NOTICE WARNING CONCERNING COPYRIGHT RESTRICTIONS:

The copyright law of the United States (title 17, U.S. Code) governs the making

of photocopies or other reproductions of copyrighted material. Any copying of this
document without permission of its author may be prohibited by law.



Reduction_of Acquisition Tune Through Optimal
Component Presentation at an Assembly Workstation

D. Hunt, R. Sturges
EDRC 24-109-94




Reduction of Acquisition Time Through Optimal
Component Presentation at ah Assembly Workstation:

David O. Hunt, Graduate Research Assistant
‘Robert H. Sturges, Associate Professor

Department of Mechanical Engineering and the
Enginéering- Design. Research Center
Carnegie. MeHon University
Pittsburgh, PA 15213

ABSTRACT

An effective presentation of components at the workstation can have a
significant impact in reducing assembly time. Our goal is to develop optimal
presentation plans based on design for assembly theory. The assembly factors
recognized as relevant to both ‘parts acquisition and assembly workstation
layout are recognition’ orientatiori, weight, and handling distance: This study
considers a single manual operator at an assembly station, with the
components in rectangular bins of differing sizes and aspect ratios. Ninety
degree rotations of the bins are allowed for minimizing potential handling
distance. The assembly task is modeled with multiple assembly points
representing the final location ofthe components. Components may or may not
be preoriented in the bins, with pregrientation removing the recognition and
orientation time penalties. The problem formulation. employs Mixed Integer Non-
Linear Programming (M1NLP), and numerical evidence suggests an NP-hard
problem. Heuristic methods reduce computational effort to practical levels for
realistic assembly-tasks. Our results show that numerical optimization of
assembly workstation layout can:reduce the expected level of difficulty over
random or manual workstation design methods.




1. INTRODUCTION * 7 "¢ v 7 v oo

Assembly tasks ‘occupy approxmately 50 percent of total production time
[Owen 1985] and Iabor costs are between twenty and thlrty percent of total
production costs [Whltney/Nevms 1989] [Owen 1985]” ‘Reductions of assembly
times will therefore have potentlally S|gn|f|cant effects in reducmg assembly
costs. - '

Given that a Iarge fraction of product assembly time is taken in
acquisition of the components: being assémbled [Sturges 1989a], a reduction in
acquisition difficulty should lead to a significantreduction in assembly time, with
a commensurate rise in efficiency. This type of analysis targets high-volume
operations where even a saving of pennies per assembly translates to
significant returns in reduced production costs. Less quantifiable benefits may
also accrue due to decreased error rates. !

This paper focuses on.the layout of component bins at an assembly
workstation, and. offers a. mathematlcal optlmlzatlon technlque combined W|th _
some heuristics, which can reduce the time spent in component acqwsmon |
during the.assembly process. Since ,t_h_e.g__l_jgrggt_ensths of parts have a.
substantial -effect on acquisition diff.ic'ulty;:'_resglts from assembly workstation o
analysis give another source of qu_an_titatj_\'_/e'inform__ati_on fo_r.imprq\_/_ed produc__tz .
design [Sturges/Hunt 1994]. ' ' |

1.1 Assembly Workstations .

“Manual assembly of products often occurs.at single-operator - - -
workstations, and the design of easy-to-assemble products has become a
priority-for manufacturers in recent years. The Design for. Assembly (DfA)
discipline which has grown from these ¢oncerns. has as Its primary goals the .
reduction of assembly time and errors. Many advances have been made in the
area of product design; for example, -Boothroyd/Dewhurst [1983], among others,
have proposed design guidelines for reduction of time and errors. Efforts by -
Whitney/Nevins [1989] and Jayarman [1985]:have focused.-on work cell layout




12 . Sources of Assembly Difficulty

Overall assembly time is known to depend on several factors which
desoribe task elements during acquisition of the parts (free-motions and
grasping) andspart insertion Oine motions and fitting). On average, acquisition
accounts for about-one third of the total time [Sturges 1989a], and this time is
affected by the location and orientation of.the components internal to the
product.

' The most significant factors relevant to assembly difficulty are feature
recognition, orientation, weight, and handling .distance. Evaluations of assembly'
difficulty based .on measures -of both effectors and tasks have been developed
which are independent of assembly sequence [Sturges 1989b]. A measure of'
assembly.difficulty and actual elapsed time due to these factors is given by the
Index of Difficulty (ID) based on Fitt's Law [Fitts 1954]. An ID is defined as the
base-2 log of the raﬁge--divided by the resolution, and has the units of bits. For
example, the ID arising from handling distance is found by taking the distance to
be traveled (the range).and dividing by the needed.accuracy (the r_eSqution), as
shown in Figure 1. The average time needed to perform atask is found to be
linearly proportional-to the ID over a wide range of tasks and effector types,
although the constant of proportionality varies with the effector. For example,
the manual assembler performance constant for handling distance varies
between 90 and 110 msec per bit [Fitts 1954].

Feature recognition IP is defined as the difficulty for an assembler
(human or robotic) to fecognize a feature of a component so that it may correctly
be oriented for assembly [Kilani/Sturges 1992]. The feature recognition ID is
calculated by taking the base-2 log of the largest dimension of the object
divided by the size in the same direction of the feature being recognized. For
example, the head of a screw could be recognized by the head, where the
range would be-the diameter of the head and the resolution would be the
difference between the head and shank radii. Preorientation of components
removes the necessity for such feature recognition [Khwaja/Radhakrishnan
1990].

