO [Eat];
[Rest of; Fl owchart]; Sl eep;
. FE . FE
which creates: creates



Start

YES

NO
W

Eat

while the input

. FL

[Get Up];
REPEAT

[ Jog Round; Bl ock] ;
UNTI L [ Exhausted];
[ Col | apse];

. FE

creates:

Sleep

10

Get Up

Jog Round
Block

NO

Collapse

Note that “Exhausted” oversteps its boundary. A
later example will show how to avoid this problem.
The following input, which contains a Loop with an
EXI Tl F,

. FL

[Get up];

LOoP
[ Jog Round; Bl ock] ;
EXI TI F [ Exhaust ed] ;
[Rest];

END

[ Col | apse];

. FE

produces



Getup

Jog Round
Block

YES
o> Collapse

NO

Rest

while the following with no EXI TI F,

. FL

[Get up];

LOOPNE
[ Jog Round; Bl ock] ;
[Rest];

END

. FE

produces:

11

Getup

Jog Round
Block

Rest

In the previous example, LOOPNE is used instead of
LOOP at the loop head to announce that there is no
EXI Tl F in the upcoming loop body.

As shall be seen in later examples, the Repeat and
Loop constructs may cause collisions, i.e., two or more
nodes being drawn in the same place. These examples
are followed by other examples showing how to avoid
these collisions.

The Begin/End construct is used to cause a se-
guence of statements to be treated as a single state-
ment insofar as placement is concerned. For example,

. FL

.ps 9

[ Read Nane];

VWHI LE [ Not EOF]; DO

BEG N
[ Check; Record];
IF [Criminal]; THEN [Deny Visa];
ELSE [ Grant Visal;
[ Send Repl y];

END

[Cose Ofice];

[ G hone];

.ps 10

. FE

produces:



Read Name

YES NO
W
Check i
Record Close Office
YES NO
Go home
Deny Visa Grant Visa
Send Reply

All of the constructs involving query nodes have a
default layout of the arcs leaving the query node. The
layout of the nodes leaving the query node is called
the configuration of that query. In al of the above ex-
amples, the default configuration was exercised. Later
examples show how different configurations can be
selected.

6.2 Size

Since flo is a pic preprocessor, it suffers from
many of the basic drawbacks of pic. One drawback of
pic is that it cannot be asked to draw a node that fits
round a given text. Therefore, the flo user has the op-
tion to specify the height and width of any node in the

flowchart definition. This specification may be given
globally for all nodes or for al nodes of a given kind.
The specification may aso be given locally for one
particular node. In

. FL
shapew is 0.9 ;
shapeh is 0.6 ;
[Get Up];
REPEAT
[ Jog Round; Bl ock] ;
UNTI L [ Exhausted];
[ Col | apse];
. FE

the size of all nodes is made dlightly larger than the
default. This change causes the word “Exhausted” of
the output,

Get Up

Jog Round
Block

YES

Collapse

to lie completely within the boundaries of its node.
Alternatively, the sizes of al of a particular kind of
node can be changed globally. The input,

. FL
queryshapew is 0.9 ;
queryshapeh is 0.6 ;



stntshapeh is 0.4 ;
[Get Up];
REPEAT

[ Jog Round; Bl ock] ;
UNTI L [ Exhausted];
[ Col | apse];
. FE

which makes query nodes a bit wider and taller and
statement nodes a bit shorter than the default generates
the output:

Get Up

Jog Round
Block

Exhausted

YES

Collapse

Finally, the size of a specific node can also be changed
locally by giving size information in the node's
specification. In the following input, each node has
been given its own size specifications:

. FL

[Put Water in Kettle; Switch On]
shapew = 1. 25 ;

VWH LE [Not Boiled] shapew =1 ;

DO [Wait] shapeh = 0.25

shapew = 0.5 ;

[ Pour water on Tea Bag;

Wait 3 minutes] shapew = 1.75 ;

[Add sugar and milk to taste]
shapew = 2 shapeh = 0. 25 ;

[Drink] shapeh = 0.25 shapew = 0.5 ;

. FE

13

The output shows that each node has been adjusted to
fit around itstext.

Put Water in Kettle
Switch On

YES

NO

Wait

Pour water on Tea Bag
Wait 3 minutes

Add sugar and milk to taste

Drink

Figure 4

An alternative way to get text to fit inside a node is to
adjust the pointsize of the text using regular ditroff
commands in the text. This has the desired effect be-
cause text gets passed verbatim to pic and then to ditr-
off.

In the above example, “=" was used instead of
“i s”. In general, they are completely interchangeable.

The height and width specifications are examples
of attribute specifications. They may be given globally
as individual commands, ending with semicolons, or
locally within a node specification command, as an ad-
ditional phrase within the command. The general form
of an attribute specification is:

attribute i s value

This same form, used as a command, applies globally
and, used as a phrase within a command, applies local-
ly. If it makes sense for the attribute, there may exist



another global form for the attribute for each kind of
node, i.e.,

st nt attribute i s value
quer yattribute i s value

These cannot be applied locally.

6.3 Bubblesand Space

Each node is surrounded by an invisible bubble.
The bubbles of two adjacant nodes can only touch and
can never overlap. For example, the following output
shows the previous flowchart with the bubbles indicat-
ed by a dotted line. The user may request to see the
bubbles as dotted lines by saying @ubbl es at the
beginning of the flo specification.

Put Water in Kettle
Switch On

éYES Not Boiled NO@

Pour water on Tea Bag
Wait 3 minutes

Figure 5

The input for Figure 5 is the same as for Figure 4, ex-
cept for three lines at the beginning after the . FL,

@ic {scale = 1.2};

@i c {arrowht . 06};
@ic {arrowid = .03};
.ps 8

@ubbl es ;

that reduce the size of the picture by a factor of 1.2,

14

set the point size of the text, make the arrowheads
smaller, and ask for the bubbles. Observe that when
an arc must pass through the region between two
nodes, it travels precisely on the common boundary of
the two nodes' bubbles.

The bounding box of a hode isthe smallest rectan-
gle not touching the interior of the node but touching
the edge of the node. The distance between a node's
bounding box and its bubble is called the space of the
node. The width of the space of the node is the dis-
tance between the bounding box of the node and the
bubble in any horizontal direction. The height of the
space is the distance between the bounding box of the
node and the bubble in any vertical direction. The de-
fault width and height of spaces are both .25 inch.

