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Efficiency Estimation of Process Plan Using Tolerance Chart

Kim, £.-H.* and Dong, Zuomin**

ABSTRACT

This paper presents a new mcthod for assessing the cfficiency ol production process plans using 1ol-
erance chart to lower production cost. The tolerance chart is used 1o predict the accuracy ol a part (hat
is o be produccd foltowing the process plan, and to carry out the quantitative measurement on the effi-
ciency of the process plan. By comparing the values of design tolerances and (heir corresponding result-
ant tolerances calculated using the tolerance chart, the process plan that is incapable of satistying the
design requirements and the faulty production operations can be identified. Similarly, the process plan
that imposcs unnccessarily high accuracy and wasteful production operations can also be identitied. For
the latter, a quantitative measure on the efficiency of the process plan is introduced. The higher the
unnecessary cost of the production, the poor is the cfficicney of the process plan. A coetticient 1s intro-
duced for measuring the process plan cfficiency. The cocfficient also incorporates two weighting lac-
tors to reflect the difficulty of manufacturing operations and number of dimensional tolerances involved.
To lacilitate the identification of the machining operations and the machined surfaces. which are related
o the unnceessarily tight resultant tolerances caused by the process plan, a rooted tree representation of
the 1olerance chart is introduced, and its usc is demonstrated. An example is presented (o illustrate the
new method. This research introduces 4 new quantitative process plan evaluation method that may lead

to the optimization of process plans.

Key words : 'lolerance chan, Process plan, Rooted tree, Efficiency estimation

1. Introduction

In today’s highly compctitive global industrial
environment, most manufacturing companies have (o
tabricatc a larger variety of products at lower cost
and shorter lead-time, in order to survive and to
compete elfectively. To improve the efficiency of the
production processes that turn mechanical designs
into products, the production process plans that arc
used to guide these production processes need to be
optimized for high cfficicncy. Most research efforts
on Computer Aided Process Planning (CAPP) to date
have been [ocused on the automated generation of the
process plans'"*, A few rescarchers have contributed to
thc quantitative evaluation of the efficiency or
performance of the process plan itself'®!,

The tolerance chart, originally used as a tool to
plan and verify a manufacturing sequence using the
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dimension and tolerance information of a design, is
also a precise technique for planning the manufactur-
ing process of a given design that requires successive
machining operations””’. Over the past years, extensive
researches have been camied out on the automated
generation of tolerance chart. A graph-theoretic method
for making a tolcrance chart was proposed in [8]. A
method for constructing tolerance chart using a miatrix-
tree-chain scheme and a tracing approach was
introduced in [9]. A procedure for recognizing
dimension chains in a tolerance chart using a list
expression was presented in {10]. A tree-theoretic
expression for producing tolerancc chart was first
proposed in [L1} and an algebraic approach for
identifying dimensional chains using a tolerance chart
later introduced by Ji in [12).

In this work, a method for quantitatively estimating
and measuring the efficiency and performance of a
pracess plan for machined parts is introduced. The
tolerance chart is used to predict the accuracy of the
part that is to be produced tollowing the process plan,
and to carry out the gquantitative measurement on the
cfficicncy of the process plan. The tolerance chan
provides the resultant information of a process plan,
such as the scquence of manufacturing operations
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involved. and the resultant dimensional tolerances of
the surfaces that are machined according to the process
plan.

In manufacturing. or specifically during the machining
of mechanical part, no mechanical fcatures can be
produced in their exact dimensions and shape. For the
required size accuracy, design dimensional tolerances
(so simply design tolcrances), £, are specificd on the
engineering drawing to specity the allowed size
variations. These design specifications should be et
to satisfy the design requirements. The final dimensions
of the part are produced by a sequence of machining
operations, following the process plan. The accuracy
of each of thesc final dimensions is determined by
several machining operations applied to the related
surfaces and the cutling parameters used, as specified
in the process plan, and illustrated by the tolerance
chart. The tolerance chart also presents the resultant
tolerance of the final dimension, as a result of several
machining steps. This resultant dimensional tolerance
(or resultant tolerance), ty;, cannot specify the exact
value of the tinal dimension, bul it presents the
possible range of varation of the final dimension.
Specifically, there exist three possibilities:

1) ty; > tp; - The resultant tolerance is looser than
the design tolerance. The pracess plan is not
acceptable and not efticient since the design
requirement is not satisfied. Related machining
operations have to be identified and rcarranged,
and new machining parameters have to be assigned.

