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Abstract Allocating tolerance to sub-components of a
complex assembly with alternative processes selection by
using Lagrange’s multiplier method is tedious as well as
difficult. The present work is aims to solve the problem with
simple effort in three stages. In the first stage, the maximum of
two processes are selected from the alternative processes of
each component and these two processes correspond to the
smaller sum of difference in manufacturing cost. A hybrid
optimum tolerance allocationmethod is developed in a second
and third stage by combining Tabu search (TS) and heuristic
approach. Application of the proposed algorithm is demon-
strated on complex tolerancing products like knuckle joint and
wheel mounting assembly. For the same manufacturing
conditions, compared with tolerance synthesis by Singh
method, the proposed method saved nearly $74,880 and
$479,520, respectively, per year in manufacturing costs of
knuckle joint and wheel mounting assembly.

Keywords Tolerance synthesis . Manufacturing costs .

Non-traditional optimization techniques . Tolerance cost
curves . Manufacturing processes

Nomenclature
Symbol Meaning, Unit
a Subassembly index
talo Allocated tolerance, mm
tralo Reallocated tolerance, mm
N Number of components in subassembly
tsasm Subassembly tolerance, mm
tcsasm Calculated subassembly tolerance, mm
P1...P4 Process number from 1 to 4

1 Introduction

A part cannot be manufactured exactly to the nominal
dimensions due to inherent variability in the manufacturing
process. Tolerance plays a vital role to get the desired fit as
well as performance of the product. Proper allocation of
tolerance among the components of a mechanical assembly
reduces the manufacturing cost in a large extent and critical
clearance is also maintained for part interchangeability.
Considerable research work has been published on optimal
tolerance synthesis for simple and complex assemblies.
Ostwald [1] introduced a mathematical formulation of
advanced tolerance synthesis problem into 0-1 integer
programming problem and considered a discrete cost
function to select an optimal tolerance. Lee [4] reported a
branch-and-bound algorithm that is more efficient than
Bala’s algorithm to handle both the linear and non-linear
assemblies in selecting optimum tolerance with process
limits, and interrelated dimensional chain. Chase [5]
obtained optimum tolerances by using four different
optimization tools considering both discrete and continuous
cost function and reported that an exhaustive search based
on Lagrange’s multiplier (ESLM) approach is the most
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reliable technique to obtain the exact global optima. Zhang
[6] introduced simulated annealing, a non-traditional
optimization tool to obtain global optimum in advanced
tolerance synthesis problems for continuous cost function.
Wu [8] presented a design method for allocating dimen-
sional tolerances of product with asymmetric quality losses
and computed average quality losses of batch products
according to distribution of functional characteristics.
Chase [9] described several algorithms to perform optimum
tolerance allocation automatically based on optimization
techniques for both worst-case and root-sum square
method. Diplaris [10] formulated a new analytical cost
tolerance model closer to industrial practice based on an
available industrial knowledge and earlier published data.
Monica [11] developed a methodology to allow an
automatic tolerance allocation capable of minimizing
manufacturing costs based on Monte Carlo simulation. Ye
[12] introduced a new concurrent engineering method for
tolerance allocation and constructed a nonlinear optimiza-
tion model to implement the method. The model minimized
quality loss and manufacturing cost simultaneously in a
single objective function by setting both process tolerances
and design tolerances. Singh [13] demonstrated the appli-
cation of GA on complex tolerancing problems.

2 Problem definition and solving methodology

The market stability of the company is determined by the
ability of the company to produce quality product with an
attractive price. Distributing tolerance optimally to interre-
lated dimensional chains product with alternative processes
selection is tedious with the LM method. In this present
work, this issue is solved in three stages. In the first stage, a
maximum of two processes are selected from each
component’s alternative processes based on sum of differ-
ence between minimum and actual manufacturing cost of
the processes. In the second stage, the assembly tolerance/
constraint is considered as an in equality constraint and
component’s tolerances are allocated by TS. In the last
stage, the allocated tolerances from stage II are adjusted to
meet closer to assembly specification with in the process
precision limits based on sum of difference between
minimum and actual manufacturing cost of the process.
The implementation of the present work is explained with
the help of two interrelated dimensional chain products.

