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SUMMARY

The recognition of hand-sketched line
figures has a wide range of application;
for example, automatic fair copying of hand-
sketched diagrams and conversations with a
computer using hand-sketched figures. This
paper investigates online recognition of
hand-sketched line figures taking hand-
sketched flowcharts as an object to be recog-
nized. In particular, to lighten the load
of a writer, the indication of segmentation
between symbols (figure elements) is made
unnecessary. Thus, to remove restrictions
on the number of strokes and the order of
strokes, a recognition method consisting of
the following three stages is proposed:
(1) The structure of each symbol form is
represented by a digraph and by a search
through paths of a digraph, an arbitrary
number of strokes and order of strokes can
be processed; (2) To handle handwriting
variations DP-matching of strokes is per-
formed; (3) From an input figure a candi-
date figure is extracted. It 1is represented
by a candidate lattice (table form), and by
searching the lattice the segmentation and
the recognition of the symbols in the input
figure are accomplished. When this method
was applied to 120 handwritten flowcharts,
the recognition rate of 97.9% was obtained
to show the effectiveness of this method.

1. Introduction

Recently, there have been movements of
fair copy handwritten documents containing
letters and figures and to realize smooth
conversations with computers using hand-
written figures. To this end, this paper
investigates a recognition algorithm of un-
restricted hand-sketched line figures taking
hand-sketched flow charts as its recognition
objects. Together with character recognition
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techniques, the flowchart recognition tech-
niques can be applied to a number of areas
such as automatic fair copying of handwrit-
ten documents containing flowcharts, and
automatic programming from hand-sketched flow-
chart input. The recognition algorithms for
hand-sketched line figures can be classified
roughly into two groups: offline type which
accepts already hand-sketched figures from
FAX and recognizes them [l - 4]; and online
type which recognizes line figures as they
are hand-sketched on a tablet [5, 6]. This
paper 1s concerned with the online type
recognition. The existing online recognition
algorithm [5] applies a simple matching of
strokes to line figure recognition. It has
several restrictions on writing such as (1)
the user must indicate segmentations between
symbols (figure elements), and @ each symbol
must be drawn in the predetermined number and
order of strokes. Thus it is not easy for a
layman to use. If these restrictions are re-
moved, the input for the online recognition
type becomes very easy to handle. In this
paper we investigate a recognition algorithm
for unrestricted hand-sketched line figures
requiring @) no indication of segmentations,
and @ no predetermined number of order of
strokes [7].

The recognition algorithm consists of
the following three parts.

(1) Extraction of candidate figures:
All the subfigures that appear as symbols
are extracted from the input figure as candi-
date figures. The structures of the forms
of the symbols are represented by a digraph
and the arbitrariness in the number and order
of strokes is handled by searching through
paths of the digraphs.

(2) Calculation of difference:
distance between an extracted candidate
figure and the form of a symbol is calculated.

The
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Table 1. Example of description of standard
symbols ("mag. disk")
Stroke Start End Intermediate
label Type point point point
A Arc (0, 5) (4, 5) (2, 6)
B Arc (0, 5) (4, 5) (2, &)
C Arc (09 1) (4) l) (2: 0)
D Straight-{ (0, 1) (0, 5)
line
E Straight-|(4, 1) (4, 5)
line
terminal decision in/out
document process display
mag. disk mag. tape
Fig. 1. List of symbols.

To absorb the variations in the form due
to hand-sketching, DP-matching is used.

(3) Candidate lattice: For all ex-
tracted candidate figures the names of the
symbols and the distances are tabulated.
(Hereafter, we call this table, candidate
lattice. The candidate lattice follows
the idea of phonological lattice used in
voice recognition [8].) By searching
through paths in this candidate lattice an
optimum series of candidates is selected
for the figure as a whole. Specifically,
the recognition of the entire figure is
performed simultaneously with the segmen-—
tation.

2. Recognition Object and Preprocessing

The figure portion of a flowchart
(hereafter simply a flowchart) consists of
symbols such as "terminal” and "decision"
and line segments connecting the symbols.