D tp; = tp - The resultant tolcrance is equal 10 the
design tolerance. The process plan is optimal
since the design requirement is just satisfied with
the machining operations specified in the process
plan.

Dty < 1y - The resultant tolerance is lighter than
the dcsign tolerance. The machined feature is
unnccessarily accurate. The process plan caused
unnecessarily high production cost. For this rcason,
the efficiency of the process plan is considered
*poor”. The larger the difference between the
two tolerances, the higher the production cost,
the worse the efficiency of the process plan is.

Each machined part has many final design dimen-
sions and tolerances. For every resultant tolerance in
casc 1), the corresponding parts of the process plan
have to be modified. It is unlikely that the resultant
tolerance will fall in case 2). For most siwations, the
process plan will lead to the result of case 3).

In this work, a method for the quantitative measure-
ment on the cfficicncy of the process plan is introduced
for case 3). By comparing the values of design tolerances

and their corresponding resultant tolerances calculated
using the tolerance chart, the process plan that imposes
unnecessarily high accuracy and wasteful production
operations is identified. Similarly, the process plan
that is incapable of satistying the design requirements
and the faulty production operations cun also be
identified tor modification. A rooted tree technique is
used to recognize both production operations and the
dimensional tolerances that arc rclated to the resultart
dimensional tolerance.

2. Tolerance Chart and Rooted Tree

2.1 Tolerance Chart

A tolerance chan is a graphical expression for the
machining sequence of a mechanical part’s process
plan |3]. The chart is used (o find whether a specific
machining sequence is appropriate [or producing the
part with a given resultant dimension and tolcrance,
and whether material removal operations are properly
assigned during the machining of the part. For an
example design of stee! plug given in Fig. 1, its
tolerance chart is illustrated in Fig. 2 [13]. In this
figure. machining operations and their scquence, as the
results of a process plan, are shown on the top left.
Dcsign specifications such as dimensions and
tolerances are shown at the lower left side. Each
machining operation is represented by 2 machining
symbol line arrow and its machining parameter. The
machining symbol consists of an arrow (hat points to
the machined swiface, and a small black circlc that
indicates the datum for the machining operation. The
head of the arrow points o the machined surface.

1 £0.0;
2.40.009
| 320002
" 4.20.005
CADPPM Company
Dhvie N DN-Di Part N N
Dvig Name XXX Part Name Steel Plug
Mg .Date dan.1.05 Approver YVy

Fig. 1. An example design of a steel plug.

The tolerance chart is used to calculate the toterance
stacks on the resultant dimensions on the bottem
right. These calculated results are compared with the
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Seq. Cperalion 1 2 B 4 5 Working Stock Removal
No. ' ' ! Dim.
No. | Name 1 1 1 Meaa | £70l. | Mean | £Tol. Chain
1| 10 | Turning " \ i‘____-q‘_:: 0.979 [ .003 [Solid
2 | 10 | Turaing ) | : i , 1.994 | 003 | Solid
3 [ 10 | Tuming ! « L ; ®  [3.003] 003 [Solid
q 10 | Turming ‘< L T . ® 4,031} 010 | Sulid
5 20 Tumi.ng o . : ! 1.008 } 004 | .020 | 017 -5.4-3
6 30 1 Grinding [ e ] ! ! 1 1.000 [ .001 | .008 | .005 -6,5
7 | 40 | Grinding ‘ *r— ' : LOUO| 003 | 017 | 014 | -7.65,3,2
8 | 50 | Grinding ' ' *——> ' 1.000 015 | 032} 029 | 876531
o [ 60 | Grinding ¢ : : : »! 4,000 001 | 011 | 008 953
‘ ) ; ' !
B/F Dimcnsion : H ‘ ‘ , Resultant Dimension
Mean | +Tol. . : : ; ' Mean | tTol. Chain
4,000 | 005 & ! : : & [0 | on 9
1.000 | 020 ! : . Py LOKW | 020 9,-8,-7,-6
2.000 | 009 H , ‘-—-—.,——-—: 2,000 | 005 9,-7,-6
3.000 | 002 ! ? : ! 3.000 | 002 9.-6