2.1 Stage - I: selection of the best processes

The list of components, its alternative processes, cost
function constants, and precision limits of each process
are assumed as available/known data. The tolerance limit of
the process is divided into n delta values (small equal parts)

by using expression (1) and the delta tolerance is computed
from Eq. (2).

tdel;ij ¼ tmax;ij � tmin;ij

n
ð1Þ

tijk ¼ tmin;ij þ k � 1ð Þ*tdel;ij ð2Þ

where,

tdel,ij Delta tolerance of ith component for jth process in
mm

tmax,ij Maximum process tolerance of ith component for
jth process in mm

tmin,ij Minimum process tolerance of ith component for
jth process in mm

i Component number index
j Process number index
k Discrete point index
n Number of discrete points
tijk Tolerance of ith component for jth process at kth

discrete point in mm

The manufacturing cost of the ith component by using jth

process for tijk tolerance is determined by the following
expression (3).

Cijk ¼ C0ij*E
�C1ij*tijkð Þ þ C2ij ð3Þ

where,

C0ij,C1 ij and
C2 ij

Exponential cost function constants of ith

component for jth process
Cijk Manufacturing cost at tijk in $US

The sum of difference between actual manufacturing
cost (Cijk) and the minimum manufacturing cost (Cmin,ijk) is
calculated by using Eqs. (4) and (5).

Cdif ;ijk ¼ Cijk � Cmin; ijk ð4Þ

Cdif ;ij ¼
Xn

k¼1

Cdif ;ijk ð5Þ

where,

Cdif,ijk Manufacturing cost difference at tijk
in $US

Cmin;ijk ¼
npi

min
j¼1

Cijk

� �
Minimum manufacturing cost
difference at tijk in $US

Cdif,ij Sum of difference in manufacturing
cost of ith component for jth process
in $US

npi Number of process for ith component

The alternative processes of each component are
arranged in ascending order based on Cdif,ij from which
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the first two process are selected for tolerance allocation.
Themethod proposed in this paper reduced the search space to
maximum extent by selecting an optimum process. For
example, a product consists of five components and each
component has six different alternative processes, then the
exhaustive search space contains 7,776 (Q

nc

i¼1
npi) combinations

but the present method has only 32 (2nc) combinations.

2.2 Stage - II: initial tolerance allocation by Tabu search

Metaheuristic superimposed on another heuristic (Glover
[3]), designed for the solution of hard optimization
problems popularly known as Tabu search. The basic
principle of Tabu search is to pursue local search whenever
it encounters a local optimum by allowing non-improving
moves; cycling back to previously visited solutions is
prevented by the use of memories, called Tabu lists that
record the recent history of the search, a key idea that can
be linked to artificial intelligence concepts. A very simple
memory mechanism is described in Glover [2] to imple-
ment the oscillating assignment heuristic. TS has been
applied in different fields like mobile radio networks (Jin-
Kao [7]), bicriteria flowshop problem (Vinicius [14]) and
job shop scheduling (Eugeniusz [15] and Chao[16]) . In this
paper, TS is implemented in obtaining optimum tolerance
allocation. The tolerance space between maximum and
minimum process tolerance of the components are divided
into discrete values based on the expression (6). The
scheme of TS is represented in Fig. 25. (Appendix A).

tdis;ij ¼ tmax;ij � tmin;ij

2nb � 1
ð6Þ

where,

nb Bit length
tdis,ij Discrete tolerance of ith component for jth process

in mm

The initial tolerance allocation is obtained from Eq. (7) in
which de was obtained from converting the binary number
(considered as allocated tolerance) into a decimal value. The
assembly tolerance is estimated by expression (8).