As with node height and width, space height and
width may be specified globally by setting spaceh
and spacew; the space height and width of al of a
given kind of node may be set globally by setting
st nt spaceh, st nt spacew, quer yspaceh, and
guer yspacew, and the space height and width of a
given node may be set locally by setting spaceh and
spacew in the node's specification. Figure 6 shows
four variations of the Figure 5 obtained by different
global settings of space height and width. All are
printed at the same 1.2 scale factor with text at point
size 8 to alow comparison with the bubbled example.
The example below shows both global settings for all
nodes and an overriding local setting for one node. 1t
is printed with the same scale factor and point size as
Figure 5.

. FL

@ic {scale = 1.2};

@ic {arrowht = .06};

@ic {arrowi d = .03};

.ps 8

@ubbl es ;

spaceh is 0.1 ;

spacew is 0.75 ;

[Put Water in Kettle; Switch On]
shapew is 1.25 ;

VWHI LE [ Not Boil ed] shapewis 1 ;

DO [Wait] shapeh is 0.25

shapew is 0.5

spacewis 0.1 ;

[ Pour water on Tea Bag;

Wait 3 minutes] shapewis 1.75 ;

[ Add sugar and milk to taste]
shapew is 2 shapeh is 0.25 ;

[Drink] shapeh is 0.25 shapewis 0.5
spacew i s 0.1;

.ps 10

. FE



Put Water in Kettle
Switch On

Pour water on Tea Bag
: Wait 3 minutes :
- e P - :

‘ Add sugar and milk to taste

In the above example, there was the use of the pic
scaling command to get the whole flowchart reduced
to fit the column and a ditroff point size change to get
the text to fit inside the reduced nodes. How to include
pic commands will be described in more detail later.

6.4 Shapes

In any flowchart, there exist two types of nodes,
the statement node and the query node. The default
shape of the statement node is a rectangle, caled a
boxx?, and the defauilt shape of the query node is a
diamond, called adi anond.

Boxx

@.

As amatter of interest, the above was generated by the
following input.

. FL
Boxx;

“The word “boxx” is spelled with two “x”s to avoid a
collision with the “box” of pic.
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. FE
. FL
[ Di anond] shape is dianond ;
. FE

Node shapes may be changed globally using com-
mands of the form

shape is shape
st nt shape i s shape
qgueryshape i s shape

where shape is as defined below. The first makes all
shapes in a flowchart identical, while the latter two
define new shapes for each of the two kinds of nodes.
Of course the shape of an individua node may be
modified in the node’s specification by giving a local
setting for shape.

There is a library of different shapes, including
the boxx and di anond mentioned above. At present
the only other shape in the library is el | i ps which
produces and elliptic shaped node. The name of any
shape in the library can be used as the shape in a
shape definition, global or local. A new shape can be
defined by giving a definition for it in the pic language
as follows. Specifically, one gives as the shape some-
thing of the form

name : { pic-definition}

where in the pic-definition, $1 is the formal parameter
that will be supplied the shape's height and $2 is the
formal parameter that will be supplied the shape's
width. Indeed, the shape library consists of precisely
these kind of definitions, A system administrator can
add new such definitions to the built-in shape library.
After a shape has been defined once in a flowchart
specification it may be used again by using its name
with the desired height and width as actual parameters.
The name of a pic language definition is globa even if
it isintroduced in alocal shape specification. The in-
put

. FL
queryshape is
oval: {ellipse ht $1 wi d $2} ;
spaceh is 0.1 ;
spacew is 0.75 ;
[Put Water in Kettle; Switch On]
shapew is 1.25 ;
VHI LE [Not Boi | ed]
shapeh is 0.4 shapewis 1 ;
DO [ Wi t]
shape is round: {circle rad $2}



shapeh is 0.25
shapew is 0.5 spacewis 0.1;
[ Pour water on Tea Bag;
Wait 3 minutes] shapewis 1.75 ;
[ Add sugar and milk to taste]
shapew is 2 shapeh is 0.25 ;
[Drink] shape is round shapeh is 0.25
shapew is 0.5 spacewis 0.1;
. FE

contains a global shape specification for query shapes
as ovals, which are in turn defined as ellipses, and a
local shape specification of the node for aloop body as
round, which in turn is defined as a circle. Note that
while the scope of the shape change for the loop body
statment is local, the name, r ound, introduced during
the local specification, is known globally. This input
yields:

Put Water in Kettle
Switch On

Not Boiled

Pour water on Tea Bag
Wait 3 minutes

¥
Add sugar and milk to taste

A configuration is the layout of the arcs emanat-
ing from a query node. For example, two different
configurations are

NO

6.5 Configuration

YES NO

Take.a Walk
Taxi
>t
YES
Take a Walk

Taxi

There are six basic configurations identified by names
mnemonic of their layout. The first configuration
above is called O and the second is called P. The four
other basic configurations are Q

YES @

NO

Take a

Taxi walk

DASH:



Take a

Taxi walk

YES NO

LEFT:

Take a
Taxi

YES @

NO

Walk

and Rl GHT:

NO

YES

Walk

Take a
Taxi

Each of these six basic configurations hasits Yes arc to
the left of its No arc. The other six configurations are
the same except that their No arcs are to the l€eft of the
Yes arcs and their names have an additional N at the
end. Thus, for example, the DASHN configuration is:

NO YES

The general form of a configuration setting is

Take a

walk Taxi

config i s config
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where config is one of the above described
configuration names. When used globaly, the
configurations of al subsequent query nodes is
changed as specified. When used locally in a construct
specification, the configuration of only the query of
the construct is adjusted. Thus, the last example can
be generated by the input

. FL

IF [Raining] config is DASHN ;
THEN [ Take a; Taxi]; ELSE Wal k;

. FE

Figure 7 shows three variations of the same flowchart
together with their inputs. As can be seen the only
difference in their inputs are the bold-faced portions of
the input specifying configurations.