Orientation ID represents the time necessary to actually rotate the
component to the proper orientation for assembly. Preorientation of'components
can remove the necessity for orientation as well as for feature recoghition time
penalties, and thus result in significant time savings. Orientation difficulty can be
calculated from orientation entropy [Sanderson 1984]: if the resolution of each

3




rotation axis is held to 7.5 bits, or 2 degrees out of 360,'-predicted_task times
correlate well with: émpirical data [Boothroyd/Dewhurst 1983]:. Axes of..
symmetry reduce the rotation necessary to correctly:orient the part for assembly,
thus reducing ‘orientation times. Similar guidelines for automatic :preorientation -
and feeding of small components to an assembly effector have also been
developed based on empirical studied’[Boothroyd/Dewhurst 1981].

Taken together, the times associated with part rotation due to random
placement of parts in a bin accounts for about half the total acquisition time in
manual assembly The cost associated with this time serves-as a strong
quantitative’ motivation for preservrng part orientation between manufacture anil
assembly. _

Weight'ID is observed for components with a mass greater than-aboutten:
percent of the éffector mass, and itincreases with both the mass and the
distance traversed [Wong/Sturges 1992]. This observation contrasts with-earlier
empirical results Which:o'nly take the part weight into account.
[Boothroyd/Dewhurst 1983] and considers only human assemblers [Sturges, et -
al:1986]. ' _
This p'aper assumes that the actions of orientation and traversing the:
distance from the bin to the point of assembly are concurrent-if-a'preoriented
component is being rotated. Motionis involving randomly-oriented components,
however, require that the assembler first recognize the current orientation -
before the component can be correctly oriented. Thus the orientation and ‘
feature ‘recognition times are not presumed to-be concurrent.with the traversal.of -
the Workspace for randomly- orrented components, and are added in as a
penalty.

As mentioned above, the handling distance ID increases as the logarithm
of the distance traveled [Sturges 1989a}. For handling distances greater than
"arm's reach” afixed time can be added to the task time for "stand and sit"
motions. Predictions of assembly time based on Indices of Difficulty for ail of the
above factors have been shown to:correspond well with-empirical results - - -
[Sturges/Wright 1989]. Other factors associated with part acquisition include
smallness of the components, whether the component is hot, delicate, etc.

These factors are not included in tills ‘analysis because they affect assembly :-
time regardless of the posrtrons and orrentatrons of the components in their bins -
orin the product.




2. REDUCTION.OF ACQUISITION TIME

Assembly acquisition time can be divided into phases during which
different actions occur. Three of these phases are the feature recognition
phase, the orientation phase and the handling distance phaée "Examination of
these phases and what they represent in product and process design may
identify srgnlflcant time saylngs in the factory '

Examples of effrcrent assembly layouts’ show components presented in
drawers, paIIets or other such holders Also, components should not normaIIy
be allowed to lie free in the assembly area; e.g., screws are placed in ‘small
drawers or recesses. Rectangular component bins of varying dimensions are
consrdered in this study, with only rrght angle rotations of these bins permitted.
While it is possrble that non- right angle rotations mlght lower the’ handling
distance, such freedom would greatly increase the dimensionality of the
problem. Examining the effects of moving assembly point positions relative to
the bins supplying the components 'is;‘simplified Iby modeling an ‘assembly task
with discrete points [Drezner/Nof 19{34].

2.1 Reduction of Handling Distances

Handling distances <»n be reduced in at least three ways. One way is'to
redesrgn the assembly workstation. Optrmrzatron of component bin pIacement
around the assembly workspace has prevrously been examined with various "
objective functrons such as workstation area minimization [Yunis/Cavalier
1990], distance minimization [Drezner/Nof 1984], and an information-based
predictive DfA theory [Hunt/Sturges 1993]. Minimizing the empty workspace
through knowledge of the product size and ergonomics has also been
extensively studied [McCormick/Sanders 1982] [Kvalseth 1983] [Clark/Corlett
1984] [Konz 1983].

Another way to reduce handling distances is to optrmally Iocate the
components in the product where the functionality of the product is insensitive to
such location. Relocation may involve both planar and spatial layering of
components to reduce product size.[Sturges/Hunt 1994].

- A third way is to redesign the components themselves to locate them
closer to their squrce bins. Components that mate with others may have a
range of mating-options for which the component's function is not impaired.




Knowledge of preliminary product and wotkstation layouts/niay thus bring..
valuable information into the detailed component design stage [Sturges/Hunt
1994].

22 Reductlon of Orrentatlon Tlmes

No orrentatron is required between grasprng ahd use of the component in -
the assembly if a component has been preorlented for assembly by a bowl
feeder or other device. Preorientation, is effectrve for small components in
mechanical assemblies [Boothroyd/DeWhurst 1991] and in the eIectronlcs
industry [Kwaja/Radhakrrshnan 1990] Preorrentatron has not been srgnrfrcantly "
used.in general for manual mechanrcal assembly, WhICh suggests an area for -
further investigation.