tIA;ij ¼ tmin;ij þ tdis;ij*de ð7Þ

tasm � tasml �
Xnc

i¼1

tIA;ij ð8Þ

where,

tIA,ij Initial allocated tolerance of ith component for jth

process in mm
de Decimal equivalent from binary string conversion

tasm Assembly tolerance in mm
tasmI Initial stage assembly tolerance in mm
nc Number of components in an assembly

2.3 Stage - III: final tolerance allocation by heuristic
approach

The flow chart of heuristic approach is represented in Fig. 26
(Appendix A). The part dimensions are ranked based on
ascending order of sum of cost difference between actual
and minimum manufacturing cost. The difference between
required and assembly tolerance values are obtained by
using expression (9).

tdif ¼ tasm �
Xnc

i¼1

tIA;ij ð9Þ

where,

tdif Difference in tolerance in mm

The tdif value is added to part dimension’s tolerance
starting from first rank to last rank part dimension without
violating expressions (10) and (11).

tFA;ij � tmax;ij ð10Þ

tasm � tasmF �
Xnc

i¼1

tFA;ij ð11Þ

where,

tFA,,ij Final allocated tolerance of ith component for jth

process in mm
tasmF Final stage assembly tolerance in mm

The manufacturing cost of the product is calculated with
the help of expression (12).

Casm ¼
Xnc

i¼1

C0ij*E
�C1ij*tFA;ijð Þ

þ C2ij ð12Þ

where,

Casm Cost of the assembly in $US

3 Case studies

Two case studies are presented in this work by adopting the
proposed new algorithm. The tolerance space is divided
into ten equal delta values (for demonstration purpose n is
assumed as 10) and manufacturing cost is calculated. Based
on sum of difference in manufacturing cost, maximum of
two processes are selected in each component in the first
stage. The initial solution is generated randomly for the
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specified bit length (nb). For example the binary number
10101110 (nb=8) has bit length of 8. Neighbors are
generated with a size of (nb−1). For example, 7 neighbors
are generated for the bit length 8. After every nb iteration,
the Tabu list bit is allowed to produce neighbors. After
1,000 iterations, there is no further improvement in the
achieved results. Hence, up to 1,000 iterations are attemp-
ted to obtain the best-allocated tolerances for bit length
varying from 7 to 19. The best-allocated tolerances from
the second stage are redefined by adopting heuristic
approach without violating process precision limits and
assembly requirements in the third stage. All problems are
solved on a Pentium IV PC using C programming.

3.1 Wheel mounting assembly (WMA)

The component and dimension details are shown in Fig. 1.
The alternative processes and its exponential cost function
constants of the part dimensions are listed in Table 1, which
are used by Singh [13].

The dimension of Y1 and Y2 are computed from Eqs.
(13) and (14). The tolerance on dimension Y1 and Y2 are
expressed in expressions (15) and (16).

Y1 ¼ X2� X4 ð13Þ

Y2 ¼ X5� X1� X2� X3 ð14Þ

tY1 � 0:11 � tX2 þ tX4 ð15Þ

tY2 � 0:24 � tX1 þ tX2 þ tX3 þ tX5 ð16Þ
where,

X1,X2 ...
X5

Dimension of the components of WMA in
mm

Y1 and Y2 Critical dimensions in mm
tX1,tX2 ...
tX5

Tolerance on dimensions X1, X2 ... X5 in mm

tY1 and tY2 Tolerance on dimensions Y1 and Y2 in mm

The steps are given below in detail to demonstrate the
proposed algorithm.

Stage I:
Step 1: The precision limits of components presented in

Table 1 are divided into ten equal divisions by
using expression (1). For example, the precision
limits of process 1 of part dimension X1 are sub-
stituted in expression (1) and tdel,X11 is equal to

tdel;X11 ¼ 0:08� 0:006

10
¼ 0:0074

Step 2: The delta tolerance is computed based on ex-
pression (2). The delta tolerance of first division
(k=1) for process 1 of part dimension X1 is

tX111 ¼ 0:006þ 1� 1ð Þ*0:0074 ¼ 0:006

Step 3: The manufacturing cost of the component X1
for tX111 tolerance is obtained by substituting C0,
C1, and C2 values (read from Table 1) in
expression (3).