The default query label for the Yesarcis YES and
for the No arc is NO. The label may be changed using
the posans and the negans commands either glo-
bally or locally. For example,

.FL
.ps 9
spaceh is 0.1;
posans is "T"
negans is "F" ;
[ Read Nane];
WHI LE [ Not EOF];
BEG N
[ Check; Record];
IF [Crimnal] posans is "True"
negans is "Fal se" ;
THEN [ Deny Vi sa];
ELSE [ Grant Visa];
[ Send Reply];
END
[Cose Ofice];
[ G hone];
.ps 10
. FE

DO

contains global changes and overriding local changes
and produces:



Read Name

I
T F
Check i
Record Close Office
i
True False
Go home
Deny Visa Grant Visa
==
Send Reply

6.6 Flow Direction and Movement

The flow direction is the direction of the current
arc, from the last node to the next, in the flowchart.
The default direction for arcs whose end nodes are in-
dividual statements or the first or last nodes of con-
structs is downward. Within constructs, the arc direc-
tions are dictated by the nature of the construct and the
configuration if there is a query in the construct. The
default flow direction can be changed at any point for
the current and all subsequent arcs by use of the com-
mand

@lirection ;

where direction is one of right, | eft, up, or
down. For example,

. FL
Stat1;
St at 2;
@ight ;
St at 3;
@own ;
St at 4;

. FE

yields:
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Statl

Stat2 Stat3

Stat4

The distance between two adjacent nodes is deter-
mined by the sizes or spaces of the bubbles that en-
close the nodes. Thus one way to control the distance
between two nodes is to adjust the spaces of the bub-
bles of the nodes. Another way to control the distance
between two nodes is to move the whole bubble with
the @move command. Its optional argument is a
number. If no argument is present, then the next node
is moved in the current flow direction the distance oc-
cupied by the current node’ s bubble. For example,

. FL
Stat1;
St at 2;
@move |,
St at 3;
. FE

yields:



Statl

Stat2

Stat3

If the @rove command has an argument n, then the
next node is moved in the current flow direction n
times the distance occupied by the current node’s bub-
ble. For example,

. FL

Stat1;

St at 2;
@ove 1.5 ;
St at 3;
@ight ;
@move 0.3 ;
St at 4;

. FE

yields:
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Statl

Stat2

Stat3 Stat4

It was decided to use the current node’ s bubble as the
unit of the move because that unit is the most apparent
to the user who is most likely thinking in terms of the
current nodes.

6.7 Coallisionsand avoiding them

All the examples presented here so far have yield-
ed reasonable layouts by default. This is not always
the case, especially when the user starts messing with
with direction and movement. Some examples of the
problems that can arise are as follows.

1. A loop of nodes can cause a collision between the
nodes. Theinput

. FL

COLLI DEZ;
St at 1;
@ight ;
St at 2;
@p ;

St at 3;
@eft ;
COLLI DEZ2;
. FE



causes a collison as the node labelled
“COLLIDE1" occupies the same position as the
node labelled “COLLIDE2".

COLLIDE2 Stat3 Stat2 COLLIDE2 Stat4
This problem does not occur in the other six
Statl Stat? configurations. For example,
. FL
@ic {scale = 1.7};
@ic {arrowht = .06};
In the present version of flo, the configurations %L_CG{ arrowsi d = . 03};
DASH, DASHN, LEFT, LEFTN, RI GHT, and IF [cond] configis O; THEN
RI GHTN do not take into account the space needed BEG N
between the two branches of the query. For exam- [Stat1];
ple, @own ;
[Stat2];
. FL @ight ;
@ic {scale = 1.3}; [NG COLLI DE1];
@ic {arrowht = .06}; END
@ic {arrowmm d = .03}; ELSE
.ps 8 BEG N
|F [cond] config is DASH ; THEN [Stat3];
BEG N @own ;
[Stat1]; [Stat4];
@own ; @eft ;
[Stat2]; [ NO COLLI DE2] ;
@ight ; END
[ COLLI DE1] ; .ps 10
END . FE
ELSE
BEG N causes no collison at al.
[Stat3];
@own ;
[Stat4]; YES NO
@ ef t : cond
[ COLLI DE2] ;
END
' EE 10 Statl Stat3
causes athe node labelled “COLLIDE1" to occupy
the same position as the node labelled Stat2 NO NO Stata
“ COLLI DE2” . COLLIDEL COLLIDE2

Statl

YES @ NO

Stat3

flo is pretty dumb about layout. While flo trys to
do agood job, ultimately it is the user’s responsability
to force a good layout by choosing non-colliding
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configurations or by explicitly positioning the nodes. It
was decided to let flo be occasionally stupid so that it
could concentrate on doing simple things well. As a
balance to flo’ s stupidity are the features that allow the
user to control placement in rare cases it is needed or
desired.

6.8 Macros

It is often the case in flowcharts that a number of
nodes share the same shape, sizes, etc. but are not ad-
jacent to each other. Thus it is tedious to keep chang-
ing these attributes of nodes either globally or locally.
To solve this problem, there exists the ability to define
macros. Basically, a macro is a named list of possibly
parameterized attribute specifications. The macro can
be invoked wherever these attributes would be al-
lowed in a flo specification. The general form of the
macro definitionis:

def shape macroname
all-possible-local-parameters

The invocation of a macro occurs as an attribute
specification within a node specification, e.g, that for a
statement or construct and has the general form:

partial-statement-or-constr uct-specification
wi t h macroname actual-parameters

The actual-parameters can be a mixture of local attri-
bute settings and macro invocations; more than one is
possible. If there is a conflict, e.g., with two width
changes, the last one takes precedence. For example,

. FL
def shape one shapeh is 0.25 ;
defshape start shape is
start: {box dotted ht $1 wid $2} ;
def shape fin shape is
oval: {ellipse ht $1 wid $2}
shapew is 0.5
with one ;
[Put water in Kettle; Switch On]
with start shapewis 1.25 ;
VWHI LE [ Not Boi | ed]
shape is oval
w th one;
DO [Wait] with one shapew is 0.5;
[ Pour Water on Tea Bag;
Wait 3 M nutes] shapewis 1.75 ;
[ Add sugar and milk to taste]
shapew is 2 with one ;
[Drink] with fin ;
. FE

shapewis 1
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which yields

Put water in Kettle
: Switch On '

YES :
Not Boiled

Wait Pour Water on Tea Bag

Wait 3 Minutes

Add sugar and milk to taste

defines one, start, and fin. The first has no
parameters and the rest have two each. The definition
of the third invokes the first.

6.9 Scope

Any attribute change within a BEG N - END pair
isvalid only until the first succeeding END. After that,
the attribute reverts to the value it had prior to en-
countering the BEA N Also any attribute change in
one branch of a query isvalid only within that branch.
When the second branch is entered, the attribute re-
verts to what it was upon entering the first branch.