Fig. 2. Tolerance chart tor the machined steel plug.

given design tolerances to ensure that the part is
manufactured within the required design specitica-
tions. The chart is also used to calculate the tolerance
stacks for stock removal and compare with the stock
removal allowances. These vitlues are both listed in
the table on the top right. A slep-by-step comparison
of the stock removal tolerance and allowance values
ensures sulficient excessive material is left for the
following machining operations. The working dimen-
sion of the machined swrface in the machining sequence
is shown at the top right, maiching the dimensions
illustrated on their left. In this table, the amount of
stock removal is calculaled and compared with the
cutting volume of the workpicce.

To measure the efficiency of a process plan quanti-
tatively, each machining operation that produces one
or more feature surtaces should be recognized and
evaluated individually. lowever, each vertical line in
a tolerance chart represents one or more machined
surfaces. The machined surtaces are thus not clearly
expressed individuatly. An altemative representation
becomes neccssary.

2.2 Rooted Tree

A rooted tree is a tree that has a vertex {or nodc)
called the root. A vertex of one degree except the root
is called as a leal. A branch is a path from a vertex
to a leaf. In this work, a machining sequence within
a tolcrance chart is represented using a rooted tree.

T=CAD/CAMEHE] =848 AN A2E 20069 43

This representation contains information about
machining opcrations, their machined surfaces and
the sequence of these operations. Furthermore, a
machining operation is associated with a locating
surface and a machined surface. The first locating
surface in the tolerance chart is the root of the tree.
A node represents a machined surface or a locating
surface, and a branch represents a machining operation
with a rclated dimension between the two surfaces.
The 1ooted tree representation for the tolerance chart
shown in Fig. 2 is given in Fig. 3.

In this representation, cach machined surface is
uniquely expressed with a label of four digits at the
nodes. The first two digits are used to indicate the serial

[og01 | TJosor] foxoi] [orn]

Fig. 3. A rooted tree ot the tolerance chart,
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number of the surface on the drawing, numbcred
from left to right. The last two digits are used to specity
the serial number of the cut surface in machining.
The first left vertical line in Fig. 2 represents the
surface that is machined by two operations and the
surfaces produced by these two operations are
expressed by 0101 and 0102 in Fig. 3. in 0101, the
first two digits, 01, is surface number and the last two
digits, 01, indicate the first cut made from this
surface. In the second label, 0102, the first two digits.
(1 indicate the same surface and the last two digits,
(2, record the second cut.

A path connecting one node to the other node in
the tree represents a machining operation, and the
machined dimension and (olerance between 1wo
surfuces. These dimension and tolerance are the resulis
of alt the machining operations that are involved on
the path connecting the two nodes. Therctore all
edges on the path should be identificd to find the
machining dimension and tolerance between the rwo
surfaces. ‘All related machining operations can be
identified by searching from all the branches of a
reversed path, which starts trom a surfuce of the two
and ends to the other surface through the root. For
example, a dimensional tolerance between surfuce
number | and sutface number 5 that is machined by
the last operation in Fig. 2 is a dimensional tolerance
between the machined surface 0102 and 0501 in the
rooted tree of Fig. 3, and the related edges are the
pre-machined surfaces 0500 and 0201. So the stock
removal and the tolerance between 0102 and 05301
are 0.011 and 0.008 {mm), respectively.