A significant. percentage of total orlentatlon trme |s due to component
asymmetries [Boothroyd/Dewhurst 1983] Redesrgnrng components to create
rotational. symmetries reduces the t|me requrred to orlent the component for '
assembly when starting from a random orrentatron '

2.3 Reduction of Feature Recognition Times

An important factor in reducmg feature recognltlon time is the degree to
which components are subtly asymmetrrc The worker must spend addrtronal
time determining WhICh orientation is correct if the features ‘of the component
are not easily. recognrzed Reductrons |n feature recognrtron trme are achreved
by increasing the relative feature sizes on the component in accordance W|th
Fitt's Law and [Boothroyd/Dewhurst 1981]. As this area of acqursrtron is not
affected by the desrgn of the Workstatlon itis outside the scope of th|s study

3. PROBLEM FORMULATION

3.1 Variable Definitions

our model of the assembly workstation uses continudus variablés to
representthe X and y coordinates of the bin centroids. Thecentroid of the bins is
used because the average component posrtron in thé bin ‘wilkFbe at or near the
centroid. Rrght angle rotations of each*bin are represented by two binary -
variables, rot(i) and norot(i), onIy one of which can be active at atime. These
two binary variables multiply the appropriate'x and y dimensions so that the -
correct physical dimensions are expressed- by :non-'0verlap -constraint




equations. These nan;O\rerIap equations include additional binary variables
that describe.the spatial relationship between the bins. Each bin also has f:ixed
attributes such_as.component mass, whether the parts in it are,stored at ,__ran_dom
or pre-oriented, the frequency of use in the assembly, where in the assern,blly '
they are used, and the bin dimensions. )

3.2 Assumptions

As mentioned above examples of efflcrent assembly layout show
components. presented in drawers pallets, or other such holders Components
are not normally aIIowed to lie free in, the assembly area, and even screws are
placed in small drawers or. recesses Rectangular component bins are
considered here, with onIy rlght angle rotations permrtted While it is possrble
that non-right angle rotatrons could. |mprove the packrng density and hence
lower the handlrng distance, such detarl Would greatly |ncrease the
dlmen5|onalrty of the problem.

An assembly task is modeled with drscrete p0|nts since the handling
distance.required to move the |ncom|ng component is much greater than the
tolerance of component pIacement Pomt modellng of assembly processes has
been effectively used by previous researchers [Drezner/Nof 1984] Inclusion of
multiple assembly points adds little or no addrtronal effort to the formulation set-
up. ' |

Fitt's Law will govern the motions for most manual assembly
workstations. The traversal time has been found to be proportional to the
square root of the distance below a handling distance ID of 3 bits. Between 3
and 4 bits there is a transition from a ballistic motion to a visually-controlled
motion, and Fitts Law dominates above 4 bits [Gan/Hoffman 1988]. Considering
an ID of 4 bits with a‘free motion resolution of 3 mm [Sturges 1989a], the
maximum distance at which ballistic motion will have any effect is 64 mm, which
is less than all distances in the manual assembly tasks modeled here.

3.3 Non-Overlap Constraints

Each pair of bins i and | are prevénted from overlapping each other by
spatial constraint equations which are modeled with four binary variables', Viz.:
Ieft(i,j), right (i,j), above(i.j), and below(ij). These four binary relations determine
the spatial relation between any two bins i and j, an example of which is shown
in Figure 2. While it is possible for bin i to be both above and to the right of bin j




srmultaneously, this’ IeveI 'of refinement is unnecessary in preventrng overlaps:
These spatlal blnary relation variable$ ate constrainiéid Wwith’ respect'to each-
other such that onIy onecan be active’ at atrme For example anon--
overlapplng constraint is expressed by

x(@i)+hsx(i) <, xG)-hsx(j)+M- (1-left{i.))

K

where x(r) stands for the x-coordrnate of the brn centrord hsx(r) stands for
half of the correspondrng X drrectron bin size, andM'is'a Iength that is Iarge o
compared to the scale of the workspace and b|ns {o be laid out. The rotatrons
have been Ieft out for srmplrcrty, and will be treated below:

Equatron 1 shows that |fthe brnary relatron i LEFT OFJ is 1, then'thé"
equation will actrvely constrarn the two brns relatrve posrtrons Hence the x-
coordinate of bin i's rrght side is constrained from berng larger than the x-
coordinate of bin j's left side. If the binary relation LEFT OFis 0, the'right side of i
can beto the rrght ofthe left srde ofj by the amount M. In addition to the non-
overlapping spatial constrarnts the bins are also prevented from overlapprng
the edges of the workspace surface (e g. awork table)

In certarn instances one component such as a fastener, may be required
at several assembly points. Our formulation accounts for this by makrng the bins’
for these components large enough to hold the total number of these _
components for the assembly These bins are then linked by auxiliary equatrons
to have the same location and rotatron Srnce the brnary relations forthese
overlapped bins to other bins are constrarned to be equal minimal addrtrons to
computation time result.

- 3.4 Bin rotations _ _ .

If a rectangular bin has an aspect ratio substantrally larger than unrty and
has its long axis oriented towards the assembly point, as bin 1 shown in Figure
3, it is possible that the decrease in handling distance could offset the time
penalty.required to return the component to the original orientation. The
orientation of the component will-be known, so recognition of the c'urrent
orientation is unnecessary and the rotation of the component can be consideted
to be concurrent with the traversal of the handling distance. A criterion. .




combining handling distance IDs and rotation time penalties may be formulated
to show whether or not such a rotation would be advantageous:

Kiog{L4D) - AR g SR Tof>0 2

In this criterion, L and S-are the larger and smaller half-sides of the bin
(in mm), respectively, K is the effector-specific constant relating ID to time (in.
sec/bit), D is the distance from the edge of tile, bin nearer the assembly point to
the assembly point, and Trot-is the-time‘in seconds necessary to rotate the
component through 90 degrees (back to the proper orientation). The 3 mm.
value in the denominator is the free motion resolution, marking the transition
between free and fine motions [Sturges 1989a].