6.10 Using pic commands

The user may want to add to his flowchart
features that flo does not support. Therefore, flo allows
the user to incorporate pic code into a flowchart
definition. Each line of incorporated pic code is an-
nounced by preceding it with @i c. The general form
is

@i c { pic-definition} ;



It is possible to reference flo nodes and bubbles
from pic in the following manner. To each node or
bubble that is necessary to reference, add a legitimate
pic label, label, i.e., a word beginning with a capital
letter. After that, the node of the statement or query
may be referenced from pic code by saying

SHAPEIlabel
and its bubble may be referenced by saying
OUTLIabel

For example, in

. FL

@ic {scale = 1.1} ;
@ic {arrowht = .06};
@ic {arromi d = .03};
.ps 8

def shape starfin shape is
oval : {ellipse ht $1 wid $2}
shapeh is 0.3
shapew i s 0. 6;
st mt spaceh is 0. 2;
queryspaceh is 0. 3;
spacew i s 0. 3;
[Start] with starfin;
[ Progranme; Sel ect ed; 40°C]
shapew is 0. 8;
I F [1s; Heat er; Needed]
config is RIGHTN
shapeh is 0.7 shapewis 0.9;

THEN
BEG N
Heat: [Heat;VWater];
IF At: [At;40°C
config is RIGHT
negans is ""
THEN Adv: [Advance; Tinmer];
END
ELSE
BEG N
Next :

[ Next ; Programe; St ep- Ti med; Wash]
shapeh is 0.7
shapew is 0. 8;
REPEAT UNTIL [Ti me; Expi red]
config is DASHN
shapew is 0.9;
[ Advance; Ti ner to; Next position]
shapew is 0. 8;
[Finish] with starfin;
END
@i c
{arrow from SHAPEAt .n to OQUTLAt.n \
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then to (SHAPEHeat, OUTLAt.n) \
then to SHAPEHeat.n
NO' at OUTLAt.n |just
arrow from SHAPEAdv. w \
to ( SHAPENext . e, SHAPEAdV) };
.ps 10
. FE

the labels are used to be able to specify goto-like arcs
that do not come from any of the built-in constructs.
These arcs are implemented as pic multi-segment lines
with an arrowhead. The output generated is:

Programme
Selected
40°C

Heater
eeded

NO

Advance

Next

Timer

Programme
Step-Timed
Wash

Advance
Timer to
Next position

The process of labelling nodes can be made easier by
running flo with the —map option. This option causes
replacing each node’ s text with its label.

6.11 Interface with ditroff

flo replaces the . FL and . FE commands by . PS
and . PE commands that mark the beginning and end
of input to be read by pic later on in the pipe. There-
fore, it is not necessary to define macros for . FL and
. FE in the macro package being used by ditroff even
further on down the pipe.

There is an dternative way to mark the end of in-
put to flo, namely with the . FF command. The . FF
isthe same as . FE except that it causes ditroff to posi-
tion itself where it was when it started to draw the
flowchart rather than at the end. In other words, thisis
exactly like . PF, the fly-back version of the . PE, and



is, in fact, implemented by translating . FF to. PF.

7 THE DEVELOPMENT METHOD

In designing the program, advantage is taken of the fact that the flowchart produced is part of a scientific
document. As flo produces pic code, and ditroff forces al pic pictures to fit within a page, to get a multi-page pic-
ture, the user must divide the picture explicitly into one page pictures. Therefore, al individua flowcharts are con-
strained to be one page or smaller. Assuming that nodes have a certain minimum readable size, this one page limita-
tion limits the complexity of the flowcharts drawn. Moreover these days, most algorithms are described using struc-
tured programming techniques. Therefore the flowcharts produced will be of a structured nature. These restricted
kinds of flowcharts are called included flowcharts in the sequel.

Advantage is taken of the nature of included flowcharts. The program creates small, simple well structured
flowcharts beautifully and efficiently from only the algorithm as input, possibly at the expense of dightly less
smooth performance for the more complicated flowcharts. In the rare cases in which the program does less than an
adequate job, or the layout is not what the user had in mind, program provides a host of commands by which the
user may direct the construction of the layout. The program also allows the user to fall back to pic and to ditroff if
necessary, just as pic allows the user to fall back to ditroff.

There were two main parts to this project. The first was deciding the input language or requirements. The
second was the design of the language-processing program itself, i.e., its data structures, algorithms etc. The ques-
tion arose as to which one to design first, the language or the program. At first glance, there might seem to be no
problem here. After all, one takes first thingsfirst, i.e., first define the language and then write its processor. Howev-
er, it is very easy to pile features into a language, but it is another thing to know that it is possible to implement
them. It is necessary to know the language accepted by the processor to be able to write the processor. On the other
hand, it is necessary to know what can be processed in order to know what language features are reasonabl e.

This problem was solved, by first writing the user’s manual of the language. This working user’s manual
contained an explanation of al the desired features. The discussion of each feature included examples using the
feature. Asthe program was not written yet, the first author hand-translated each flo input example into the pic input
that he expected flo would create. After that, he attempted to write a program that would process the language
described by the manual, that would translate each flo example into something equivalent to the hand-generated pic
input for the example. Whenever this attempt got bogged down in syntactic problems, semantic problems, synergis-
tic problems, missing features, unimplementable features, inconsistencies, or just plain messiness, work on the pro-
gram stopped and another iteration was begun. These discoveries led to changes in the manual and corresponding
changes in the program. This process was repeated until a user’s manua and a corresponding program were created
such that the manual described the entire language handled by the program and the program translated all flo input
examples into suitable pic input. Typesetting a manual so related to a program is a good test of the program.

The role of the second author in this iterative process was that of an extremely critical, picky customer and
user who was particularly grouchy at the slightest sign of inconsistency, nonuniformity, and nonorthogonality.

The structure and content of the papers and manuals for pic and grap are quite similar to those of flo. This
observation leads the authors to suspect that the same method was followed by Kernighan and Bentley in the
development of pic and grap.

8 DETAILSOF IMPLEMENTATION

8.1 Major Semantic Problems

The program has to be designed in such a way to enable an easy automatic layout in most cases. At the
same time, it has to supply a handle to enable the user to control the layout directly if need be. This handle has to
enable the user a multitude of alternate layout types depending on flow direction, condition configuration, node size,
space between nodes and general flowchart structure The program must also be designed to avoid intersecting loops
and arrows.

8.2 Solutions
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8.2.1 Bubbles

After examining a great deal of flowcharts, it was noticed that flowcharts took on different dimensions not
only depending on their internal structure and node size, but also on the spacing between the nodes. For example,
the same flowchart could seem short and fat and long and thin depending only on the spacing between the nodes.
Therefore, it was decided to add to flo the ability to control these dimensions. At first, the first author thought only
to let the user specify the type of flowchart, i.e., “fat”, “thin”, etc. Such a general description is too fuzzy to be the
basis of an algorithm. On the other hand, to have to specify al the exact dimension is too burdensome on the user.
Finally, the first author got the idea of bubbles.

A bubble is defined as a bounding box around a given flowchart node that belongs to that node. No other
node, other node' s bubble, or return loop may encroach on a given node's bubble. The only entity that may cross a
bubble boundary is an arrow connecting two nodes, and the arrow must be going to or from the node contained in-
side the bubble. The entire flowchart is therefore a mosaic of bubbles. The idea of treating the flowchart as a mosa-
ic of bubblesis similar to Knuth’s treating formatted text in TeX as a mosaic of boxes, each box containing a unit of
text [13].

