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Description

Method and apparatus for computer-aided pipette
selection for a placement head of an automatic
placement machine, and for allocation of components to
the pipette types provided in a pipette selection

The invention relates to computer-aided pipette
selection for a placement head of an automatic
placement machine, and to the allocation of components
for the pipette types predetermined in a pipette
selection.

An automatic placement machine places
components, for example electrical resistors,
transistors, capacitors, etc., on a printed circuit
board, at predetermined positions within the printed
circuit board. This is done by using a2 placement head
to transport the components from a component store to
the respective position above the printed circuit
board, and then to place them in position.

Various types of placement heads are normally
used, One such placement head is, for example, the so-
called SP head {Speed Placer—head), by means of which a
number of components can be picked up from the
compénent store, transported and successively placed on
the printed circuit board.

An SP placement head has a number of segments,
(normally 6 or 12 segments}, to each of which a pipette
can be fitted, The pipettes allow components to be
picked up and placed in position. There are various
pipette types by means of each of which different types
of components can be placed in position. The process of
populating a printed circuit board with components by
means of an SP placement head nommally takes place in a
number of iterations (cycles), in each of which the
placement head first of all picks up as a maximum the
number of c¢omponents. which can be processed and then
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places them down on the printed circuit board in the
same '
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sequence in which it picked them up. The time which is
required for one cycle depends only to a minor extent
on the number of components picked up and placed in
position in this cycle, so that the smallest possible
number of cycles for the placement process is the most
time-critical criterion relating to the population
process.

It is thus desirable to pick up 2nd place in
position as many components as possible in  the
individual cycles, that is to say to aveoid “gaps” in
the placement process, in association thus to minimize
the number of cyclés required to place all the
components in position,

A method for checking the so-called consecutive
ones characteristic, is descxribed in [1]. If the
consecutive ones characteristic is present, then the
method from (1] implicitly provides all the permissible
assoclations to component types.

A method for checking the so-called acyclic
hypergraph  characteristic, which has a  linear
complexity, is known from [2].

A method for solving a flow problem is known
from [3].

' A so—called branch and cut method for optimum
solution of an integer linear program is known in (4],

The invention is based on the problem, for a
placement head and a predetermined set of components to
be placed in position by it, of specifying a method and
an apparatus for selection of the pipettes to be fitted
to the placement head and for allocation of the
components to the pipette types which are included in
the pipette selection, by means of which method and
apparatus a printed board 1is popﬁlated with the

predetermined components in as small a number of cycles
as possible.
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The problem is solved by the metﬁods having the
features as claimed in the independent patent claims
and by the apparatuses having the features as claimed
in the independent patent claims.

One method for computer-aided pipette selection
for a placement head of an automatic placement machine
and for allocation of components to the pipette types
predetermined in a pipette selection,i for a given
number of cycles z, comprises the following step:
using
- a stored component type list B with a respectively

associated number of components of the component
type to be placed,

- a component type association based on the
component types,

- a stored pipette type list P of available pipette
types and an allocation list E which indicates
which component types can be placed using what
pipette types,

and based on the component type association for the

pipette types p € P, a pipette type association 1is

formed in such a manner that:

pl £ p2 = (L{pl)<lip2)} v ((1(p1)=1(p2)) A f%pl)Zf(pZ))),

wheré

- Pl, P2 € P denote different pipette types,

- 1{p), p € P, is defined by
1(p) =max {b € B | (b, p) € E},

- f{p), Pp & P, is defined by
f(p) ~min {b € B | (b, p) € E},

in which the components are successively allocated to

the pipette types, in a sequence which results from the

component type association, in the following manner:

if, for a component type, pipette types exist to which

any given multiple of the number of cycles z of large

numbers of components
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af; not already allocated, then these pipette types are
first of all allocated to components on the basis of
the pipette type association, in such a manner that the
nmumber of allocated components is rounded up where
possible to the next multiple of the number of cycles
zZ}

if any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association and,

in which the number of components allocated to omne
pipette +type is used to determine the number of
pilpettes of that pipette type to be selected.

A further method for computer-aided pipette
selection for a placement head of an automatic
placement machine and for allocation of components to
the pipette types predetermined in a pipette selection,
with a given number of c¢ycles 2z, comprises the
following step:
using
- a stored component type list B with a respectively

associated number of components of the component
type to be placed, -
- a stored pipette type list P of available pipette
types and an allocation 1list E which indicates
‘which component types can be placed using what
pipette types, ‘
a check is carried out to determine whether a
permissible component type association exists, that is
to say whether;
{bl, p) € E, (b2, p) € E, b1 <b <b2 = (b, p) € E,
where
-— bl, b2, b components in the component type list B
are denoted,
-~-— (b, p} € E, b € B, p € P, denotes-the situation
where a component of component type b can be placed
using a pipette of pipette type p,
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based on the permissible component type association for
the pipette types p € P, a pipette type association is
formed in such a manner that:

Pl s p2 = (1(pl)<t(p2)) v ({1{pli=1(p2)) A £(pl)2f(p2}}),
where .
- pl, p2 e P denote different pipette types,
- 1{p), p € P, is defined by

1(p) =max {b € B | (b, p) € E},
- £(p), p € P, is defined by

£(p) =min {b € B | (b, p) € E},
the components are successively allocated to the
pipette types, in a sedquence which results £from the
component type assoclation, in the following manner:
if, for a component type, pipette types exist to which
any given multiple of the number of cycles z of large
numbers of conmponents are not already allocated, then
these pipette types are first of all allocated to
components on the basis of the pipette type
association, 4in such a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles:z;
if any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association and,
the number of components allocated to one pipette type
is used to determine the number of pipettes of that
pipette type to be selected.