2.3 Resultant Dimension and Related Sub-roated
Tree

One of the results in a (olerance chart is the resultant
dimension. The calculated tolerances of resultant
dimensions are compared with corresponding design
tolerances to evaluate the elliciency of the process
plan, Tf these two tolerances are difterent, the machin-
ing operations and the surfaces related to the resuliant
dimensions in the process plan need to be identified
or modified, since a larger resultant tolerance represents
a production proccss that failed to satisly the design
requirement, while a smaller resultant tolerance
represents unnecessarily high machining accuracy
and cost. In the former case, it's not cfficicnt to apply
the process plan. In the fatter case, the efficiency of
the process plan is evaluated. Identification and
comparison of the two tolerances are carried vsing the
tolerance chart. Since the rooted tree representation of
the tolerance chart represents machining operations,

their sequence, individually machined surfaces, and
resultant dimensional tolerance, the related machining
operations and surtaces can be ideatitied by a search
on the rooted tree.

One or more surfaces and thetr dimensional toler-
ances can be produced during one operation, and the
information can be expressed by a set of line number
on a tolerance chart. [For example, four surfaces are
machined by the operation number ) and four
dimensional tolerances of machined surfaces are
created, and they arc rccorded as {1, 2, 3, 4] by their
sequence numbers.

For different resultant and dcsign dimensional
tolcrances, operations and dimensional tolcrances that
are used to machine the swfaces in the process plan
are identified through the path in the rooted tree using
the following procedure. Two surfaces that are
associated with the resultant dimension/tolerance are
first selected, and the reversed path that connects the
two surfaces through the root is then identified on the
rooted tree and the path s called as a sub-rooted tree.
The related machining operations, machined surfaces,
und their dimensions and tolerances, associated to this
path, are also found. For the example shown in Fig.
2, the third resultant dimension and tolerance are
2.000 and 0.005, respectively. And the numbers of
the related machining surfaces arc 0302 and 0501 in
Fig. 3. The relaicd sub-rooted tree is shown by a
reversed path in Fig. 4 and the set of related line
numbers are {3.5.6.7.9}, and the five machining
operations are involved.

[ 0202 | [ 0501 |

Fig. 4. A related sub-rooted iree.

3. Efficiency Estimation of a Process Plan

A process plan plays a major role in deciding the
efficiency of the machined pat and its production
cost. The most efficient process ptan of a part ensures
its efficiency and rcquires minimum production cost.
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However, 1o mcasure the quality or cfficiency of a
process plan involves many tasks, such as part feature
recognition, process selection, machine tnol selection
and operation planning. One type of clear results of
a process plan is the collection of resultant dimensions
and tolerances of a machined part. In this work, the
ctticiency of a process plan is measured by comparing
the differences between the resultant dimensional
tolerance and the corresponding design tolerance.

3.1 Coefficient of a Process Plan Efficiency

A quantitative measure is introduced in this section
to access the efficiency of the process plun. When a
part is machined, various operations can be applied
to produce the designed gecometry, and the degree of
difficulty of their operations difter each other. An
operation can be applied to produce one or several
surfaces. The coefficient for a process plan efficicncy
is reflected by the difference between the resuliant
dimensional tolerance and its corresponding design
tolerance, presented in a tolerance chart.

In this work, two weighting factors for various
machining operations and for differem numbers of
machined surfaces in an operation are introduced.
The weighting tactor for un operation can be determined
by its degree of difficulty and importance. If the
degree of both difficulty and importance of the
operation is identical, the factor is divided by the
numbcr of operations involved. Otherwisc, the values
are assigned by the user. The other weighting factor
is incorporated to consider the number of machined
surfaces in an operation. The valuc of the weighting
factor increases when the number of machined
surfaces in an operation increases.