8.2.2 Chewing Gum

A flowchart with no queries is just a series of nodes, one after the other, as in Figure 3. For such a
flowchart, there are no layout problems. The layout problems begin after a query node is encountered. After each
guery there are two sub-flowcharts one for the Yes or positive answer and one for the No or negative answer. For
example, Figure 8 shows a flowchart with two sub-flowcharts marked. This situation is of course recursive. The
sub-flowcharts themselves may contain query nodes and therefore nested sub-flowcharts. A sub-flowchart is a
series of nodes beginning with the first node following a query on one of its answer arcs end ending with the last
node under control of that answer of the query or with the last node before looping back to before the query. The
special series of nodes beginning with the very first node and ending with the last node or the first query node is
called the root sub-flowchart. The dimensions of each sub-flowchart is known only after it has been drawn com-
pletely. Each sub-flowchart’ s position in relation to its sibling sub-flowchart can be known only after the dimensions
of both sub-flowcharts have been calculated. As a first approximation, each sub-flowchart is drawn immediately
below its query node. When the dimensions of both sub-flowcharts of a query node are finally calculated the sub-
flowcharts are pulled as close together as their bubbles alow, as if held together by an elastic chewing gum. This
chewing gum has certain similaritiesto TeX's glue that holds boxes together.

8.2.3 Configurations

It was also noticed after examining numerous flowcharts that the layout of any flowchart is determined de-
cisively by the layout of its query nodes. Therefore, it seemed reasonable to attempt to control the layout of
flowcharts by providing facilities for controlling the layout of query nodes. The facility that emerged was the notion
of query configuration. Twelve configurations were found. These could be classified as six basic configurations and
six variations of these, reversing the positions of the Yes and No arcs.

After settling on this method of controlling layout, the major design problem was naming the
configurations. They were originally named C1, C2, C3, etc. Reacting to his own difficulty remembering which one
iswhich, the second author suggested using names mnemonic of their layout, such as O, P, Q DASH, LEFT, RI GHT,
andthe. . . Nvariations thereof.

8.2.4 Direction & Movement

In order to be able to control layout, it is necessary also to be able control direction of flow. The direction
of flow isimplicit from the configuration of the last query. For example, the direction of both sub-flowcharts of an O
configuration query is down. The user may want, however, to change the direction of the flow within a sub-
flowchart.

The direction of the flow is the direction from the last node to the current one. The default direction of the
root sub-flowchart is down. After a query node, the direction of each sub-flowchart is dependent on the query’s
configuration. A direction may be changed by using the appropriate command. flo does not allow changing the flow
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direction at the beginning of a sub-flowchart because doing so may cause a conflict with the configuration. Figure 9
shows a flow chart in which every change of direction and initial direction of a sub-flowchart is marked. All of the
directions in the example follow from the rules for arc placement in the constructs and in the default and other
configurations. It is this direction that is the current direction for the @move command. Moreover, only when the
desired direction differs from these computed directions must a direction command be given.

The direction control facility is essential in any flowcharting program. However, it must be used carefully,
because it may conflicts with the configuration system.

A node may also be moved in relation to its default position. The parameterless @rove command moves
the subsequent node in the current direction a distance equal to the size of the node’s bubble. An optional argument
provides a multiplier to the movement. The unit of movement was chosen to be the size of the bubble of the
governed node, because this distance is the most obvious unit to a user who islooking at a version of the flowchart.
Figure 10 shows a flowchart in which a node has been moved a single unit. The figure also exhibits the portion of
the input containing the @rove command. The place of movement is marked.

8.25 Routing

Drawing the direct arcs between consecutive nodes is quite straightforward. After each node is drawn, an
arrow is drawn from the last node to the current node. In the case of an arrow from a query node, the length of the
arrow is afunction of the distance the chewing gum pulls the target sub-flowchart.

The main problem, as might be expected, is with the loops. Fortunately, the language is made up of only
the so-called structured control-flow commands, conditionals, while loops, repeat loops, etc., with no gotos allowed.
This constraint completely eliminates intersecting loops, because in a structured program, all loops are nested one
inside the other. It also completely eliminates arcs from one sub-flowchart to another. In a structured program an
arc can lead from a node n only to an antecedent node, i.e., a node through which flow has to pass to arrive at n
from the beginning of the flowchart. This constraint in no way hinders the generality of the algorithm that flo can
handle. Ultimately, the user can program arcs using embedded pic commands. In any case, nowadays, the use of
gotos is shunned in favor of explicit conditional and looping structures. flo provides plenty of these structures,
namely the Ifs, Whiles, Repeats and Loops. As a consequence, the extra complexity that a goto command would add
to flo’ s routing algorithm makes having it too expensive.

In computing the layout of the nodes, any non-nested loop can be drawn immediately, because its loopback
arc has only to go round its own local sub-flowchart, whose dimensions are known. A nested loop is trickier. Its
loopback arc may have to go round a sub-flowchart that has not yet been drawn. Call this sub-flowchart the
offending flowchart and the arc the offending arc. Then, the exact layout of the offending arc can be determined
only when the offending sub-flowchart has been drawn. The chewing gum pulls the arc to hug the bubble of the
offending sub-flowchart. Figure 11 contains an example of a nested loop. Such loops seem so rare in the literature
that an existing flowchart with it could not be found. Thus, the example had to be specially concocted. The bubbles
are shown to show how the offending arc’s path is determined.

8.2.6 pic Macros

In order to facilitate quick and easy debugging of flo and to make it easy to add new constructs in the fu-
ture, all of the basic building blocks, and routing patterns are implemented as pic macros invocable from pic input.
For example there is a macro for each shape, loop, and configuration. The pic input that flo createsis, in fact, but a
series of invocations of these macros. For example, the input of Figure 4 produces, after folding:

.PS
copy "/usr/local/lib/floldb.pic"
copy "/usr/local/lib/flolroute.pic"
loopdir2 = 3

| oop2left2 = 0.5

firstdir2 = 3
seconddi r 2

=2
firstlength2 =

0. 8125
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secondl engt h2 = 0. 8125
| oopdown2 = 2.85
repl oopdown2 = 4.5
| ooplleft2 = 1.6625
| ooplright2 = 2.0625
st at shape( 1, boxx, 0.5, 1. 25,"Put Water in Kettle" "Switch On",invis,0.5,0.5,)
rout eO(, , 0)
FFWhi | el: Here
st at shape( 2, di anond, 0. 5,1, "Not Boiled",invis,0.5,0.5,)
rout eld(,, 0)
DOWN
if (firstdir2 == 2) then { nove right firstlength2 } \
else { if (firstdir2 == 3) then {nove left firstlength2 }}
Bl: SHAPE2
down
st at shape( 3, boxx, 0.25,0.5,"Wit",invis, 0.5,0.5,)
route2l (,,0)
rout e4d(, FFWi | el, 2)
DOWN
FI RSTSHAPE2: | ast []
FI RST2: Here
box invis wid (OUTL2.e.x - QUTL2.w.x ) ht (OQUTL2.n.y - QUTL2.s.y) at OUTL2
if (seconddir2 == 2) then { nove right secondl ength2 } \
else { if (seconddir2 == 3) then {nove |left secondl ength2 }}
Bl: SHAPE2
down
st at shape( 4, boxx, 0.5, 1. 75, "Pour water on Tea Bag""Wiit 3 minutes",invis, 0.50.5,)
route2r(,,0)
st at shape(5, boxx, 0. 25, 2, "Add sugar and milk to taste",invis,0.5,0.5,)
rout eld(,, 0)
st at shape( 6, boxx, 0.25,0.5,"Drink",invis,0.5,0.5,)
rout eld(,, 0)
{"YES' at OQUTL2.w + (0,0.1) ljust}
{"NO" at QUTL2.e + (0,0.1) rjust}
. PE

There are currently two different files containing the pic macro definitions. One, route.pic contains the routing mac-
ros, and the other, db.pic, contains the shape macros. Both of these files are copyd at the beginning of each
flowchart definition.

This approach greatly reduced the development time of flo, because for a great deal of the bugs found dur-
ing the development, it sufficed to change the macro definitions, and it was not necessary to recompile the flo pro-
gram. This approach also enabled easy implementation of the shape library. In fact, if the installation permits user
modification of the global libraries, an experienced user may add his or her own definitions to the shape macro file.
These shapes may be invoked in any flowchart definition without having to redefine them each time. The delicate
nature of routing is such that it is not advisable to allow addition of routing macros.

8.3 Data Structure
8.3.1 Directed Graph

Recall the concept of sub-flowchart introduced in Section 8.2.2. Each flowchart drawn by flo is represented
as a directed tree graph in which each vertex represents a sub-flowchart and the edges represent the parent-to-child
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relation among the sub-flowcharts. The vertices are implemented as data records and the edges are implemented as
pointers to these data records. Each vertex’ s data record contains

1 a pointer to the list of nodes in the vertex’s sub-flowchart; these list elements contain the text and attributes
of the nodes, and

2. the calculated dimensions of the vertex’s children.

If avertex has no children, and its sub-flowchart’s nodes are in aloopback path, then the vertex’s record contains a
pointer to the node to which the loopback arc is directed. Figure 12 shows the data structure of the flowchart of Fig-
ure 8.

Fr TS TSR A
1 1
1 1
: Put Water in Kettle :
X Switch On X
1 1
1 1
re- el .
! 1 1
! 1 1
X ' YES , NO !
. : Not Boiled :
! 1 v 1
! 1 ) ) 1
X ' Dimensions !
1 L--r-- aTrrTTEEEETEEEEEEEES r=-============ <
1 1 1
1 'l |‘
: y 4
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: : — 1. Pour water on Tea Bag :
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' 1 i 1
1 1 o 1
1 1 o 1
1 ! o - : 1
--- o Add sugar and milk to taste : !
1 o : 1
1 o 1
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1 11 1
1 11 1
X . Drink X
1 11 1
1 i 1
1 L 1
1 (] 1
1 11 1
! Dimensions ! ! Dimensions !
b e e e e e e e == = T -
Figure 12

8.3.2 Directed Graph Building Algorithm

The directed graph for a flowchart is built top-down during the input of the flowchart’s specification. Dur-
ing this top-down sweep, each vertex’'s record isfilled in with a pointer to the list of its sub-flowchart’s nodes, and
these node list elements are filled in with the nodes' text and attributes. The fields of a vertex’s record that contain
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the dimensions of the vertex’s children are filled in a later bottom-up sweep of the vertices. From the attributes in
the node list of aleaf vertex, it is possible to calculate the dimensions of that vertex’s sub-flowchart. When the di-
mensions of the sub-flowcharts of both children of a vertex have been calculated, chewing gum is used to pull the
vertex’s child sub-flowcharts together; at that point the dimensions of the vertex’s sub-flowchart can be calculated
as afunction of the children’s dimensions and the attributes of the vertex’ s sub-flowchart’s own nodes.

8.3.3 Routing Algorithm

The flowchart in Figure 13 describes the routing algorithm. The routing algorithm determines the path of
loopback arcs. The algorithm distinguishes two types of loop, those containing nested loops and all the rest. It also
adds a bubble to the outside of the loop so that adjacent loops do not overlap.

In this flowchart, LB is the sub-flowchart containing the loop body. If LB contains no nested loops, then
from LB’s last node LN will emerge the loopback arc whose destination is the query node QU which isin LB’s
parent sub-flowchart. If, on the other hand LB contains a nhested loop, then the loopback arc will emerge from LCN
the last node of the nested loop, which is in one of the child sub-flowcharts of LB. DW is the distance between
parallel loop back arcs of nested loops. DIR isthe direction of the first horizontal move the loopback arc makes. The
determination of DIR is made on the basis of which side of QU LB sits on; that isif LB isto the left of QU, then
DIR is“left”. -DIR isthe direction opposite to DIR.

8.4 The Syntax

The syntax of the input language was designed to make flowchart specifications appear as much as possible
like algorithm descriptions in standard programming languages. In all the following syntax descriptions key words
appear in Couri er - Bol d, non-terminals are in Italics enclosed in angle brackets, <>, optional text appears in-
side square brackets, [ ], and arbitrarily repeated text appearing at least once is followed by a plus sign, +. The
language was designed with three types of user in mind. The first one is the beginner or casual user. All he or she
needs to input is the basic algorithm using the standard following control flow constructs.

<flowchart> :: = <statement>+
<statement> : : =
[<text>] ; |
BEG N <flowchart> END |
| F <expression> THEN <statement> [ ELSE <statement> ] |
VWH LE <expression> DO <statement> |
REPEAT <flowchart> UNTI L <expression> |
LOOP <flowchart> EXI Tl F <expression> <flowchart> END |
LOCPNE <flowchart> END
<expression> ::=
[ <text>] ;
<text> ::.=
<unit> ; <text> | <statement>

where a <unit> is an arbitrary string of characters other than semi-colons. From input satisfying the above grammar,
the user will receive the desired flowchart according to the default layout.