CX111 ¼ 214* exp �55:8*0:006ð Þ þ 28:2

¼ $200:63

In similar way, the manufacturing cost of X1 is
determined for other processes 2, 3, and 4 by substituting
corresponding C0, C1, and C2 values.

CX 121 ¼ 260* exp �52:0*0:006ð Þ þ 29:5 ¼ $220:12

CX 131 ¼ 286:4* exp �59:5*0:006ð Þ þ 25:82 ¼ $226:23

CX 141 ¼ 271:5* exp �57:64*0:006ð Þ þ 23:0 ¼ $215:15

Table 1 Exponential cost function constants of wheel mounting
assembly Singh [13]

Part dimension Process no. Cost model constants Precision
limits (mm)

C0 C1 C2 tmin tmax

X1,X2 & X3 1 241.00 55.80 28.20 0.006 0.08
2 260.00 52.00 29.80 0.006 0.08
3 286.40 59.50 25.82 0.006 0.08
4 271.50 57.64 23.00 0.006 0.08

X4 1 312.84 105.66 42.20 0.002 0.06
2 352.43 92.70 35.00 0.002 0.06

X5 1 208.25 62.45 22.50 0.010 0.10
2 240.43 66.70 20.20 0.010 0.10
3 211.42 40.05 25.05 0.010 0.10
4 214.16 58.82 300.00 0.010 0.10

Fig. 1 Wheel mounting assembly
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Step 4: The difference in manufacturing cost between
minimum and actual is computed based on
expression (4).

Cdif ;X111 ¼ CX111 �min CX111;CX121;CX 131;CX141ð Þ

Cdif ;X111 ¼ 200:63�min 200:63; 220:12; 226:23; 215:12ð Þ
¼ 0:0

In a similar way,

Cdif ;X121 ¼ 220:12�min 200:63; 220:12; 226:23; 215:12ð Þ
¼ 19:48

Cdif ;X131 ¼ 226:23�min 200:63; 220:12; 226:23; 215:12ð Þ
¼ 25:6

Table 3 Manufacturing cost of wheel mounting assembly’s dimen-
sion X4

Tolerance (mm) Manufacturing cost for
various processes (in $US)

Difference in cost (in
$US)

P1 P2 P1-Cmin P2-Cmin

0.0020 295.45 327.79 0.00 32.34
0.0078 179.41 206.02 0.00 26.61
0.0136 116.54 134.90 0.00 18.35
0.0194 82.48 93.35 0.00 10.87
0.0252 64.03 69.08 0.00 5.06
0.0310 54.03 54.91 0.00 0.88
0.0368 48.61 46.63 1.98 0.00
0.0426 45.67 41.79 3.88 0.00
0.0484 44.08 38.97 5.11 0.00
0.0542 43.22 37.32 5.90 0.00
0.0600 42.75 36.35 6.40 0.00
Sum of difference in manufacturing cost 23.27 94.11

Table 2 Manufacturing cost of wheel mounting assembly’s dimensions X1,X2, and X3

Division no. Tolerance
(mm)

Manufacturing cost for various processes (in $US) Difference in cost (in $US)

P1 P2 P3 P4 P1-Cmin P2-Cmin P3-Cmin P4-Cmin

1 0.0060 200.63 220.12 226.23 215.12 0.00 19.48 25.60 14.49
2 0.0134 142.30 159.33 154.86 148.41 0.00 17.03 12.56 6.11
3 0.0208 103.70 117.95 108.90 104.86 0.00 14.25 5.20 1.16
4 0.0282 78.16 89.80 79.31 76.44 1.72 13.36 2.87 0.00
5 0.0356 61.26 70.63 60.26 57.88 3.38 12.75 2.38 0.00
6 0.0430 50.08 57.59 47.99 45.77 4.31 11.82 2.22 0.00
7 0.0504 42.68 48.71 40.10 37.86 4.81 10.85 2.23 0.00
8 0.0578 37.78 42.67 35.01 32.70 5.08 9.97 2.31 0.00
9 0.0652 34.54 38.56 31.74 29.33 5.21 9.23 2.40 0.00
10 0.0726 32.39 35.76 29.63 27.13 5.26 8.63 2.50 0.00
11 0.0800 30.98 33.86 28.27 25.70 5.28 8.16 2.57 0.00
Sum of difference in manufacturing cost 35.04 135.53 62.85 21.76