The flowcharts considered here are re-
stricted to those composed of nine types of
symbols of Fig. l and straight line segments.
Most of the flowcharts fall in this class.
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Fig. 3. (a) Examples of stroke order, (b)

candidate end point.

For the input of hand-sketched infor-
mation we use a data tablet. A tablet can
sample the up-down information and the XY-
coordinate values of a pen at certain time
intervals. The sequence of the coordinate
values of a pen from the nth down to up is
called the nth stroke. Figure 2 shows an
example of a hand-sketched flowchart by tab-
let input. The numbers in the figure indi-
cate the stroke order.

Sampling and normalization are applied
as a preprocessing of a sampled coordinate
sequence. The purpose of this is to repre~
sent every stroke with a sequence of a fixed
number of coordinates and to make all the
adjacent coordinates within a stroke equi-
distance.

3. Description of Standard Symbols
Before deciding on the description of
standard symbols a preparatory experiment
was conducted. A set of preparatory experi-
ment data was obtained by asking 20 people
to draw the nine types of symbol of Fig. 1



four times (altogether 720 symbols) without
any restriction. The data analysis shows
that there is no regularity in the number
and order or strokes but that the possible
starting points of a stroke are limited to
a finite number of places. We call this
finite number of points candidate end point.
An example of the number and order of
strokes in the data is shown in Fig. 3(a)
and the candidate end points of symbol
"mag. disk" are shown in Fig. 3(b).

By considering the possible expansion
of the set of recognition objects it is de-
sirable to simplify the description of the
symbols inside a computer. Based on the re-
sults of the preparatory experiment we ex-
press each symbol by a set of strokes having
candidate end points as their end points and
each stroke by a combination of straight
line segment and an arc. A straight line
segment is represented by the coordinate
values of its starting and ending points and
an arc by the coordinate values of its
starting, ending and middle points. A de-
scriptive example of symbol "mag. disk" is
given in Table 1 and Fig. 4.

4, Extraction of Candidate Figure

Input figures are flowcharts composed
of symbols and straight line segments. A
candidate figure for a symbol is a subfigure
of an input figure which possibly is equal
to the symbol. To extract candidate figures

(0,9 (2.5) (4,5)
D E
(0,1) (2.0) (4,1)

Fig. 4. Description of standard symbol
("mag. disk").
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we use a topdown method. That is, assuming
the existence of a symbol (called "sup-
posed symbol" hereafter), we investigate
the conditions for a given subfigure of an
input figure to be a '"supposed symbol." If
the conditions are satisfied, the subfigure
is taken as a candidate figure for the sup-
posed symbol. 1In the following we give a
detailed discussion.

4,1 Correspondence to candidate end
point

Let us designate as input strokes those
composing a given subfigure of an input
figure. If an input stroke is a "supposed
symbol," an end point of the input stroke
corresponds to one of the candidate end
points of the "supposed symbol." Thus we
normalize the '"supposed symbol" (match the
maximum vertical values and the maximum
horizontal values independently) to make it
the same size as the given subfigure. Then
we match the end points contained in the
input stroke with the respective nearest
candidate end points. In the case of the
input stroke of Fig. 5(a), for example, if
"mag. disk'" of Fig. 5(a) is assumed, then
the correspondence relation of Table 2 is
obtained.

Due to the variations in handwriting
the positions of the end points of an input
stroke change, the changes are within a cer-
tain range. If an end point of an input
stroke is not within a certain range from
any candidate end point of the 'supposed
symbol," the given subfigure is judged to be
different from the '"supposed symbol" and the
control moves to the processing of the other
subfigures.

4.2 Generation of series of candidate
strokes

This section discusses a method which
proceeds as follows. A given subfigure is
examined first topologically to determine
whether or not it is appropriate as a 'sup-
posed symbol." 1If it is appropriate, based
on the result of the correspondence of the

Fig. 5. (a) Input strokes, (b) Supposed symbol, (c) Directed graph, (d) Graph ﬁn
search.
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Table 2. Example of correspondence
between input stroke end points
and candidate end points

Stroke number {Start point| End point

1 @ O]
2 ® @

candidate end points, the expected movements
of a pen on the "supposed symbol" are enumer-
ated as a candidate stroke series.