An apparatus for computer—-aided pipette
selection for a placement head of an automatic
placement machine and for allocation of components to
the pipette types predetermined in a pipette selection,
for a predetermined number of cycles z, includes
- a memory for storing a component type list B, a
pipette type list B and an allocation list E,
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- a processor which is coupled to the memoxy and is
set up in such a manner that the following steps can be
carried out:

using

- the stored component type list B with the
respectively associated number of components of -
the component type te be placed,

- a component type association for the component
types,

- the stored pipette type 1list P of available
pipette types and the allocation 1list E which
indicates which component types can be placed by
what pipette typés,

and based on the component type association for the

pipette types p € P, a pipette type association 1is

formed in such a manner that:

Pl = p2 = (1{pl)<i(p2)) v ({1(p1)=1(p2})} A £(pli=f(p2})},

where

- Pl, p2 & P denote different pipette types,

- 1(p), p € P, is defined by
1tp) =max (b € B | (b, p) € E},

- £(p)}, p € P, is defineqd by
fip) =min (b € B | (b, p) € B},

in which the components are successively allocated to

the bipette types, in a sequence which results from the

component type association, in the following manner:

if, for a component type, pipette types exist to which

any given multiple of the number of cycles z of laxge

numbers of components are not already allocated, then
these pipette types are £first of all allocated to
components on the basis of the pipette type
association, in such a manner that the number of
allocated components is rounded up where possible to

the next multiple of the number of cycles z;

if any components of this component type remain, then

these are allocated to the last possible pipette type

based on the pipette type association and,
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in which the number of components allocated to one
pipette type 1s used to determine the number of
pipettes of that pipette type to be selected.

A further apparatus for computer-aided pipette
selection . for a placement head of an automatic
placement machine and for allocation of components to
the pipette.types predetermined in a pipette selection,
for a given number of cycles z, includes
- a memory for storing a component type list B, a
pipette type list B and an allocation list E,

- a processor which is coupled to the memory and is
set up in such a manner that the following steps can be
carried out: .

- using

- a stored component type list B with the
respectively associated number of components of
the component type to be placed, .

- a stored pipette type list P of available pipette
types and an allocation list E which indicates
‘which component types can be placed by what
pipette types, ,

a check is carried out to determine whether a

prermissible component type association exists, that is

to say whether:

(bl, p} € E, (b2, p) € E, bl <b < b2 => (b, p) & E,

where

-—- bl, b2, b components in the component type list B

are denoted,

-— (b, p) € E, b € B, p € P, denotes the situation

where a component of component type b can be placed

using a pipette of pipette type p,

in which, based on the permissible component type

association for the pipette types p € P, a pipette type

association is formed in such a manner that:

Pl <p2 = (1{p1)<1(p2)} v ((1(pl}=1(p2)) A f{pl}2f(p2)}),
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where
- Pl, p2 € P denote different pipette types,
- 1{p}, p € P, is defined by

1(p) =max {b € B | (b, p) € E},
-~ fip), p € P, is defined by

£(p) = min {b € B | (b, p) € E},
in which the components are successively allocated to
the pipette types, in a sequence which results from the
component type association, in the following manner:
i€, for a component type, pipette types exist to which
any given multiple of the number of cycles z of large
numbers of components are not already allocated, then
these pipette types ‘are first of all allocated to
components on the basis of the pipette type
association, in such 2a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;
if any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association and,
in which the number of components allocated to one
pipette type is used to determine the number of
pipettes of that pipette type to be selected.

The invention is distinguished in that the
procéss of populating a printed circuit board with
predetermined components can be carried out in as small
a number of cycles as possible, in some cases even in
an optimum number of c¢ycles, which leads to the
population process being speeded up considerably.

The method as claimed in patent c¢laim 2 checks
the so-called consecutive ones characteristic of the
possible allocations of the components to the
respective predetermined pipette types, that is to say
it investigates the «question as to whether a
permissible component type association exists.
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Preferred developments of the invention result
from the dependent claims.

If the consecutive ones characteristic is not
satisfied, then, in a development, it is advantageous
to reduce the size of the set E of possible allocations
of component types to pipette types: based on the
component types and the pipette types, as wmany
components as possible are allocated successively for
each pipette type to the respective pipette type so
that a c¢omponent type association to the component
types exists for the resultant allocation list E in
such a manner that:

(bl, p}) € E, (b2, p} € E, bl b £ b2 = (b, p) € E.

For the pipette types p € P, a pipette type
assoclation 1s formed for +the purposes of this
development in such a manner that:

Pl S p2 = (L(pL)<L(p2})) v ((L{pl)=1(p2)) A £(pL}2£(p2))),
and the components are allocated to the pipette types in a
sequence which results from the component type
association, in the following manner:

if, for a component type, pipette types exist to which_
any glven multiple of the number of cycles z of large
numbers of components are not é.lready allocated, then
these. pipette types are first of all allocated to
compénants on the basis of the pipette type
association, in such a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;

if any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association. The number of
components allocated to one pipette type is used to
determine the number of pipettes of that pipette type
to be selected.
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This development, which admittedly no longer
guarantees an optimum solution, has been found to
produce very good results in practice.

Furthermore, in the situation where "no
permissible component type association exists, the
solution to be determined can be found by solving a
sequence of flow problems,

In the situation where no permissible component
type association exists, a check is carried out to
determine whether a set of trees with the pipette types
as nodes of the trees can be determined for possible
allocations of the component types to the: pipette types
in accordance with the allocatiom list E, so that each
sub-graph, which is induced from a set of pipette types
P(b) which can place a component b, in the set of trees
is cohesive, and if such a set of trees can be
determined, the pipette types c¢an then be topoclogically
sorted, and the solution to be determined is found by
solving a sequence of flow problems,

This refinement <results in the pbpulation
process being carried out with a ninimum number of
required c¢ycles. -

A further preferred refinement provides that,
in the situation where no permissible association
exisﬁs, a check 1s carried out to determine whether a
set of trees with the pipette types as nodes of the
trees can be determined for possible allocations of the
component types to the pipette types in accordance with
the allocation list, so that each sub-graph, which is
induced by a set of pipette types P{b) which can place.
a component b, in the set of trees is cohesive. If
such a set of trees cannot be determined, elements are:
deleted from the allocation list E until such a set of
trees can be deterxmined., The sclution to be determined
is found by solving a sequence of flow problems.
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This development, which admittedly no longer
ensures an optimum solution, has been found to produce
very good results in practice.