For example, if we choose a rotation time of 1 second to correctly orient
the component [Boothrayd/Dewhurst 1983], a K of 0.1 seconds/bit [Fitts 1954],
and a best-case D of zero, Equation 2 reduces to: '

10a(l;) MAX[l0go(), 10]>0 ®

Recogn’izihg that the first term in the MAX function'must exceed 10 to be
selected, we‘find S > 3072 mm, which istan unrealistic dimension for a manual
workstation. If S is not larger than 3 meters, the above criterion calls for L to be
larger than 3 meters. Thérefore, at a'manual workstation the rotation of a
preoriented bin will never reduce the handling distance sufficiently to offset the
rotation time penalty.- For robotic effectors the results of this analysis may be
different, since 3 meters is possible, although unlikely, and 'K may be small.

The above analysis ignores the effects of rotation of one bin on the
surrounding bins. Consider the-.complete situation shown in Figure 3. While.the
rotation of bin 1 will never yield an improvement, the effects of bringing bin 2 in
closer may sufficiently compensate for the time penalty to make this rotation
worthwhile. :

. The criterion that considers another bin in the rotation of a preoriented
component bin is given by:

Flog{R42L) - Tux] 4 Fylog {R4LEA) 5. @




with 8, L, K. D/"»icfTrot as defineabove, A is the half-side length of the
other bin, and Fi and F2 are the cormponents frequency of use fronvbins 1 and .
2, respectively. If we assume some best-case values for S and A, the 5 degrees
of freedom of Equation 4 can be transformed: into a function .of the aspect ratio,
the frequency ratio, and the distance from the assembly point, D.

Forexample, S and A are set to 25 mm to approximate the smaller;
dimension of atypical fastener storage drawer. Trot is known to be about 1.
second. Creating the variables G and B to represent the ratio of Ft to F2 and
the aspect ratio of bin 1 (L to S), respectively, and substituting into Equation 4
results in:

log” }gzg.la]+@ogg ) 0, . | 6

Figure 4 shows the "break-even" curves for three different values of:D; -
with an aspect ratio range of oneto five on the X-axis, and afrequency ratio of +
one to eight on the Y-axis. Even with a small D and a high aspect ratio, the
frequehcy ratio required to make the rotation of bin "1 advantageous is large.
With a D of 25 mm and an aspect ratio of 4 the required frequency ratio is 3.5, at
50 -mm the minimum ratio«is 3.9, and at 100 mm it becomes-4.4. :Not only is this
frequency ratio unlikely to occur in a realistic-assembly; but if the arrangement
of.component'bins has been optimized, the higher frequency bin is likely to .
have been placed closer-to the:clear workspace, rendering the analysis moot..

‘While the-foregoing-ignores the effects of rotation on.additional . -,
neighboring bins, we may conclude that rotations of preoriented component.
bins are never advantageous. -This heuristic has been borne out by not having
observed rotations of bins-containing preoriented components in over 200
component layout optimization tests of 25 different 15-bin layout problems for .
which the rotational freedoms have not been.set [Hunt/Sturges 1993].

3.5 Objective Function

" An objective function that predicts the assembly-time for any preorlented
bin i subject to the above variable deflnltlons assumptions, and other
constraints may be given by:

[ \ G
Times = fl-MAinK+mp-m|) o |09#V.—.!2_ *Pk Ot (6)
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wheref is the frequency of use, K is the effector time constant, mp is:ttie
mass penalty constant{Sturges/Wong 1991], dx and dy are‘the x and y
distances, in mm, from the bin centrokJ to the assembly-pointtoeing: considered,
respectively’ Again, the parameter 3 min derives from the transition between
free and fine motions, rp is the rlght angle rotation time penalty, and rot.is a
binary variable thit is equal to uhity ifthe bin has been rotated:from its original
oriéntation, and zero othérwise: For a bin wit) randomly-oriented components,
the objéctive function is given by the distance-based time, as randomly oriented
componeénts are insensitive to bin orientation. !

By"ign(jring the constréint that the bins cannot overlap, while maintaining
the constraint that they cannot |nt£ude into the workspace, an infeaisible solution
can be obtalned that is lower than any possible feasible arrangement of bins,
and hence Iower than the global optimum. This value provides a lower bound
on the objectlve functlon Since this Iower bound IS |nfeaS|bIe we know that

Lower Bound < Global Optimutn < Best Solution (7

hence the solution is within a certain percentage of the global optimum.
The example of Section 6 shows convergence of Equatlon 7 to within practlcal
ranges of afew percent.

1
4. SOLUTION METHOD

4.1 Mixed-Integer Non-Linear Formulation -

Since both the non-overlap constraints of Equation 1 and the objective
function of Equation 6 have both binary and continuous variables, and the
objective function also contains non-linear terms, a Mixed Integer Non-Linear
Program (MINLP) method is used to find the minimum.