We assume that the given subfigure,
that is, the input stroke, is composed of
N strokes. Also, based on the description
of the standard symbols (see Sect. 3) a
"supposed symbol'" is expressed as a digraph
with candidate end points as nodes, and line
and curved line segments as branches. A di-
graph is used to indicate the direction of
the movement of a pen on a branch as posi-
tive. 1If we use v for a node name and a for
a branch name, then a digraph can be repre-
sented in a computer by a connection matrix
D = (dyz), where

1 (if node v is the starting point
of branch a)
dya = § -1 (if node v is the end point of
branch a)
0 (all other cases)

The digraph representation of '"mag.
disk" 1is as shown in Fig. 5(c¢) and its con-
nection matrix is

A B C D E
@1t 1 0o 1 0
@ 0 0 1 -1 0
®@{-1 -1 0 0o 1
@Lo o0 -1 o0 -1

For an input stroke to be appropriate
for a "supposed symbol" there must be a path
consisting of N strokes which passes all
the branches of a digraph once and which has
as their starting or ending point a candi-
date end point corresponding to the input
stroke. Thus, the processing problem be-
comes a graph theory problem of finding an
N stroke path with the restriction of the
candidate end point correspondence obtained
in Sect. 4.1. To simplify the problem fur-
ther, we add branches corresponding to pen
ups between consecutive strokes to change
the problem to that of finding an Euler path,
i.e., one stroke path. The processing steps
are as follows:
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(1) Add to the original digraph a new
branch Lp (hereafter called fill-in branch)
going from the node corresponding to the end-
ing point of the nth stroke (1 S n S N - 1)
to the node corresponding to the starting
point of the (n + l)st stroke. We give an
example in Fig. 5(d). 1Its connection matrix
is

A B ¢ D E L,
rt1 1 0 1 0 0
@] o 0 1 -1 0 O
®1-1 -1 0 0 1 -1
@L o o -1 0 -1 1

(2) Find an Euler path having as its
starting point the node corresponding to the
starting point of the first stroke and hav-
ing as its ending point the node correspond-
ing to the ending point of the nth stroke.

A condition for a solution to exist is that
the degree of each node be even except the
start and the end nodes. The degree of node
v can be obtained by Z|dva1 from the vth row
a
vector of the connection matrix. Hence, if
the condition of even degree is not satisfied
for a node, the given subfigure can not be
the "supposed symbol." Thus another sub-
figure is selected for examination.

(3) 1If the condition on degree is
satisfied, we find all the Euler paths that
satisfy the conditions given below and take
them as candidate stroke series. The follow~
ing conditions become necessary since the
order of input stroke series is considered.

(- A path goes through the fill-in
branches Lp (n = 1, 2, *+¢, N - 1) in the
order L;, L2, *++, LN-1.

@ a path cannot go through two or
more fill-in branches successively.

@ a path cannot traverse a fill-in
branch in the reverse direction. But it can
traverse other branches in either direction.

In searching for an Euler path the
depth first search method is adopted which
can be implemented easily by introducing
a pushdown automaton. If the search is
successful the given subfigure is extracted
as a candidate figure for the 'supposed sym-
bol," and if it is unsuccessful, the given
subfigure cannot be the "supposed symbol."

When we search for a path using the
above-mentioned method for the example of
Fig. 5(d), we can obtain the following six
candidate stroke series:



®+Db,+C, L,-B,+4,+E
® +p,+C, L,—-A,+B,+E
® +B,+E, L,—4,+D,+C
@ +B,-A4,+D.+C, L, +E
® +4,+E, L.—-B,+D,+C
® +4,—-B,+tD, +C, L,, +E

Here "+D" denotes the traverse of branch D
in the direction of the arrow and "-B" in-
dicates the traverse of branch B in the re-
verse direction of the arrow. It can be
seen that at the second series of the can-
didate stroke series given above, the cor-
rect correspondence with the input stroke
[see Fig. 5(a)] appears.