The second kind of user, a bit more experienced, may have in mind a more customized layout. To this end,
he or she may control most of the attributes. For example, he or she may want to change node sizes, hode shapes,
bubble spacing, query configurations, etc. To allow global attribute changes, another alternative is added to the pro-
duction for <statement>

<statement>: : =

<attribute> i s <newvalue> ; |
<attribute> = <newvalue> ; |...
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and to allow local changes, the[ <text>] alternative ischanged to
[ <text>] <attribute setting>+
and a production for <attribute setting> is added.

<attribute_setting> : : =
<attribute> i s <new value>

The same user may wish to change the current flow direction or to move nodes in that direction. To alow the need-
ed commands, still more alternatives are added to the production for <statement>.

<statement>: : =
@direction> ; |
@move ; |

<direction> ::= right | left | up | down

The reason for the @is not grammatical but aesthetic. These commands, by nature, appear inside the flow of the al-
gorithm. The @clearly distinguishes these layout commands from algorithmic material.

The third kind of user, the advanced user, may want to package all his or her attribute changes in macro
definitions. A macro definition is another kind of <statement>.

<statement> : : =
def shape <macroname> [ <attribute setting>+ |

The invocation of a macro occurs among the attribute settings in a statement.

<attribute_setting> : : =
w t h <macroname> ;

The advanced user may want to add features that do not appear inflo. This may be done by adding pure pic input to
the flowchart description using the @i ¢ command.

<statement> : . =
@i ¢ {<pic_definition>} ;

All nodes and bubbles may be referenced from pic input by using user-defined labels.

Asin pic input, any line beginning with a dot isignored by flo and is sent on to be dealt with by ditroff asa
ditroff command. Also any text string may contain eqn, ditroff, etc in-line commands because the text string is
passed through untouched.

85 Syntax Errors

The program deal s with two categories of syntax error. The first category is an error in an attribute change.
When this category of error happens, the attribute change is ignored, the default value for the attribute is used, and
an appropriate error message is sent to the standard error. Figure 14 gives an example of this category of error,
showing the erroneous input and the resultant output. The error is marked by “"SYNTAX ERROR”, which is part of
neither the input nor the output. The message “sapew is : unknown comand ...ignored in
paper.ref: 1ine 2888” issent tothe standard error.

The second category includes all other kinds of errors. The response to this category of syntax error is that
the innermost statement containing the error is scrapped. In its place appears the standard statement node with an er-
ror message. An error message is also sent to the standard error. Figure 15 shows an example of this category of er-
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ror. Themessage“SYNTAX ERROR in |ine 2931 of paper.ref” issentto the standard error.

Most ditroff preprocessors, such as pic, abort when they find syntax errors. flo has the added advantage of
not only carrying on the process in order to find further errors, but also creating a flowchart using whatever informa-
tion it has been able to understand. This fact should greatly improve the user’ s ability to quickly locate the problem.

9 CONCLUSIONS

In most cases, from just the algorithm, flo produces a correct, well-structured and aesthetically pleasing
flowchart, as required by the goals of this project. An added feature is that the user may specify certain attributes
globally at the beginning of the flo definition. This enables the user to change the layout and size of the flowchart.
If anyone wants to further customize the flowchart, he or she may add local changes within the elements of the algo-
rithm.

A big drawback of flo is one inherited from pic. Like pic, flo cannot draw a node to fit round any text.
Thus, if the user wants the node to fit exactly round the text, even in the simplest algorithm, he or she has to specify
the size of every node locally. To some, though, a flowchart is nicer when all the nodes are the same size. For such
users, the problem is solved by specifying globally a node size large enough to fit around the largest text item.

There are certain algorithm constructs that flo does not support. For example, flo cannot handle certain
types of nested repeat statements. To handle them, the user has to fall back on pic commands. This problem oc-
curred, though, only in the testing of flo. The authors have yet to encounter areal live algorithm that flo cannot han-
dle. This is largely due to the one page constraint, which greatly simplifies the complexity of representable
flowcharts and therefore usually excludes troublesome algorithms. In any case, these algorithms can be handled by
falling back on pic commands.

On the whole, the authors have found flo a useful and easy-to-use tool, whose drawbacks have yet to come
to light under fire. The authors have also found that the flowcharts flo produces are more symmetric and better
aligned than flowcharts laid out by hand in the early versions of the user’s manual!

flo has withstood the ultimate test! A member of the first author’s master’s thesis examining committee,
hell-bent on tripping up flo, gave to the first author an algorithm to flowchart. flo worked the first time and produced
aflowchart that was pleasing even to the committee member!

The work dated for the future is first to complete the implementation of the routing algorithm so that all
eventualities are handled. Doing so should not be difficult, because in theory, the algorithm does handle every even-
tuality. It is also suggested to add to the program the following features,

1 an include file facility, enabling the user to keep afile of commonly used macros and globa changes and in-
clude them in any flo input; this facility existsin pic so all that is needed is to copy the implementation from
pic.

2. shape type macros to the pic macros for use by the user as alibrary,

3. an option to define construct macros, for example, to define aFor construct macro.

4. aspline option; all such splineswill use the pic spline option.

All the above enhancements can be added with relative ease, owing to the structure of the program. All that is need-
ed isto add the appropriate definition to the lexical analyzer and to write the handling procedure.

flo can also be used as an intermediate language to allow creating flowcharts from the source code of areal
programming language. One would write a translator from the programming language e.g., C or pascal, to flo.
This should not be difficult because flo’s algorithm language is already very Pascal-like.
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Appendix

This appendix shows the input for the first example unprocessed by eqn. It is assumed that a pair of open

single quotation marksis used to set off input to egn.