The flow problem can be formed in accordance
with the following rules:

'

2. Xbp = Oy VbeB

:E:_J{i:;) 5; t:;: \f Ij < 1?

where

- ny indicates a number of components of the
component type b € B to be placed,

- Sy P € P denotes a window which can be
predetermined and which is varied in association to
form the sequence of flow problems,

- -a first solution variable X, indicates how many
components of the component type b € E are placed by =2
pipette of the pipette type p € P.

In the situation where no permissible
association exists, a check can be carried out to
determine whether a set of trees with the pipette types
as nodes of the trees can be determined for possible
allocations of the component types to the pipette types
in accordance with the allocation 1list, so that each
sub-graph, which is induced by a2 set of pipette types
P{b) which can place a component b, in the set of trees
is cohesive. If such a set of +trees cannot be
determined, the solution to be determined c¢an be found
by golving a linear programn.
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The linear program can be formed in accordance
with the following rules:
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- n, indicates a number of components of the
component type b € B to be placed,

- a first solution variable x,, indicates how many
components of the component type b € B are placed
by a pipette of the pipette type p € P.

- a second solution variable yp indicates how many
.Pipettes of the pipette type p € P are selected,

- kX denotes a number of segments of the placement
head, and

- X,¥ 2 0 is an integer.

This development once again ensures that the
population process can be carried out with the optimum
number of cycles,

The developments apply both to the method and
to the apparatuses, with the processor in each case
being set up in such a manner that the methods can be
carried out according tc the development.

The figures illustrate an exemplary enbodiment
of the invention, which will be explained in morxe
detail in the following text. In the figures:
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Figure 1

Figure 2

shows a flow chart which illustrates the
method steps for the exemplary embodinment;

shows a sketch of an automatic placement
machine;

vl
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Flgures 3a and 3b show a sketch of possible allocations
of components to pipette types, which satisfy
the consecutives ones characteristic;

Figures 4a and 4b show a sketch of possible allocations
of components and pipette types before and -
after the sorting of the pipette types:;

Figures S5a and Sb show a sketch of possible allocations
which satisfy the acyclic hypergraph
characteristic.

Figure 2 shows an automatic placement machine
201 with a feed region 202, which contains feed devices
with component stores. The component stores contain
components which are placed at predetermined placement
positions 204 on a printed cizxcuit board 203 by means
of the automatic placement machine 201. The components
205 are picked up by a3 placement head - an SP head or
an IC head, - are transported to the placement
positions, and are placed at the respective placement
position on the printed circuit board 203. '

The placement head has segments for holding
pipettes of different pipette types p € P by means of
which different components can be picked up,
transported and placed in positionm.

Different component +types which can each be
placed in position using the same set of pipette types
can be combined to form so—called component classes and
can all be handled as i1f they were one component type.

It can thus be said that two components belong
tc the same component c¢lass if they can be placed in
position using precisely the same pipette types.
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The  automatic placement machine 201 has an
apparatus 206, having a memory 207 and a processor 208,
which is connected to the nemory 207.

The following lists are stored in the memory
207;:

- a component type list B in which the cdmponent
types which - are intended to be placed on the printed
circuit board 203 are stored, together with the
respective number of components.

- A pipette type list P, in which the available
pipette types are stored.

- An allocation list E which states which component
types can be placed in position 1using what pipette
types.

According to the method described in the
following text, the pipettes to be fitted to the SP
placement head for populating the printed circuit board
203 are determined. The placement head is fitted with
the pipettes of the appropriate pipette types, and the
printed circuit board 203 has the component 205 placed
on it in accordance with the predetermined population

" plan and the-predetermined placement positions 204.

In order to make it easier to¢ understand, the
allocation list E can be represented in the foxm of a
bipaf’cite graph {see Figure 3a and Figqure 3b).

Nodes on the left-hand side of the graph (see
Figure 3a) denote component types, and nodes on the
right-hand side of the bipartite graph denote pipette
types. Links between the nodes on the left and right-
hand sides of the graph indicate that a component of
the respective component type can be placed in position
using a pipette of the respective pipette type.
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The method whose methad steps are illustrated
in Figure 1 is carried out in association to allocate
the components to the pipettes, and thus in association
to select the pipettes from various pipette types for
population of the printed circuit board 203,

A piacement cperation is carried out in at
least one cycle, with a cycle in each case denoting a
sequence in which the placement head picks up a number
of components which can be predetermined, as a maximum
its capacity of components, transports them and places
them at the appropriate, predetermined placement
position 204 on the printed cizcuit board 203.

The aim is to keep the number of cycles
required for a placement process as low as possible.
The method described in the following text is carried
out iteratively for at least a number of cycles which
can be predetermined.

The following procedure is chosen in this case,
by means of which a solution to the pipette selection
problem, which will be explained in the following text,
for the predetermined number of cycles, it is found or
determined .that no such solution exists for that
predetermined number of cycles.

If a solution exists, then the method is ended,
while if no solution is determined, then the number of
cycles is increased, and the method for solving the
pipette selection problem is carried out, wuntil a
number of cycles has been determined for which a
solution exists.

This procedure can, obviocusly, be formulated as
follows. A trivial lower limit us and an upper limit os
are gpecified for the minimum number z of cycles.

The method comprises the following steps:

1. Set z = us.
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2. Find a permissible solution for the pipette
selection problem. If ~no permissible solution exists
and the upper limit os for the number z of cycles has
not yet been reached, set z = z + 1 and repeat step 2.