MINLP problems are generally solved by iterating between a Mixed-
Integer Linear Program (MILP) formulation in which the non-linear functions are
approximated by linear approximations, and a Non-Linear (NLP) formulation in
which the binary variables are fixed [Viswanathan/Grossmann 1990]. The MILP
solution phase gives the lower bound to the problem, as the linear
approximations generally underestimate the non-iinear equation. The NLP
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solution phase represents the upper bound, and the goal is to decrease the _
difference between the two bounds to,zero, at which pgint.an optimum has been
found. In MINLP problems the MILP phase of-thg: solutio__h‘. process tak_es most of
the computational-effort [Quesada/Grossmann-1992] ; commonly dominating t_h__e__
NLP phase by over an order of magnitude. The problem presented in, this paper._
iS no exception. . |

A MILP algorithm solves a problem by first optimizing W|th the blnary __
variables.relaxedto continuous-variables-between 0 and-1. This relaxed MILP-\
(RMILP) gives the absolute lower bound for the MILP problem. The solver then
chooses binary variables whose values are near 0.5 and examines the effects
on the obJectlve functlon and constraint equations when the chosen variable is
set to. be zero or unlty The sequentlal examlnatlon of zero/unlty ch0|ces is
called branchlng and as the variables are binary the solver IS sald to'be
searchlng a blnary tree for squtlons

There are two basic solution methods pOSSIb|e a depth-flrst search and "
breadth-first search. A depth-first search seeks out afea5|ble solution by
following one vector of the blnary tree down to a feasible solution conS|st|ng of a
vector of binary variables. This feasible solution vector becomes an upper
bound. The branchlng of binary variables can onIy increase the objective
function (as variables move away from the Iower bound relaxed solution). For
any node of the search tree that exceeds the upper bound, all daughter nbdes
of that node, including any feasible solutions, will also be above the upper
bound, and the solver may safely remove branches whose partial solution
objective function is higher than the current upper bound from further
consideration. This technique, called branch and bound,, reduces the number
of nodes that must be examined in order to obtain an optimal solution.

‘A breadth-first search seeks the binary variable which increases the
partial solution objective function the least, no. matter the level in:the binary =
solution tree. A breadth-first. search will often find the optimal solution as, its first
feasible solution, but the working memory-requirement is much greater than a
depth-first search, as'more nodes must be kept active at.one time. The solution
method of choice is usually a depth-first search, because of the-larger memary
requirements associated with a breadth-first search-and the greater speed of a
depth-first search. |

- The fundamental goal isto raise the lower bound, given by the.partial
solution in-progress, to meet the current upper bound, representing the best
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feasible solution.found thus far. Once these two values meet, the optimum has
been-found. | -

Constraint equations link - brnary varrables thus reducing the avallable
degrees of freeciom.:Constraint equations also help reduce the search space,
as branches of the binary tree being searched -can be pruned as mfeasrble if
they violate a constraint equation. Constraint equations can also be used to rule
out previously discovered solutions, through the use of integer cuts, and to
incorporate heuristic relations between binaries [Rarhén/Grossmann '1992].
NLP formulations occur if either the constraint equations or:the objective
function are non-linear.

4.2 Convexity Considerations

Every optimization is a search through an n-dimensional search space (n
being the number of parameters which are being-optimized). A convex search
space is. defined-as a region in which all points on a straight line between any
two valid solutions are also valld solutions. ConveX|ty is a guarantee of
optimality [Kocrs/Grossmann 1989] however while each iteration between the |
MILP and NLP phases may be at the global optimum for th,at particular phase,
there is no.guarantee that the end res_u,l(t_'is the gllo'bal-optimum, although pasr
results have been encouraging [Quesada/Grossmann 1992]. MILP formulations
are convex by definition, while NLP formulatio_ns may or may not be convex.
Non-convex NLP formulations may con\rerge te_ a Ioc'ai optimum instead of the
global optimum. | -

While the constraint equations for bin layout are all convex, the objective
function outlined in this paper is not, so b'y the above definition the NLP
iterations may lead to local minima. Not finding the global optimafor the NLP
iterations could also result in not frndrng the global optrmum for the fuII problem.
However, since the objective function for each bin mcreases| monotonlcally with
the distance from the centroid of the bin to its assembly pornt optrmalrty of the
NLP iterations is assured [PapalambrosNVrIde 1988]

4.3 Software Implementation

The workstation optimizations were mod‘eled_yvith objective functions
(Equation 6) based on the several ID's and performance eonstarit_s noted ~
above. GAMS, a multi-purpose interpreter for dynamic programmin'g |
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applicati'Ons“' [Brooke et al. 1988], was the commercial optimization-package: - -
used. Trial problems representing 40 component bins have been successfully -
solved with this 'so'ftwaré""b'n a SUN 4, with a typical solution time of 5 to 10
minutes. Such’ practlcal effrcrency is’obtaified, however, through several . " -
heurlstlcs whrch are dlscussed inthe next sections.: '

5. DIFFICULTIES IN FINDIN_G SOLUTIONS
5.1 Order of the problem: | . - .

Given a set of n objects such as the bins in thrs Iayoutproblem each of .
which has two-way links to all other members of the set, it is easy to show that

the number of such links is

2

or O[n2] reIatrons ‘An example couId be aset ofcrtres With the links being
the dlstances between each city and “all others'| |n the set: Slncethe links:
between any bln and aII the other bins are expressed in the form of brnary
varlables the possrble comblnatlons of b|nary varlables is 2P[n2}. This order of -
complexrty is indicative of an NP hard problem Thus even small numbers of
bins lead to Iarge comblnatorral problems For example a 5 bin case embodies
2'0, or 1024 possrble comblnatlons of brnary variables. A more practical '
problem, such as 20 bins, embodies 219°; or 1.6x10%" bossible combinations:

5 2 Experrmental Ver|f|cat|on of Problem Order

Basellne cases of one to ten component bins were examined to confirm:
the theoretrcal nUmerrcaI nature ofthe problem and to'test the feasibility ofthe
solutlon method Figure 5 shows the results of the baseline ¢ases, all of whith |
|nvoIved |dent|cal square bins. At 10 bins the ‘solver indiéated convergence
difficulties: two cases exceeded the aIIowed number of MILP-NLP major
iterations. It was found that both mterchangeabrlrty and equivalent binary
vectors were a major factor in the convergence difficulties.