Candidate stroke series can be ob-
tained as a sequence of branches on a
"supposed symbol" as explained above.

Each branch is either a straight line seg-
ment or an arc according to the descrip-
tion of standard symbols (Sect. 3). Thus
for each branch we generate a sequence of
coordinate values of a straight line seg-
ment or an arc and approximate each stroke
with a certain number of points. Using this
sequence of coordinate values, in Sect. 5
we calculate the distance between a can-
didate stroke series and an input stroke.

4.3 Example of extraction of candi-
date figure

We give an example of extracting can-
didate figures for symbol "decision” from
the hand-sketched flowchart given in Fig. 2.
In this case symbol "decision" is the "sup-
posed symbol."” First, consider a subfigure
of the flowchart (for example, the sub-
figure consisting of stroke numbers 13 and
14). We relate the end points of the input
stroke to the candidate end points (see
Sect. 4.1) and based on the resultant cor-
respondence we search (see Sect. 4.2) for a
path in the digraph (the "supposed symbol").
If there is no contradiction as a result of
these processings, we make the given sub-
figure a candidate figure. Similar pro-
cessings are applied successively to each
subfigure and all the candidate figures are
extracted. In this example candidate
figures are extracted at five places as
shown in Fig. 6.

5. Calculation of Distance

At the stage of extracting candidate
figures only topological structures (the
positions of the end points of an input
stroke and the interconnections of the end
points) are used and detailed forms of the
input stroke are not considered. Thus as a
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Fig. 6. Candidate figures for symbol "deci-

sion."

Table 3. Recognition rate of symbols

Distance l|Distance 2|Distance 3

Recognition

rate 95.0% 96.9% 97.3%

second step we match the forms of the candi-
date stroke series obtained in Sect. 4.2 and
the input stroke and calculate the distance
between the forms.

For a measure to represent the dis-
tance between the form of a candidate stroke
series and that of an input stroke we in-
vestigated the following three difference
measures. The distance is defined as the
sum of the distances between the correspond-
ing strokes of a candidate stroke series and
an input stroke. Thus we discuss the dis-
tance between a pair of strokes. We assume
that each pair of corresponding strokes be-
tween an input stroke and a candidate stroke
series consists of M points and that their
coordinate value series is l(zm, Yn)

A N [N ¥.)u=1.u} - Here M is an ap-
proximation for the number of points in a
stroke.

(1) Distance 1l: di

Pair the coordinate points of an input
stroke with those of a candidate stroke.
Take the sum of the Euclidean distances be-
tween the corresponding pairs of points as
the distance. That is, distance d12 is

M
at= £ {(za= 2+ (am s} (1

(2) Distance 2: dj



To obtain Distance 2 proceed as for
Distance ! but use DP-matching to pair the
coordinate points of strokes. That is,
distance dy2 is

M 2
,L§=min[ Z=:| {(z.“r.'u.))z*'(y.‘y{(.)) }]

(2)

Here u(m) represents the correspondence
relation between the coordinate pointg and
it has the following restrictions:

w(1)=1 (3)
wu(M)=M (4)

If u(i) = j, then u(z+l)={jorj+lorj+2}
J+lorj42) (5)

(3) Distance 3: dj

In addition to the Euclidean distance
between points we use DP-matching consider-
ing the tangential difference at each
point. That 18, distance d32 is

M
di= mi"[ Z,{(“’u‘ Zim +(Yn= 3 )?
™ n=

+¢'Iu(m,u(m))}] (6)

Here h(1, J) represents the difference be~
tween the tangential direction at (xi, yy)
and that at (xi', ¥i'). It is given by

- y'+1_.'/'
-1 Y1y, | 27 )
A(e,3)=1tan '(———————)-tan (—7——277)
(l J I z, -z, .t)+| 1']
(7)

@ is a coefficient of h(i, j) and it is a
constant,

Table 3 shows the recognition rates
when the data from the Preparatory experi-
ment (those used ip Sect. 3) were recog-
nized using the three types of distance.