The cfficiency measurement coefficient, £, of a
process plan is defined using the two weighting factors
as

E = {1 S r?l.w‘j] x 100(%) (1)
i=lj=1

where, 6. has a value of either ¢ or 1, depending
upon whether the two dimensional tolerances are the
same or not; m is the number of operations applied;
n is the number of dimensional tolerances in the
operation; wy is a weighting factor of the /
dimensional tolerance in the /™ operation (w; = W, *
(M/n(dt)))); W, is a weighting factor of the ™
operation. Values of Ws can be same or different
according to the degree of machining difficulties
including tolerances; and n(dt) is the number of
dimensional tolerances manufactured during the i®
operation.
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3.2 A Procedure for Efficiency Estimation of a

Process Plan
In this section, a procedure for the efficiency

estimation of a process plan using the information of

a tolerance chart represented in the rooted ree and

the defined coelficient is presented. This procedure

consists of the lotlowing steps:

1) Collecting the information, inciuding muchining
opcrations and their sequence, necded by the
tolerance chart, and the process plan of a part

2) Constructing the rooted tree to represent the
tolcrance chart

3) Deciding the number of operations and the set ot
surfaces machined in an operation using the
operation or line number in the tolerance chart

4) Comparing the resultant dimensional tolerance and
thc comresponding design tolerance. If these two
are identical assigning £ = 100%. Otherwise,
information related to the ditfcrent dimensional
tolerances is collected.

5) Changing the process plan if the calculated
resultant dimensional tolerance is larger than the
corresponding design (olerance

6) Or, forming a sub-rooted tree related to the
resultant dimensional tolcrances using a rcversed
path in a rooted wee, and calculating the number
of operations and selecting the set of linc number
in the sub-rooted ace

7) Calcutating the process plan efficiency by the
coefficient E.

4. A Case Study

The presented procedure for the efficiency
measurcment of a process plan is illusteated using an
example shown in Fig. 5 [6]. In this figure, operation
number, working dimension and tolerance, and stock
removal and its lolerance for a part are given and
calculated according to a process plan. A tolerance
chart is drawn in Fig. 5 and its rooted tree
representation is shown in Fig. 6,

In the tolerance chart, therc cxist 7 unique
machining operations. These are: operation 010 in
line {4}, operation 020 in lincs {56,7,8}. operation
030 in line {9}, operation 040 in linc {10}, operation
050 in line {11}, opcration 060 in lines { 12,13} and
operation 070 in line {14}.

Three pairs of dimensional (olerances are differcnt
if one compares the tolerance values in the tables on
the bottom left and the right of Fig. 5, and the
resultant dimensional tolcrances are more precise
than design tolerances. The first different dimensional
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l—————h

Tine | Op. | Warking Dimension | |1 20 3 4 5 Stock Remuval
No. | Na. Mean “Tol. : H i ) H Mean ol
1 82500 | 2500 | o—pr ; : ; Solid__|_.2500
2 188500 | 2500 | — » : Solig | 2300
3 381000 3500 | : — e Solid | 2500
4 {0101 535000 | 2500 | : : : » 1200 | 1000
S5 [020( 53.4000 | .1300 - H . ! » SO0 3800
6 | 020] 449000 | 1300 i |- | ; Y 7500 6N
7020 388000 | 1300 | e : Y 1300 | 1300
8 [020] 259000 [ .1wo | d : — > 1000 | 8500
9 [030] s33000 | 2300 | o : : ' > 2000 | 1550
10 {040 | 382000 | 0500 : | | . ° 4000 3350
n_Jose| 253000 [ 0500 ' : ¢ —e 4000 | 3050
12 | 060 330000 [ 0500 | ‘g : . " —p 2000|0750
13 |060] 443000 | 2500 ) |t : » A000__| 3100
143070 380000 | 2500 | : i 5 » 2000|0750
Desigii | Yimeusion H E E E H Resultant Dimension

Muan ol ' i . \ | Mean Lol

15.0000 1300 — e ' : 15.0000 | 0750
19.0000 | 0800 : —— . v [0 [ erse
(27000 0750 : : — v 270007 075
350000 1600 : : — : » [ 580000 {0050