It has been found that, generally, the optimunm
number of cycles results from the lower limit us itself
or from wus + 1, so that, generally, one or two
iterations of the method are sufficient to determine a
solution to the pipette selection problem.

In each iteration, that is to say for a
predetermined number of cycles in each case, the method
described in the following text is carried out to
determine the allocation of the components to the
pipettes.

In a first step (step 101), a check is carried
out for the possible allocations of the component types
to the various pipette types to determine whether the
consecutives ones characteristic is satisfied.

The consecutive ones characteristic is
satisfied if:

a component type association in the set of
component types can be defined such that:

{(bl, p) € E, (b2, p) e E, bl £ b <£b2 =» (b, p) € E,
where .

- bl, b2, b denote components in the component type
list B,

- (b, p}) € E, b€ B, p € P, denotes the situation
where a component of component type b can be placed in
position using a pipette of pipette type p,
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Such a component type association is referred to in the
following text as a permissible component type
association.

Figure 3z and Figure 3b illustrate an example
of one Dpossible allocation which satisfies the
consecutive ones characteristic.

The two bipartite graphs (Figure 3a, Figure 3b)
illustrate the component types bj (j =1, .., m) the
pipette types (p: (i = 1, ., n) and the set of possible
allocations of component types to the pipette types.

In the graphs in Figure 3b, the component types
are arranged in such a manner that those component
types which can be placed in position using a pipette
of the respective pipette type p € P follow one anotherxr
directly for all the ©pipette +types p € P. The
consecutive ones characteristic is accordingly
satisfied.

The method described in [1] is used to check
the consecutive ones characteristic, using which method
a data record can be checked with a linear delay time

for the consecutive ones ' characteristic. 1If the

consecutive ‘ones characteristic is satisfied, then the
method from [1] implicitly supplies all the permissible
assoqiations to the component types.

When an instance of the pipette selection
problem with a consecutive ones characteristic occurs,
then, in a second step (step 102), a method is carried
out which is referred to in the following text as the
inverse greedy method and whose method steps are
explained in detail,

The inverse greedy method is used to find, for
a predetermined number of cycles z, a minimum number of
pipettes which are regquired to place in position all
those components which are to be placed in position,
with 2z cycles. At the same time, the corresponding
allocations of the components to the pipettes of the
various pipette types and the number of pipettes of the
respective pipette type p € P are determined,

b
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Provided the number of pipettes required is not
greater than the number of segments on the placement
head, then a solution to the pipette salection problem
for z cycles has been found, otherwise no such solution
exists.

Before the method is carried out, a pipette
type association for the pipette types is formed in
such a manner that:

Pl £ p2 = (1{pl}<l(p2}} v ((1(pl)=1(p2)) A £(pl)2f(p2}}),
where .
- pl, P2 € P denote different pipette types,
- 1{p), p € P, 1s defined by
l1(p) = max {b € B | (b, p) € E},
- f{p), p € P, is defined by
f{p) =min {b € B | (b, p) € E},

Figure 4a and Figure 4b show the example of
pipette type association started in Figure 3a and
Figure 3b. In addition to the component <types, the
pipette types are also arranged in a suitable manner in
the graph in Figure 4b.

In the inverse greedy method (step 102}, the

components are successively allocated to the pipette

types in a sequence which is governed by the component

type association, in the following manner:

. if; for a component type, pipette types exist to
which any given multiple of the number of cycles z of
large numbers of <components are not already
allocated, then these pipette types are first of all
allocated to components on the basis of the pipette
type associlation, in such a mammer that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;
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o if any'components of this component type remain, then
these are allocated to the last possible pipette type

based on the pipette type association.



R i

fome—_tret

10

GR 98 P 2400
- 26 —

) The following program routine shows one
possible implementation of the inverse greedy method in
the form of a computer program in the programming
language C.

A first solution variable x,, a second solution
variable y,, parameters ng, tw., etce., are referred to by

x[bp}, ¥yipl, nibl, tib] etc.,, in the program routine.

In this case, t, is defined by
tbh = max {pePl (b, p) € &
fox (J = 15 J < {P]; J++)
{
for {i = £{pljll; 1 < 1Ipl3]}; i++)
{
if ( pl3} == t(b[i]) )
{
x[b{il, pI311 = mlbli]}:
miplii] += z{blil, pI3l]s
n{b{i}) -= x[b[i], p(il};
}
else
' break:
, }
while { (i < |B!) && (m[p[j]] mod z != O} )
{
gap = z - (m{p[3]] mod z};
X(b[i], pl}1] = min{n(b(i]l}], gap};
mip[j]] += x[b[i), p[3]];
nfbli]] -= x[blil. p(I1];
ie=i+ 1;
}
yIpliil = mipl31) / 2l;
}
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Figure 6a illustrates the inverse greedy method
and the allocation resulting from this, in the form of
8 graph, for a further simple example. The following
initial situation is assumed.

A number of components {indicated by a figure)
which are to be placed on the printed circuit board 203
is stated for each of the five component types. This
means that, in this example, the following components
of the respective component type must be placed in
position:

- first component type: 20 components;
- second component type: 10 components;
- third component type: 15 components;
- fourth component type: 7 components;
- fifth component type: 20 components.

Three different pipette types are available for
the placement process. The number of nodes used to
denote the pipette types in each case .indicates the
number ¥y, .(second solution variable) of pipettes of the
respective pipette type determined by the method.

This thus results in the following distribution
of pipettes to the various pipette types:

- first pipette type: 4 pipettes;
- second pipette type: 1 pipette;
- third pipette type: 7 pipettes.

In this example, an allocation is determined
for 6 cycles,

The components of the first component type can
be placed in position only by using pipettes of the
first pipette type, as is illustrated by the 1link
between the two nodes in the graph.
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The components of the second component type can
be placed in position by pipettes of either the first
or second pipette type.

Components of the third component type can be
placed in position by pipettes of the first, second ox
third pipetté type.