The curve fit of a quadratic equation to the log of the times vs. the number
of bins verrfres the dependence of the squtron time on the number of blns and
supports the assertlon that the ordeér of the problem is 20[”2I A problem is
considered NP- hard ifitis unIrker that the optrmal squtron can be foundin -
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polynomial time [Garey/Johnson 1979]. The workstation Iayolut problem is
polynomial in the log:of the time and hence is NP-hard.

It was also folind that the MILP optimizations required mom than 90
percent of the elapsed time with ten component bins, which-is consistent with
past findings [Quesada/Grossmann 1992].

5.3 Identical Bins

Assemblies may require components:which are stored in identical bins.
In some cases two components may be used with the same ]‘__,re'q'ue_ncy; an
~ example is a bolt -and nut pair in separate.drawers. If the layout.is being
optimized without masses, e.g. for a preliminary solution, any pair'o:f identically-
sized bins with the same number of components presents combinatorial
difficulties. Since the objective function for the two bins is identical if the bin
positions are switched, the solver must separately enumerate-identical
solutions. Figure 6 shows an-example of a pair of interchangeable bins.

Two different solutionswhich possess identical objective functions result
in unnecessary computation; as-both solutions must be‘enumerated. During the
MILP-NLP iteration process, each pair of interchangeable bins can potentially:
double the number of major iterations, significantly lengthening the solution
time required. :

Inclusion of component masses in the objective function for bins that are
otherwise identical (size, number of components, and assembly point) can
significantly reduce the computation effort by eliminating unnecessary solution
enumeration. Since the distance ID includes a mass dependency, the solver
will place the heavier bin closer to the assembly point.

5.3 Equivalent Binary Vectors

It is-quite possible for two different vectors of ‘binary values to produce the
same bin layout configuration. Figure 6 also shows an example of bin i and bin,j
having the same geometric Iayout with two different binary relations between
the two. This differs from the identical bins difficulty in that the bins are not
switched, but two different binary variables relating the two bins result in the-
same objective function wvalue. Since either binary.variable returns the same
objective function value, there is no difference in the two branches of the binary
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tree search, and the solver must proceed further into the search before ruling
out one or the other solution vector. This ¢an sighificantly add‘to'the
computational effort, as the strength of-branch and bound searches lies in the
ability to eliminate:branches from consideration as-early as possible.

6. HEURISTICS

As shown above, the computatronal difficulty for éven a small numbers of
bins can become mtractable "Four heuristics Were déveloped based onthe -
difficulties noted above to reduce the*problem scaIe to one that'is solvable in a
cost- effectlve tlme '

6.1 Problem Splitting - -;_ : ~

A common technique for-simplifying large problems is.to divide them into
more tractable sub”probtems..By:pairing bins whose areas are similar and
dividing the problem into left and-right halves;.with.«ach half.containing one bin .
from-each pair, it.is possible to significantly reduce computation time. Pairing
bins is also observed in practice by manual assemblers who develop their own -
workstation layouts. Figure 7 shows an example of one 10-bin problem split into
two 5-bin problems. The average case study solution time for the 10-bin
problem is approximately 600 seconds, obtained from in Figure 5. Split into two ,
5-bin problems, the total average run time is approximately 40 seconds. The.
time savings grow ‘as the number of bins increases.

6.2 Circle Model

For each pair of bins i and j a relation exists that-_d'efines,.thei_r-__spatial
relation.”Since four possible-binary variables exist-for.every pair of bins, any
binary variables that can be set before. starting:the optimization will enable
faster convergence. A preprocessing heuristic was developed-to preset:as -
many binary variables as possible, thus removing:ithem from-consideration by -
the solver. _ . _

The heuristic involved -circumscribing the rectangular bins. (mcIudrng the
workspace) with circles and then solving for the optimum. arrangement of circles
using the same objective function as for the rectangular bins. Since circles have
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no orientation, ttie need for binaries-was removed and the problem-became a
NLP, which solved very. quickly. To obtain: a:large choige of.preset binary
relations muttipte configurations were created. by varying the initial conditions of
the heuristic randomly. A large choice is.helpful because the problem .is non-
convex, and thus the global-optimum is not guaranteed. o |

A total of 50 cases examining a 30 bin layout problem were analyzed.
Figure 8 shows an'example of-a typical circle model analysis, with the
rectangular bins-they represent included-for reference, and details how the
circle model results were interpreted to preset binary relations. A sub-heuristic
of the circle model enables NOT relations to-be established even if two bins
overlap in'any direction:by a small amount (fan this case, ten percent of the total
side lengths).

Use of the circle model heuristic will preset a minimum of half the binary
relations. For example, a 20 bin problem would have 2*°°, or approximately
1057 possible binary relations. If the minimum number of binary relations were
preset With the results of the cirtle model, the number of binary relations that the
solver may vary falls to 2°°, or approximately TO®*, resulting in a minimum
reduction of the search space by approximately 29 orders of magnitude.