Fig. 5. A traditional tolerance chart.

|0202| |0301| {0402|

[ o100 | [omo |
] 3

| 0502 | [ 0502 |
5 | 5

[ 010! | [ 0101 [
9 9

0503 0503 |

2 14 13 14
102 | 0303 | 0403 | 0203 l | 0303 ]

{a) (b} {c)
Fig. 7. Cach sub-rooted tree for different dimensional
10lcrances,

tolerance is related to the values between the two
machined surfaces, numbercd 0102 and 0303 in a

M\B 14

{0403 ] [ o102 | [ 0203 |

| 0303 |

Fig. 8. Combined sub-rooted trees for different dimensional
tolerances.

rooted tree of Fig. 6. The sub-rooted tree of the first
different dimensional tolerance is shown in Fig. 7(a)
and the sct of related line numbers is {4, 5. 9, 12,
14}. When the surfaces associated with these line
numbers are machined. five opcrations are involved
since no more than one surface is machined in each
operation. The second different dimensional tolerance
is related to the nodes 0203 and 0403 in Fig. 6. The
sub-rooted tree of it is shown in Fig. 7(b) and the
set of related line numbers is {4, 5, 9, 11, 13).
Five operations are involved. The same method is
applied 1o the last different dimensional tolerance and
Fig. 7(c} shows the corresponding sub-rooted trec.
The number of production operations is four and the
set of related line number is {4. 5, 9, 14}. The sub-
rooted trees for the threc pairs of diffcrent
dimensional (olcrances arc combined and shown in
Fig. 8, and the set of related line numbers is {4, 5.
9. 11, 12, 13, 14). In this set, the line numbers with
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the samc production operation is {12, 13} and the
total number of production operations used is six
although the total number of elements in the line
number set is seven.

The measurement on the efficiency of the process
plan of the cxample is caried out using Eq. (1). The
weighting factor of each operation is identical, W, =
177, Wy = 1/28, W= 1/14. The calculated efficiency
coefficiem, £ = 25%. This indicates that the process
plan for machining the part is far from ideal.
Unnecessarily higher production cost is introduced by
making the final dimensions of the part more accurate
than the valucs specificd by the design tolerances on
the drawing. Using this procedure, one can quanti-
tatively measure the efficicncy of a process plan,

5. Conclusions

In the work, a new method for measuring the
efliciency of a process plan for machining mechanical
parts is introduced.

The tolerance chart is used to predict the accuracy
of the part that is to be produced tollowing the process
plan, and to carry out the quantitative measurement
on the efficiency of the process plan. By comparing
the vatues of design tolerances and their corresponding
resultant tolerances calculated using the tolerance
chart, the process plan that is incapable of satisfying
the design requircments and the faulty production
operations can be identified. Similarly, the process
plan that imposes unnecessarily high accuracy and
wasteful production operations can also be identiticd.
For the latter, a quantitative mcasure on the efficiency
of the process plan is introduced. The higher the
unnecessary cost of the production, the lower is the
efficiency of the process plan. A coefficient for
measuring the process plan efficiency is introduced.
This coefficient also incorporates two weighting
factors to reflect the difficulty of manufacturing
operations and number of dimensional tolerances
involved.

To facilitate the identification of the machining
operations and thc machined surfaces, which are
related to the unnecessarily tight resultant tolerances
caused hy the process plan, a rooted tree represen-
tation of the tolerance chart is introduced, and its use
is demonstrated. An example is presented to illustrate
the new method.

This efficiency measure of a process plan reflects the
cxtra manufacturing effort devoted in the machining
of the part and the extra production cost beyond the

FECAD,/CAMES] =824 A1y A235 200609 49

minimum. Used in conjunction with other measures
on the efficiency of the process plan, the proposed
mcthod allows process plan to be quantitatively
evaluated and moditied (or its best performance.
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