Components of the fourth component type c¢an be
placed in position by pipettes of the second pipette
type and pipettes of the third pipette type.

Components of the fifth component type can be
placed in position only by pipettes of the third
pipette type. _

The inverse greedy method 102 starts with the
components of the first component type, for which all
the components are allocated to the pipettes of the
first pipette type in the six cycles. Overall, four
pipettes of the first pipette type are required in the
six cycles (6 x 4 = 24) in order to place in position
all 20 components of the first component type using the
pipettes of the first pipette type. The 20 components
of the first component type are thus allocated to the
pipettes of the first pipette type. _

The components of the second component type (10
compqnents) are then allocated to the pipettes. The
pipettes of the first pipette type still have a free
capacity of four components {24 - 20 = 4 components) in
the six cye¢les, which can be placed in position by
pipettes of the first pipette type in the six cycles.
Four of the 10 components of the second component type
are thus allocated to the pipettes of the first pipette
type since, if possible, the pipettes are “filled” with
the components during the allocation process. The
remaining six components of the second component type

are allogated to a pipette of the second pipette type,
since =
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pipette of the second pipette type can place in
position a total of six components in the six cycles.

In a further step, the components of the third
component type (15 components) are allocated to the
pipettes. The pipettes of the first pipette type and
the second pipette type are already in use, so that the
15 components of the third component type are allocated
to pipettes of the third pipette type. Seven pipettes
of the third pipette type are required for this
purpose. The seven components of the fourth component
type and the 20 components of the fifth component type
are likewise allocated to pipettes of the third pipette
type. Overall, 7 x 6 = 42 components can be placed in
position using the seven pipettes of the third pipette
type. This 1is precisely equal to the nunber of
components of the third component type, of the fourth
component type and of the fifth component type which
are intended to be placed in position.

A solution thus exists for the allocation
process in éccordance with the inverse greedy method
{step 102) for 6 cycles, and the placement process can
continue oxn 'the basis of this allocation. The result of
the method is given by the number of pipettes in the
respective pipette types which are required, and by the
allocation of the components to the pipette types.

It should be stressed that the inverse greedy
method, as is still to be explained in the following
text, indicates an optimum solution to the pipette
selection problem in the situation where the
consaecutive ones characteristic is satisfied for the
possible allocations.

The only situation in which it is no longer
possible to guarantee that the solution represents an
optimum solution to the pipette selection problem in
the mathematical gense is that when the consecutive
ones characteristic is not satisfied.
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If the consecutive ones characteristic (see
step 101) is not satisfied, then one of the variants
{(step 103 or step 104}, which are explained in the
following text, is carried out.

In the course of a first heuristic (step 103),
and based on a blank graph, that is to say a set of
component types and pipette types but without
allocations, which from the trivial point of wview
satisfies the consecutive ones characteristic, the
individual pipette types p € P are considered
successively and as many edges (p, b) & E as possible
are added to the graph, without losing the consecutives
ones characteristic, The inverse greedy method
described above is now carried out on the resultant
graph, which now contains fewer edges than the original
graph, but which satisfies the consecutive ones
characteristic,

In a further variant of the method, a further
step (step 104) can also be used to investigate the
possible allocations for the following characteristic,
which 1is referred to in the following text as the
acyclic hypergraph characteristic:

a set of trees W (wood W) exists with the
pipette types P as nodes, so that each sub-graph, which
is induced from a set of pipette types P({b) which can
place a component b, in the wood W is cohesive,

If the acyclic hypergraph characteristic is
satisfied, then the pipette types are sorted
topologically on the basis of the wood W, that is to
say a linear association is sstablished for the pipette
types.

A method for <checking for the acyclic
hypergraph  characteristic and which: has linear
complexity is known from [2].

In order to <clarify this characteristic,

Figure 5a and Figure 5b firstly show an allocation list
E with component types
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and pipette types (Figure 5a) and a wood with the
required charactéristics; the numbers define a desired
linear assoclation (Figure 5b).

If the acyclic hypergraph characteristic is
satisfied, then a method which is described in the
following text as the greedy flow method is carried out
in a further step (step 105). The pipette selection
problem is formulated as a sequence PAP. of flow
problems in accordance with the following rules:

(BRAP)

::E: j‘l)!’ - Ill: \f 13 = IB
P (br P) €E

bePSCP V'peP
plp)eE

where
- n, indicates a nunber of components of the
component type b € E to be placed,
- Cgr P & P denotes a window which can be
predetermined and which is varied in association to
form the sequence of flow problems,
- a first solution variable =x,, indicates how many
components of the component type b € B are placed by a
pipette of the pipette type p &€ P.

The method described in [3] is used to solve
such a flow problem. .

The computer program which is described in the
following text and in which a sequence of flow problems
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of the above type are solved is used to solve the
pipette selection problem, with the limits g (clpl in
the program) being varied. The linear association of
the pipette types is given by

Pl < P2 < .. < P|P]
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for (3 =1; 3 < |Bl; 3++)
cp(3]] = (nges 7 z1 * z:
for {3 =11 § £ |P1; 44)
for (c(plJ11=0; cIplj]] s [nges / z] * 2; elplil] += z)
_if (is_feasible{PAP:) )
.

¢Ipl4]] = elpldll / =
break;

}
The allocations, that is to say the values for
%y are obtained from the solution of the respective
last flow problem.
Furthermore,'if

2. Yp > ki
pE&EP

where k denotes the number of
segments in the placement head, no solution exists with
the number of cycles z.

If the <check for the acyclic hypergraph
characteristic (step 104) gives a negative result, that
is to say the characteristic is not satisfied, then a
method 1s carried out which comprises two possible
methods (step 106 or step 107) which are described in
the following text.