Table 4 Manufacturing cost of wheel mounting assembly’s dimension X5

Tolerance (mm) Manufacturing cost for various processes (in $US) Difference in cost (in $US)

P1 P2 P3 P4 P1-Cmin P2-Cmin P3-Cmin P4-Cmin

0.010 134.02 143.60 166.70 418.93 0.00 9.58 32.67 284.90
0.019 86.07 87.90 123.83 370.05 0.00 1.83 37.76 283.97
0.028 58.74 57.34 93.94 341.25 1.39 0.00 36.59 282.52
0.037 43.16 40.58 73.09 324.30 2.58 0.00 32.51 283.72
0.046 34.28 31.38 58.55 314.31 2.89 0.00 27.17 282.93
0.055 29.21 26.33 48.41 308.43 2.88 0.00 22.08 282.09
0.064 26.33 23.57 41.34 304.96 2.76 0.00 17.78 281.40
0.073 24.68 22.05 36.41 302.92 2.63 0.00 14.36 280.88
0.082 23.74 21.21 32.97 301.72 2.53 0.00 11.76 280.51
0.091 23.21 20.76 30.58 301.01 2.45 0.00 9.82 280.26
0.100 22.90 20.50 28.90 300.60 2.40 0.00 8.40 280.09
Sum of difference in manufacturing cost 22.52 11.41 250.89 3103.27
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Cdif ;X141 ¼ 215:12�min 200:63; 220:12; 226:23; 215:12ð Þ
¼ 14:49

Step 5: The steps starting from 2 to 4 are repeated until k
reaches 11 and the results are tabulated in Table 2

Step 6: The sum of difference between minimum and
actual manufacturing cost of each process are
determined by using Eq. (5).

Cdif ;X11 ¼ Sumof column P1� Cminð Þ fromTable 2
¼ 35:04

Cdif ;X12 ¼ Sumof column P3� Cminð Þ fromTable 2
¼ 135:53

Cdif ;X12 ¼ Sumof column P3� Cminð Þ fromTable 2
¼ 62:85

Cdif ;X12 ¼ Sumof column P4� Cminð Þ fromTable 2
¼ 21:76

Step 7: The processes 1 and 4 are selected for tolerance
allocation of part dimension X1, X2, and X3,
shown in Table 2.

Step 8: The steps are repeated from 1 to 7 for other part
dimensions X4 and X5. The results are presented
in Tables 3 and 4.

Step 9: The outcome of the first stage is presented in
Table 5.

It is observed from the above Table 5 that the wheel
mounting assembly can be produced any of the process
combinations from 111, 112, 411, 412, 121, 122, 421 and
422.
Stage II:
Step 10: To demonstrate the application of the second

stage, it is assumed that the process combination
422 is selected for allocating tolerance to part
dimensions of the assembly. The tolerance
requirement on Y1 and Y2 are assumed to be
0.11 and 0.24 mm, respectively. Table 6 shows
the selected process details for the part dimen-
sions to allocate tolerance.

Step 11: Tolerance limits of the process is divided into
small discrete points based on Eq. (6) in which
number of bit (nb) is assumed to be 8 and
tolerance limits are read from Table 6. For
example, tdis,X14 (discrete tolerance of part
dimension X1 for process 4) is equal to

tdis;X14 ¼ 0:08� 0:006

28 � 1
¼ 0:0002902

Similarly for other part dimensions, the discrete toler-
ances are calculated and presented in Table 6.
Step 12: An eight-digit binary number is generated

randomly using C program for each part
dimensions and presented in Table 7.