The results show that Distance 3, which uses
DP-matching based on the Euclidean distance
between points and the tangential differ-
ences at the points, gives the highest recog~
nition rate. Based on these observations

we decided to use Distance 3 for our recog-
nition algorithm.

6. Candidate Lattice
6.1 Generation of candidate lattice

A candidate lattice is a table which
shows as what candidate figure or what part

Table 4, Flowchart data
——
Fo. of Na. of
writers No. of writings data
—_—
6 Pour each of five types 120

of it each stroke in an inpyt figure has
been extracted. Below, we give a generation
procedure of a candidate lattice.
a symbol we extract a candidate figure from
an input figure (see Sect. 4). Since a can-
didate figure is obtained as a sequence of
stroke numbers, we register the name of the
candidate figure (symbol name) at the posi-
tion of the corresponding stroke number se-
quence in a candidate lattice. Furthermore,
we calculate the distance for the candidate
figure (see Sect, 5) and register the dig-
tance. Ve repeat this processing for other
symbols. Since a straight line segment is
described by one stroke, for each stroke of
an input figure a "straight line segment"

is registered as a candidate figure. As an
example part of the candidate lattice gen~
erated for the input figuyre shown in Fig. 2
is given 1in Fig. 7,

From a candidate lattice we can find
the name of the candidate figure and itg dis-
tance for a stroke number of an input figure.

6.2 Search for optimum figure sequence

Segmentation and recognition of the symbols
in the input figure. e show the pProcedure
for that in the following.

going from the first stroke to the last
stroke of the input figure. However, in gen~
eral, there is more than one such figure se-

(1) oObjective function 1; S

S] = I (distance of a can-
candidate figyre didate figure)
€ sequence
(8)
(2) Objective function 2: S2
Sy = L
candidate figure
€ sequence

(distance of a candidate figure) (9)
(the number of strokes of the

candidate figure)
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Fig. 7.

When objective function l is used
path which minimizes the arithmetic sum
the distances becomes a solution.

s a
of

When, on the other hand, objective
function 2 is used, since the arithmetic
sum is obtained after the distances are
divided by the number of strokes, figures
with a larger number of strokes are
selected over those with a smaller
of strokes. We call this method
subfigure-first method.

number
the largest-

For example, if we select objective
function 2 and search through the candidate
lattice of Fig. 7, the figure sequence in-
dicated by thick lines (Fig. 7) is chosen
and the recognition result of Fig, 8 1s ob-
tained. 1In Fig. 8 together with symbol
names the center coordinates (LOCATION) of
each symbol extracted from the input figures
and the vertical and horizontal sizes (SIZE)
of each symbol are shown according to the
coordinate system of Fig. 2,

7. Recognition Experiment

By using the recognition algorithm
pPresented in Sects. 4, 5 and 6 we conducted
4 recognition experiment of hand-sketched
flowcharts. The recognition objects are
flowcharts composed of 5 to 9 symbols similar
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T

Candidate lattice.

to those shown in Fig. 2 and straight line
Segments. In Table 4 we show the number of
collected flowchart data used in the experi-
ment .,

The recognition rates are shown in
Table 5. The recognition rate was 88.6%
for objective function 1 and 97.9% for ob-
Jjective function 2; that 1is, when the larg-
est-subfigure~first method was adopted. 1In
the former case the recognition error rate
11.4% 1is divided into 1.8% for erroneous
symbol name recognition and 9.6% for segmen-
tation error. A segmentation error 1is (for
example, as shown in Fig. 9) a mistaking of
"mag. disk" as one "decision" and three
"straight line segments." The recognition
error rate 2.1% for objective function 2 is
divided 1into 1.8% of erroneous symbol name
recognition and 0.3% of segmentation error.
Thus the segmentation accuracy was increased
by adopting the latgest-subfigure-first
method and the effectiveness of objective
function 2 has been recognized.

Here the recognition rate is defined
as

the number of correct-

1y recognized Symbols
Recognition rate = the number of symbols
in the input figure (10)

8.

According to simulation experiments on
2 minicomputer (1 MIPS) the computation times

Discussion

x 100.