In a first wvariant (step 106}, a mnethod is
carried out in the course of a second heuristic in
which edges have been deleted from the allocation
graph, so that, in accordance with the method described
above, a wood W having the acyclic hypergraph
characteristic can be formed. It is advantageous in
this case to ensure that as few edges as possible are
deleted. The greedy flow method is then applied to the
resultant graph.

It should be stressed that the greedy flow
method can be c¢arried out for any linear association to
the pipette types P. Only in the general case is there
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no guarantee that no solution is found using the
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gr;edy flow method. Nevertheless, very good results are
also achieved using the greedy f£low method.

As an alternative to the second heuristic (step
106}, the pipette selection problem can be formilated
and solved, .or its unacceptability can be confirmed, asg
an integer linear program. The linear program PAP, for
the pipetté selection problem is formulated in
accordance with the following rules:

Z Abp

p:(b,p) ek

Z bp

j2H (br P) €k

Ny, ¥V beB

IA

yP‘z VPEP

2¥p Sk
pEP

where’

- np Iindicates a number of components of the
component type b € E to be placed,

- a first solution variable Xy, indicates how many
components of the component type b € B are placed
by a pipette of the pipette type p € P.

- a second solution wvariable yp indicates how many
pipettes of the pipette type p € P are selected,

- kX denotes a number of segments of the placement
head, and

- X,y 2 0 is an integer.

An integer linear program is optimally deleted
by the known branch and cut method, as is described in
(4].
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If the allocation of the components to the
pipettes of the various pipette types, and thus the
allocation of the pipettes and pipette types to the
placement head are determined in accordance with the
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me%hod described above, then the placement process is
carried out on the basis of this allocation, using the
pipettes which have bean determined.

The respective method variant is selected as a

function of.the computation time available for carrying
out the method.
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1. A method for computer-aided pipette selection

for a placement head of an automatic placement machine

and for allocation of components to the pipette types

predeternmined 'in a pipette selection for a given number
of cycles z;» in which, using

- a stored component type list B with a respectively
associated number of components of the component
type to be placed,

- a component type association Dbased on the
component types,

- a stored pipette-type list 7 of available pipette
types and an allocation list E which indicates
which component types can be placed using what
pipette types,

and based on the component type association for the

pipette types p € P, a pipette type association 1s

formed in such a manner that:

pl £ p2 = (L{pli<l(p2}] v ({(1{pli=1(p2)) A L(PLl}2£(p2))},

where

- pl, P2 € P denote different pipette types,

- 1{p}, p € P, is defined by
1(p) =max {b € B| (b, p) € E},

- 'f(p), p € P, is defined by
£(p) =min {b € B | (b, p) € E},

in which the components are successively allocated to

the pipette types, in a sequence which results from the

component type association, in the following manner:

if, for a component type, pipette types exist to which

any given multiple of the number of cycles z of large

numbers of components are not already allocated, then
these pipette types are firat of all allocated to
components on the basis of the pipette type
association, in swuch a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z:
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if any components of this compaonent type remain, then

these are allocated to the last possible pipette type

based on the pipette type association and,

in which the number of components allocated to one

pipette type is used to determine the number of

pipettes of that pipette type to be selected,

2. A method for computer-aided pipette selection

for a placement head of an automatic placement machine

and for allocation of components to the pipette types
predetermined in a pipette selection for a given number
of cycles z, in which, using

- a2 stored component type list B with a respectively
associated number of components of the component
type to be placed,

- a stored pipette type list P of available pipette
types and an allocation list E which indicates
which component types can be placed using what
pipette types,

a check 1is carried out to determine whether a

pexmissible component type association exists, that is

to say whether:

(bl, p) € E, (b2, p) € E, bl £ b b2 = (b, p) € E,

where

-= bl, b2, b components in the component type list B

are denoted,

-— (b, p) € E, b € B, p € P, denotes the situation

where a component of component type b can be placed

using a pipette of pipette type p,

in which, based on the permissible component type

association for the pipette types p € P, a pipette type

association is formed in such a mannexr that:

Pl < p2 = (1(pl)<i(p2)) v {({1{pl)=1{p2}) A E(pl)2£(p2))),

where
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- pl, P2 € P denote different pipette typss,
- l(p), p € P, is defined by

1(p) =max {b € B | (b, p) € E},
- £{p), p € P, is defined by

£(p) =min {b € B | (b, p) € E},
in which the components are successively allocated to
the pipette types, in a sequence which results from the
component type association, in the following manner!
1f, for a component type, pipette types exist to which
any given multiple of the number of cycles z of large
numbers of components are not already allocated, then
these pipette types are first of zall allocated to
components on the basis of the pipette type
association, in such a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;
if any components of this component type remain, then
these arxe allocated to the last possible pipette type
based on the pipette Ltype association and,

.in which the number of components allocated to one

pipette type is used to determine the number of
pipettes of that pipette type to be selected. '
3. The method as claimed in claim 2,

in which, in the situation where no permissible
component type association exists, the allocation list
E is reduced in size: based on the component types and
the pipette types, as many components as possible are
allocated successively for each pipette type to the
respective pipette type so that a component type
assoclation to the component types exists for the
resultant zllocation list E in such a manner that;

(b1, p} e E, (b2, p}) € E, bl s b <b2 = (b, p) € E,

- in which, for the pipette types p € P a pipette
type association is formed in such a manner that:

P1 £ P2 = (1(Pl) < 1(P2)} v ((L{Pl) = 1(P2)) A £(PL)2£(P2))),
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- in which the components are successively allocated
to the pipette types, in a sequence which results from
the component type association, in the following
mannex:

5 1f, for a component type, pipette types exist to which
any given multiple of the number of cycles z of large
numbers of components are not already allocated, then
these pipette types are first of all allocated to
components on the basis of the pipette type

10 associlation, in such a mnanner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;
- if any componenté of this component type remain,
then these are allocated to the last possible pipette

15 +type based on the pipette type association and,
in which the number of components allocated to one
pipette type 1is used to determine the number of
pipettes of that pipette type to be selected.
4. The method as claimed in claim 2