A rough correlation was found between the results of applying the circle
model, and the actual optima found. Figure 9 shows the corrélation for an
example pfoblem, discussed in Section 7. Partitions One and Two. refer to the
left and right'sides of the Workstation. For Partition One the best circle model
out of thirteen runs corresponded with the best problem solution, while for
Partition Two the correlation is not as strong. These thirteen cases for each
partition are representative of the distribution of optima obtained from the circle
model heuristic. The values have been normalized with respect to each
partitions'’ known infeasible lower bound.

Circle model results éré_easily o_btained, as the NLP models converged
in within 30 seconds. We used the above correlation by Solving a large number
of circle models and then choosing the best ten percent of the circle models to
preset binary relations and solve the complete MINLP formulation. -Figure 10
shows the convergence of the optimization vs. the number of trials, and
indicates that no significant improvements are likely after 10 MINLP solutions.

6.3 Penalties for Equivalent Binary Vectors
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it two differént binary rélations between bins iand j yield the same. -
configuration, the solver' must ¢ontinuefurther down the binary tree.to determine. ’
which variable y|eIds a better’solution: The difficulty of twor p053|ble solutions
resulting in'the same‘objectivé function Is removed by. establrshlng a weighting
in the objective function which favors one binary relation:over-the other.:
Weighting of the branchesis strictly a trial-and-error process, as the weight must
be large enough to affect the brariching ‘process; yet small enough to not -
prevent the solver from attemptingthe other branch should the:weighted branch
not produce a féasible solution. A weight magnitude of one percent of the
smallest possible feasiblé distance ID in-the layout was found to be large  «
enough to affect the branching, yet small-enough to avoid searching alternate
branches of the binary tree.

64 Spatlal Log|c |

=1t is possible to represent spatlal relatron Jogic between sets of brns For _
example, if bin i is found to.be'to the left of:bin j, and bin'j is found to beto the
left of bin k, then bin i can.be:said to be to.the left if bin k if the relatlon between i.
and k has not yet been found. Use of spatial logic has the advantage of
trimming. branches. off the search tree. The disadvantage.is that it increase the
solution time, as more constraint equations are added. Egg_aminatio_n ofthe
permutations of i, j, and k shows that the number of constraint ‘_e\quations added
to the problem_ is

0[n3] . o

‘ For n equal to 10, on the order of 1000 addltlonal constraint equatrons o
are requwed to the represent the spatlal Ioglc heurlstlc Whlfe theoretrcally
sound this heuristic was found to mcrease the solutlon tlme by approxrmately ‘
an order of magnltude for the example shown |n the next section.

7 PRACTICAL WORKSTATION LAYOUT EXAMPLE S T

e 1 Problem Descrlptlon

The Engrneerrng Design Research Center at Carnegle MeIIon Umversrty
has developed a highly-portable, wearable computer called the Vu-Man (shown
open to see the components in Frgure 11) with which a user can manrpulate
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blueprints that have been stored in memory. Many copies of this product had-
been assembled in its initial production. We measured the parameters of the
assembly workstation layout used by an experienced Vu-Man assembler as a
reference case, n required- 30 bins of mixed size and.shape.

For simplicity, this example-rconsiders a single assembly point. Although
the Vu-Man is not smaller than the workspace by an order of magn“itude, this
was a preliminary demonstration of the method's abilities, and thus did not
require a high order of accuracy. Had multiple assembly points been included,
the time predrctron would have been somewhat more accurate.’

The assemblers layout included a product workspace that was 700 mm
wide by 420 mm deep These dimensions were subjectrvely determined by the
assembler; however workstation design gurdelrnes in [McCormick/Sanders
1982] recom.mer_rd reductions in workspace width and depth by 50 and 70 mm,
respectively for this example. This implies that without appli'c'ation of human
factors guidelines workers may choose a larger workspace than accepted
practice indicates, Ieadrng to higher than necessary acqursrtron times.

AIthough not used by the manual assembler, the guidelines’ ‘from
McCormrck/Sanders [1982] were included as a component of the optrmrzatron
of an assembly workspace Use of these guidelines had the net result of
enabling the bins to move closer to the assembly point, reducing the handling
distance difficulty. The human factors guidelines did not, however, provide any
indication of bin layout. _

The Vu-Man had no components that were heavy enough to warrant
incorporation of ID's based on-mass. Feature recognition ID's were not included
because they are position-insensitive, thus an optimization based on handlihg
distance and right-angle rotations alone is found in this case.

7.2 Solution Procedure

The component bins were assigned to one of two partitions by pairing
bins of approximately equal area and then.assigning one bin from each pair to
each partition, as described in Section 6a. Manual assembly stations lj_sually
locate the workspace in the middle, with both sides used for component
presentation. Frequency of component use.was considered in aséigning bins to
partitions One or Two, as assemblers typically have a dominant hand and prefer
to use that hand in acquisition and assembly operations. This led to significant
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differences in squtlon results between the partrtrons as- partltron Two has.most
of the multrple use’ components :

Over 100 circle' model approximations were solved with randomly-
determined initial points, and the best 15-were used to preset binaries forthe .. -
MINLP. A typical circle model result for'the Vu-Man is shown in Figure 8.