. FL
def shape ends shape is oval: {ellipse ht $1 wid $2} shapew is 0. 6;
stnt shapeh is 0.25 ;
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queryshapeh is 0.3 ;
spaceh is 0.25;
spacew i s 0. 2;
[ START] with ends;
['(y sub1, ysub2, ysub3, ysub4) < ( xsub1, x sub2,1,0)]
shapew is 1.7;

WHILE [y sub 1 >y sub 2'];

DO[‘(y sub 2, ysub3) <~ (2y sub 2,2y sub3)‘] shapewis 1.2;
LOOP

IF[‘y sub 1 >=vy sub 2'] ;

THEN [‘(y sub 1, y sub 4 ) <- ( y sub1l-ysub2, ysub4+ysub3)']
shapew is 1.5;
EXITIF [y sub 3 = 1'] config is Rl GHT;
["(y sub 2 , y sub 3 <- (div( y sub 2 ,2),div( y sub 3 ,2))‘]
shapew is 1.9;

@p ;
END
['(zsub 1, zsub2) <- (ysub1, vy sub4)‘] shapewis 1.1;
[ HALT] with ends;
. FE
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IF [y;2y,] configis P; THEN

BEG N

@mve ;

[(Y1,Ya) < (Y17Y2,Yatys)] shapewis 1.5;

END

‘ (Y1,Y2,Y3,Y4) < (X1,%2,1,0) ‘
L

“Offending”
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Figure 10
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. FL
def shape ends shape is oval: {ellipse ht $1 wid $2} shapew is O0.6;
stm shapeh is 0.25 ;
gueryshapeh is 0.3 ;
spaceh is 0.25;
spacew i s 0. 2;
[ START] with ends;
[(Y1.Y2,Y3,Y4) = (X1,X2,1,0)] shapew is 1.7;
VWHI LE [y;>y,] config is Rl GHIN,
DO [ (y2.y3)—(2y2,2y3)] shapew is 1.2;
LOoP
IF [yi2y,] config is P
THEN [(Y1,Y4) < (Y17Y2.Yatys)] sapew is 1.5;
" SYNTAX ERROR
EXITIF [ys=1] config is DASHN;
[(Y2,y3~(div(yz,2),div(ys2))] shapewis 1.9;
END
[(z1,22) = (Y1,ya)] shapew is 1.1;
[ HALT] with ends;
. FE

(y11y21y3!y4)‘_(X11X21110)

YES J
yl%()’zyya)*(zyz,zya)
(@]

NO
Y12Yo2
ES
(Y1,Y4) = (Y1=Y2.MaltY3)
- X NO YES
L 2,y3 < (div(y2,2), div(ys,2) e@% (21,22) = (V1.Ya)

Figure 14




. FL
def shape ends shape is oval: {ellipse ht $1 wid $2} shapew is O0.6;
stm shapeh is 0.25 ;
gueryshapeh is 0.3 ;
spaceh is 0.25;
spacew i s 0. 2;
[ START] with ends;
[(Y1.Y2,Y3,Y4) = (X1,X2,1,0)] shapew is 1.7;
VWHI LE [y;>y,] config is Rl GHIN,

DO [ (y2.y3)—(2y2,2y3)] shapew is 1.2;
LOoP

IF [yi2y,] configis P

" SYNTAX ERROR
THEN [(Y1,Y4) < (Y1-Y2,yatys)] shapew is 1.5;

EXITIF [ys=1] config is DASHN;

[ (yo,¥y3<(div(y,,2),div(y3,2))] shapew is 1.9;
END
[(z1,22) = (Y1,ya)] shapew is 1.1;
[ HALT] with ends;
. FE

(y11y21y3!y4)‘_(X11X21110)

YES J
yl%()’zyya)*(zyz,zya)
(@]

ERROR
in line 2936

of paper.ref

(Y2,y3 ~(div(y2,2),div(ys.2))

(21,22) < (Y1.Y4)

Figure 15
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. FL

def shape ends shape is oval:
@ {ellipse ht $1 wid $2} shapew is 0. 6;
stmtshapeh is 0.25 ;
(0/1Y2Y3.Y0) ~ (X1.%,,1,0) queryshapeh is 0.3

spaceh is 0.25;

spacew is 0.2;

YO [START] with ends;

[ (Y1,Y2,Y3,Ya) < (X1,X2,1,0)] shapew is 1.7,
VHILE [y:>Y.];

(Y2,Y3) < (2y2,2y3) ﬂfzy% DO [ (Y,,Ys) —(2Y,,2y;)] shapew is 1.2;
(e} LOOP

IF [yIZyZ] )

(V1Y) = 02 Yatys)| THEN [ (y1.Ya) < (V2-Yarya+ys)] shapew is 1.5;
EXITIF [y,=1] config is RI GHT;

[ (Y2,Ys < (div(y,,2),div(ys,2))] shapew is 1.9;

V2Ya — (@Y (v2,2), AV (y4,2) END

[(z1,22) < (y1,y4)] shapew is 1.1;
[HALT] with ends;

(21,25) = (Y1,Y4)

. FE
. FL
def shape ends shape is oval:
@ {ellipse ht $1 wid $2} shapew is 0.6;

stntshapeh is 0.25 ;

queryshapeh is 0.3 ;

(0225 Ya) = (2.%2.1,0) spaceh is 0.25;

spacew is 0.2;

[ START] with ends;

[ (Y1.Y2:Y3,Ya) = (X1,X,,1,0)] shapew is 1.7;
VHILE [y:>Y,]

V2rY3) — (2Y2:2Y2) y@}'{% LOOPDO [ (2.ys) = (2y,.2ys)] shapew is 1.2;
0

IF [y.2y,] config is O\
- THEN [ (y1,Ya) = (Y1 Y2:YatYs)] shapew is 1.5;
V)« Yot
‘(Y1 Ya) = (Y17 Y2.Ya ya)‘ EXITIE [y,oi] contig 16 REGHT
[ (Y2,Ys < (div(y,,2),div(ys,2))] shapew is 1.9;
(Y2,Ys < (div(y,2), div (y5,2)) END _
[(z1,2,) < (Y1,¥s)] shapew is 1.1;
[HALT] with ends;

(21,22) < (Y1,Y4) .FE
. FL
def shape ends shape is oval:
@ {ellipse ht $1 wid $2} shapew is 0.6;

stmtshapeh is 0.25 ;
queryshapeh is 0.3 ;

‘(yUYZryS’yA)"(Xllxzrlvo)‘ spaceh is 0.25;
\ spacew is 0.2;
YES 7.2 [ START] with ends;
(¥2:¥5) —(2y2.2Y5) [(Y1.Y2,Y3:Ya) = (X1,X5,1,0)] shapew is 1.7,
WHI LE [y,;>y,] config is RIGHIN;
@NO DO [ (¥2,Ys) —(2y2,2y5)] shapew is 1.2;
LOOP
ES IF [y.2y,] config is P;
- THEN [ (Y1.Ya) = (Y1 Y2:YatYs)] shapew is 1.5;
il “« il +
‘(yl Ya) - 01 ¥2¥s ys)‘ EXITIF [y,=1] config i s DASHN;

%_. [ (V2.Ys—(diV(y,2),div(ys,2)] shapew is 1.9;
(V2,Ys = (div(y,,2), div (ys,2) @ (21,25) = (¥1.Ya) @ END
[(z1,2,) < (Y1,Ys)] shapew is 1.1;

[HALT] with ends;
. FE

Figure7