20 in which, in the situation where no permissible
component type association exists, the solution to be
determined is found by solving a sequence of flow

problems.
5. . The method as c¢laimed in claim 2,
25 = 'in which, in the situation where no permissible

component type association exists, a check is carried
out to determine whether a set of trees with the
pipette types as nodes of the trees can be determined
for possible allocations of the component types to the
30 pipette types in accordance with the allocation list E,
so that each sub-graph, which is induced from a set of
pipette types P{b) which can place a component b, in
the set of trees is cohesive, and
- in which, if such a set of trees can be
35 determined, the sclution to be determined is found by
solving a sequence of flow praoblems.
6. The method as claimed in claim 2,
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- in which, in the situation where no permissible
association exists, a check is carried out to determine
whether a set of trees with the pipette types as nodes
of the trees can be determined for possible allocations
of the component +types to the pipette types in
accordance with the allocation list, so that each sub-
graph, which is induced by a set of pipette types P(b)
which can place a component b, in the set of trees is
cohesive,

- in which, if such a set of +trees cannot be
determined, elements are deleted from the allocation
list E until such a set of trees can be determined, and

- in which the solution to be determined is found by
solving a sequence of flow problems.
7. The method as claimed in one of claims 4 to 6,

in which the sequence of flow problems is formed in
accordance with the following rules:

:E: 1{1315 = Il ¥V b = B
p:(b, p) €E

'.bep'Scp VpeP
p:{b,p) €&

where

- n, indicates a number of components of the
component type b € E to be placed,

- Cer P €& P denotes a window which can be
predetermined and which is varied in association to
form the sequence of flow problems,

- a first solution variable Xy, indicates how many
components of the component type b € B are placed by a
pipette of the pipette type p € P.
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8. The method as claimed in claim 2,
- in whic¢h, in the situation where no permissible

association exists, a check is carried cut to determine

whether a set of trees with the pipette types as nodes
of the trees can be determined
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fo.r possible alleocations of the component types to the
pipette types in accordsnce wi}:h the allocation Llist,
so that each sub-graph, which iis induced by a set of
pipette types P{b) which can place a component b, in
the set of trees is cohesive, an?d

- in which, if no such iset of trees can be
determined, the solution to be,determined is found by
solving a linear program,

9. The method as claimed in claim 8,

in which the linear program is formed in accordance
with the following rules: ’

Z “bp

p:(b,p)eE

H

i

Ny, " ¥ b eB

D %pp S Vp - B Vpe?

where .

- n, indicates a number ¢f components of the
component type b € E to be =placed.

- a first solution variable %, indicates how many
components of the component type b e B are placed
by a pipette of the pipette,type p € P,

- a second solution variable% yp indicates how many
pipettes of the pipette type p € P are selected,

- kX denotes a number of seghents of the placement
head, and '

- X,y 2 0 18 an integer.
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10, The method as claimed 1n claim 9,

in which the linear program ig solved using a branch
and cut method. - ;

i

11, The method as claimed in one of claims 1 to 10,
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which is carried out a number of times for a different
number of cycles in each case. |
12. The method as claimed ié one of claims 1 to 11,
in which the pipettes which hdve been determined are

allocated t¢ the placement headé and the components are

'placed on a:printed circuit bo%rd using the placement

head. _ i

13. An apparatus for computer-aided pipette

selection for a placement ﬁead of an automatic

placement machine and for allogation of components to

the pipette types predetermined!in a pipette selection

for a given number of cycles z,§

- having a memory for storinb a component type list

B, a pipette type list B and an %llocation list E,

- having a processor which i% coupled to the memory

and is set up in such a manner éhat the following steps

can be carried out: :

using . %

~ the stored component ty%e list B with the
respectively associated nﬁmber of components of
the coﬁponent type to be placed,

- a component type association for the component
types, | [

- the stored pipette type' list P of available
bipette types and the allocation 1list E which
indicates which component types can be placed by
what pipette types,

and based on the component tyée association for the

pipette types p € P, a pipette type association is

formed in such a manner that: |

PL S P2 = (1(GLI<(p2)) v ((L(pL)=L(p2)) A £(pL)2£(p2))),

where i

- pl, p2 € P denote different%pipette types,

- 1{p), P € P, is defined byl

1(p) =max {b € B | (b, p) Lk},
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- f{p), p € P, is defined by
f(p) =min {b € B | (b, p) -e E},
in which the components are success;vely allocated to
the pipette types, in a sequencé which results from the
5 component type association, in ﬁhe following manner:;
if, for a component type, pipetite types exist to which
any given multiple of the numbér of cycles z of large
numbers of components are not lalready allocated, then
these pipette types are firsé of all allocated to

10 components on the Dbasis of the pipette type
association, in such a mannef that the number of
allocated components 1s rounded up where possible to
the next multiple of the rumbereof cycles z;
if any components of this comppnent type remain, then

15 these are allocated to the last possible pipette type
based on the pipette type assoc;atlon and,
in which the number of components allocated to one
pipette type 1s used to de;ermlne the number of
pipettes of that pipette type té be selected.

20 14, An  apparatus for Eomputer-aided " pipette
selection for a placement head of an automatic
placement machine and for alloEation of components to
the pipette types predetermlned in a pipette selection
for a given number of cycles z, !