7.3 Quantrtatrve Results

The numerical results for the Vu- Man assembly workstation desrgn are
shown in Table 1, The "Vu- Man Assembly Time" represents the assembly time
predicted for the base case a Iayout desrgned by an experrenced engrneer and
actually used to assemble many units of the Vu- Man The' Clrcle Model Time"
represents the times predrcted by the bin Iayout according to the crrcle model
heuristic. The predrcted times for the circle model Iayout were very close to the
base case, since substantial spaces were left bet_vveen_ br_ns. Using the brnary
relations extracted from the circle model heuristic the MINLP solver was used to
eliminate as much of the |nterven|ng space as possrble and to vary b|n
rotations. Since most of the drffrculty in handling occurs over reIatlver short
distances, the predicted time is sensrtrve to b_rn:Iocatrons near the assembly
work area. The computation time for the MINLP analyses averaged 7 minutes®
on a Sun 4 UNIX workstati'o,n'; The best solution layout is shown in Figure 12.

TABLE 1: INITIAL NUMERICAL RESULTS OF THE
EDRC VU- MAN OPTIMIZATION

Vu-Man Acqursrtron Circle Model  Optimized  Reduction

Partition Time (sec) - Time(avg) Time (lowest) Factor .. -
One 177.9 160.4 35.9 5:1

Two 423.2 414.7 87.3 51

_' The results of this example indicate a reduction of acquisition time of
almost 5to 1 over the layout used by an experienced assembler: Despite the -
experience of the assembler, the component bing were much:-farther away#fom
the workspace than necessary Ieadrng to hrgh handlrng drstance acqursrtron
trme reductions. e : '




A'more realistic appraisal of the-method is-obtained by comparing the .
results of our optimization to cases where the bins had, been tightly packed
against the workspace to minimize the total workstation area. A packiri'g
optimization [Yunis/Cavalier 1990] formulation was used to minimize the area of
both workstation partitions.

Table 2 shows'the predicted acquisition times for tié area-based
optimization and.compares them wife our optimized times. While the times of
the area-based optimization are much lower that the base case arrangement,
the results are still significant. In this case, reductions pf_'handling distance
acquisition times of 5 percent are easily possible, with 10 percent reductions
being within feasibility.

TABLE 2: EDRC VU-MAN OPTIMIZATION VS
RANDOI\/ILY PLACED AND PACKED BINS

Area—Packed I_D-Optirhized Percent
Partition Tlme (sec)  time (Idwest)  Reduction
One _ 39.7 _ 35.9 9.6%
Two 92.0 87.3 5.1%

7. 4 Qualltatlve Results

No b|n rotations occurred in this example desplte the p033|b|I|ty of
reducing the handllng dlstance in some cases. The objective function allowed
any bin to rotate if such a rotation could reduce the assembly time by increasing
the bin density. The; "no rotation" result subborts"the analysis in Section 3.4.
Mechanical assembly'systems characterized by different ID/time relations may
result in solutions in which bin rotation occurs.

7.5 Optimality of Results

Gi\_(_en the setting of binary reIati'ohs__ by the circle model, it is impossible to
know whether or not the global optimum has been reached. Since an infeasibié
lower bound on the objective function is easily obtained, an estimate of the ™
optimality of the results is possible. Table 3 compares the best solution times

4
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with the known lower bounds, and shows that our: results are'lessthan five
percent above the‘global optlmum = SRR T

N e

TABLE 3: OPT4MAUTY OF RESULTS (Times in Seconds)

" Infeasible’ " 'Best Feasible' Percentage

: Partitio'n Lower Bound  "Solution Difference’
‘One . 344 359  44%.
Two 83.4 _ 87.3  47%

8. CONCLUSION

Workstation assembly is:commonplace in:industry and accounts for
significant production cost. Grven data on component, charactenstrcs and
appropriately selected bin sizes, one can now syntheS|ze a near- optlmal parts
bins layout for a manual assembler. The effector model used here is valid for
tasks which are "within ‘normal reach* and for bin counts-up to 40. The effects of
vertical height differences, operator fatigue and "learning curve" variations need
not be considered since the calculated bin layout will provide the minimum
acquisition time independent of these factors. We predict the ability to reduce
handling distance acqwsmon times for a manual assembler by apprOX|mater 5
to.10 percent,. based on an applrcatlon of Fitt's Law to our base case.

Since Fitt's Law has been shown to provrde an accurate predictor for the
acquisition times of assembly tasks [Sturges 1989a], our results should prove to
be an accurate indicator of the possrble reductrons in assembly acquisition
times in the factory.

9. FUTURE WORK

The current. modeI conS|ders onIy a horlzontal pIanar Workspace
Stacking -several planes into a 2-1/2 D model should be suff|C|ent to |nclude all
practical manual assembly appllcatlons p

-A linear isotropic model of human effector behavror was used for, thls '_
study Actual effectors, either human or robotlc may feature non- I|near posmon
and direction biases which may indicate a different optimal solution. For
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example, Oolan [1991] mapped the impedance of the human arm in a
horizontal plane Usmg the gradients of such a map to compute an effective
handllng dlstance couId affect the pIacement of the bins by addlng directional

preferences in conformance Wlth avalid two dlmenS|onaI extenS|on of Frit's
Law. It also r,emams to include the effects Of other IDSthat relate to wrndage (air
drag), delicate parts, use of tools, and part erX|b|I|ty, shouldthese IDs prove to
be distance- dependent The Design for Assembly theory used here e not
limited to human assemblers leen the ID/time relatlons for robotlc effectors
the present formulatlon could. be used to synthe3|ze an assembly workstation
based on the characteristics of any assembly machlne [Sturges 1989b].
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