LOCATION SIZE |

| STROKE NAME

|== -—

I 1,2,3 TERMINAL (39,94) (29,10)
| 4 LINE

| 5,6 DECISION (40,71) (34,17)
17 LINE

| 8,9,10 MAG. TAPE (42,41) (24,18)
I 11 LINE

I 12 LINE

I 13,14,15,16 MAG. DIskK (71,39) (17,23)
I 17 LINE

1 18 LINE

I 19 LINE

1 20,21 TERMINAL

Table 5. Recognition rate

Objective Objective
function 1 function 2
Recognition
rate 88.6% 97.92
,’L’—-i\\\ IIHIEHIII
2
3 4 —
“line" x 3

\g/___

Fig. 9. Example of segmentation error.

(language is FORTRAN) for the respective
stages in the case of the example of Fig. 2
were 25 sec for the first stage (extraction
of candidate figures), 70 sec for the sec-
ond stage (calculation of distance) and 1
sec for the third stage (search through a
candidate lattice). Here we consider
methods of discarding unnecessary candidate
figures and reducing the amount of process-
ing in the first and second stages which
take up a majority of the time. However, if
we discard too many candidate figures, cor-
rect candidate figures are discarded, also,
thereby reducing the recognition rate. To
select an optimum discarding parameter we
investigate the following two points.

) Discarding at the extraction of
candidate figures (stage 1) [see Sect. 4.1}

As mentioned in Sect. 4.1, if the dis-
tance between an end point of an input stroke
and the nearest candidate end point 1is not
within a certain threshold value, that can-
didate figure is discarded. To optimize

44

this threshold value we obtained the recogni-
tion rate and the mean number of candidate
figures {Fig. 10(a)] using 120 flowchart data
given in Table 4 and taking the threshold

for the distance between end points as a
parameter. The mean number of candidate
figures 1s the mean of the number of the
candidate figures extracted for one symbol

in an input figure. The distance between

end points is the value when the size of a
given figure (the length of the longer side
of a rectangle containing the figure) is made
equal to 1.0. From Fig. 10(a) we select 0.35
from within the range of the value of the
threshold which does not reduce the recogni-
tion rate. As a result the mean number of
candidate figures reduces from 8.3 to 6. For
the candidate figures which are discarded by
this processing the extraction process can be
halted before the completion. Since the num-
ber of candidate figures decreases, the
amount of processing in the second and third
stages also decreases.

@ Discarding at distance calculation
(second stage) [see Sect. 5]

It is not necessary to register candi-
date figures with a sufficiently large dig-
tance on a candidate lattice. Therefore we
discard candidate figures having a distance
larger than a certain threshold valuye.
Figure 10(b) gives the results of obtaining
the recognition rate and the mean number of
candidate figures using the threshold value
for the distance as a parameter as in ().

We selected 0.1 from within the range of

the value of the threshold which does not
reduce the recognition rate. The mean num-
ber of candidate figures decreases from 6 to
2.8. Since we can stop the calculation of
the distance by this process when the dis-
tance exceeds a threshold value, the number
of candidate figures decreases and the amount
of processing in the third stage decreases.

By the processing O and @ explained
above the total amount of processing
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(computation time) of this method has been
reduced by about 50% without decreasing the
recognition rate.

In this method the amount of process-
ing is proportional to the number of symbols
contained in an input figure. But since the
writing time is also proportional to the
number of symbols for online inputs, by
performing the recognition as soon as an
input comes in, the increase in the amount
of processing can be prevented from becoming
a serious problem.
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9. Conclusions

To achieve an online recognition of uyn-
restricted hand-sketched line figures, espe-
cially flowchart figures, we proposed a
recognition algorithm and examined its per-
formance by experiments. We list the re-
sults below.

(1) By representing the form structure
of each symbol with a digraph and by search-
ing through the paths of a digraph, an arbi-
trary number and order of strokes can be
handled.
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(2) For the calculation of the dis-
tance between the forms of strokes, a DP-
matching method is proposed, which incor-

porates the difference of tangential direc-
tions as well as the distance between the
coordinate points. This method has been
shown by experiments to be effective.
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