25 - having a memory for storiﬂg a component type list
B, a pipette type list B and an|allocation list E,

- having a processor which ﬂs coupled to the memory
and is set up in such a manner that the following steps
can be carried out: i

30 using l

- a stored component type list ., B with the
respectively associated n%mber of components of
the component type to be placed,

- a stored pipette type list P of available pipette

35 types and an allocation llist E which indicates

which component types can be placed by what
pipette types,
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a check 1s carried out to determine whether a
permissible component type association exists, that is
to say whether:
(bl, p) € E, (b2, P) € E, bl < b< b2 = (b, p) € E,
where
-— bl, b2, b components in the component type list B
are denoted, i
~-— (b, p) € E, b € B, p € P, denotes the situation
where a component of component type b can be placed
using a pipette of pipette type p,
in which, based on the permissible component type
association for the pipette types p € P, a pipette type
association is formed in such a manner that:
pl £ p2 = (1{p1l)<1(p2)} v {{(1{pl)=1(p2)) A £ipL)2L{P2))).,
where '
- pPl, P2 € P denote different pipette types,
- i{p), p € P, is defined by

1(p) =max {b € B | (b, p) € E},
- f{p), p € P, is defined by

£(p) =.min (b e B | (b, p) € £},
in which the components are successively allocated to
the pipette types, in a sequence which results from the
component type association, in the following manner;
if, for a component type, pipette types exist to which
any éiven multiple of the number of cycles z of large
numbers of components are not already allocated, then
these pipette types are first of all allocated to
components on the basis of the pipette type
association, in such a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;
if any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association and,
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in which the number of components allocated teo one
pipette type is used to determine the number of
pipettes of that pipette type to be selected.

15. The apparatus as ¢laimed in claim 14,

in which the processor is set up in such a2 manner that
- in the situation where no permissible component
type assoclation exists, the allocation 1list E is
reduced in size: based on the component types and the
pipette types, as many components as possible are
allocated .successively for each pipette type to the
respective pipette type so that a component type
association to the component %ypes exists for the
resultant allocation list E in such a manner that:

(bl, p) € E, (b2, p) € E, b1 < b £ b2 = (b, p} € E,

~ in which, for the pipette types p € P a pipette
type association is formed in such a manner that:

PL P2 = (1(Pl) <1(P2)) v ({(1{P1) = 1(P2)) A £(PL)ZE£(P2))),
- the components arxre successively alleccated to the
pipette types, in a sequence which results from the
component type association, in the following manner:

if, for a component type, pipette types exist to which
any given multiple of the number of cycles z of large.
nunbers of components are not already allocated, then
these. pipette types are first of all allocated to
compc;nents on the ©basis of the | pipette type
association, in such a manner that the number of
allocated components is rounded up where possible to
the next multiple of the number of cycles z;

1f any components of this component type remain, then
these are allocated to the last possible pipette type
based on the pipette type association and,

- the number of components allocated to one pipette
type is used to determine the number of pipettes of
that pipette type to be selected.
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16, The apparatus as c¢laimed in claim 14,
in which the processor is set up in such a manner that
in the situation where no permissible component type
assoclation exists, the solution to be determined is
found by solving a sequence of flow problems.

17, The apparatus as claimed in claim 14,
in which the processor is set up in such a manner that
- in the situation where no permissible component

type association exists, a check is carried out to
determine whether a set of trees with the pipette types
as nodes of the trees can be determined for possible
allocations of the component types to the pipette types
in accordance with the allocation list E, so that each
sub-graph, which is induced from a set of pipette types
P(b) which can place a component b, in the set of trees
is cohesive, and

- if such a set of trees can be determined, the
solution to be determined 1s found by solving a
seduence of flow problems.

18. The apparatus as claimed in claim 14,

in which the processor is set up in such a manner that
- in the situation where no permissible association
exists, a check is carried out to determine whether a
set of trees with the pipette types as nodes of the
trees can be determined for possible allocations of the
component types to the pipette types in accordance with
the allocation list, so that each sub-graph, which is
induced by a set of pipette types P(b) which can place
a component b, in the set of trees is cohesive,

- if such a set of trees cannot be determined,
elements are deleted from the allocation list E until
such a set of trees can be determined, and

- the solution to be determined is found by solving
a sequence of flow problems.

19. The apparatus as claimed in one of claims 16 to
18,
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in which the processor is set up in such a2 manner that
the sequence of flow problems is formed in accordance
with the following rules:

2. ¥bp

p:(b, p)€E

(l

Ty VbeB

:E:‘J‘ijlj s c:ID | v P € 4
p:(b,p)eE

where

- n, 1indicates a number of components of the
component Eype b € E to be placed,

- Cor P € P denotes a window which can be
predetermined and which is wvaried in association to
form the sequence of flow problems,

- a first solution variable =Xy, indicates how many
components of the component type b € B are placed by a
pipette of the pipette type p € P.

20. - The apparatus as claimed in claim 14,

in which the processor is set up in such a manner that
- in the situation where no permissible association
exists, a check is carried out to determine whether a
set of trees with the pipette types as nodes of the
trees can be determined for possible allocations of the
component types to the pipette types in accordance with
the allocation list, so that each sub-graph, which is
induced by a set of pipette types P(b) which can place
a component b, in the set of trees is cohesive, and

- if such a set of trees cannot be determined, the
solution to be determined is found by solving a
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linear program as the {lacuna] the possible allocations
are formulated.

21. The apparatus as claimed in claim 14,

in which the processor is set up in such a manner that

5 the linear program is formed 1in accordance with the
following rules:
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- - 1ny indicates a number of components of the
component type b € E to be placed,

- a first solution variable Xy, indicates how many
components of the component type b € B are placed.
by 2 pipette of the pipette type p € P.

- a second solution variable yp indicates how many
.Plpettes of the plpette type p € P are selected,

- kX denotes a number of seg:ments of the placement
head, and '

- X,y 2 0 is an integer.

22. The apparatus as claimed' in elaim 21,

in which the processor is set up in such a manner that

the linear program is solved using z branch and cut

method. '

23, The apparatus as claimed: in one of claims 13 to

22,

in which the processor is set up in such a manner that

the method is carried out for 'a different number of

cycles in each case.
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24. An automatic placement machine having an
apparatus as claimed in one of c@aims 13 to 23,

having a component memory for thé component,

having a placement head for picking yp pipettes,

having at least one pipette for {icking up components,

having a placement device for pching the components on
a printed circuit. :