Step 13: The part dimension tolerances are estimated by
using expression (7) and listed in Table 7.

de ¼ 1*20 þ 1*21 þ 0*22 þ 1*23 þ 0*24 þ 0*25

þ 0*26 þ 1*27 ¼ 139

tIA;X14 ¼ 0:006þ 0:0002902*139 ¼ 0:046337

The manufacturing cost is computed by using given
below expression.

CX 14 ¼ C0X 14*E
�C1X14*tIA;X14ð Þ þ C2X14

CX 14 ¼ 271:5*E �57:64*0:046337ð Þ þ 23 ¼ 41:79

Table 6 Manufacturing details – parts of wheel mounting assembly

Part dimension C0 C1 C2 tmin tmax tdis

X1 271.50 57.64 23.0 0.006 0.08 0.0002902
X2 271.50 57.64 23.0 0.006 0.08 0.0002902
X3 271.50 57.64 23.0 0.006 0.08 0.0002902
X4 352.43 92.70 35.0 0.002 0.06 0.0002275
X5 240.43 66.70 20.2 0.010 0.10 0.0003529

Table 7 Initial solution for Tabu search

Part dimension Binary no. De tIA Manufacturing cost

X1 10001011 139 0.046337 41.79
X2 10011100 156 0.051271 37.14
X3 11111100 252 0.079129 25.84
X4 10111100 188 0.044761 40.56
X5 10010110 150 0.062941 23.81
ty1=0.096031
ty2=0.239678
Casm=169.13

Table 5 Selected process for tolerance allocation – wheel mounting
assembly

Part dimension Selected process number for
optimum tolerance allocation

X1, X2, and X3 1 and 4
X4 1 and 2
X5 1 and 2
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The other part dimension’s tolerances are allocated by
following the above step. The ty1 and ty2 are calculated
based on Eqs. (15) and (16) and the results are presented in
Table. 7.

ty1 ¼ 0:051271þ 0:044761 ¼ 0:096031

ty2 ¼ 0:046337þ 0:051271þ 0:079129þ 0:062941

¼ 0:239678

Step 14: Either converting 0 to 1 or 1 to 0 from the initial
solution, seven neighbors (nb–1) are generated
for each component. For example, part dimen-
sion X1, the first bit neighbor is

Initial value: 10001011 Neighbor value: 00001011
Similarly for other bit’s neighbors are,
Initial value: 10001011 Neighbor value: 11001011
Initial value: 10001011 Neighbor value: 10101011
Initial value: 10001011 Neighbor value: 10011011
Initial value: 10001011 Neighbor value: 10000011
Initial value: 10001011 Neighbor value: 10001111
Initial value: 10001011 Neighbor value: 10001001

In a similar way, the neighbors of part dimensions X2,
X3, X4, and X5 are obtained and listed in Table 8.

Similar to step 13, the allocated tolerances are obtained
for each neighbor and tabulated in Table 9. It is observed
from Table 9 that the minimum manufacturing cost of the
assembly that meets assembly specification (ty1=0.11 and

ty2=0.24 mm) on dimension Y1 and Y2 is 169.2. The string
corresponding to that is considered as initial solution and
step 14 is repeated until specific iterations are reached. The
result of first iteration is shown in bold values in Table 9.
The results up to eight iterations are presented in Table 16
(Appendix B). It is assumed that the initial allocated
tolerance for part dimensions X1, X2, X3, X4, and X5 are
0.046337, 0.051271, 0.079129, 0.044761, and 0.062941 mm
(from stage II), respectively, for demonstrating purpose.
Stage III:
Step 15: Steps starting from 1 to 6 are repeated for the

values given in Table 6. The results are presented
in Table 10. Based on the sum of difference in
manufacturing cost, the ranking of part dimen-
sions are made for final tolerance allocation.

Step 16: The tolerance difference (tdif) between required
and calculated values is determined for ty1 and ty2.

tdif ;y1 ¼ 0:11� 0:051271þ 0:044761ð Þ ¼ 0:013968

tdif ;y2 ¼ 0:24

� 0:046337þ 0::051271þ 0:079129þ 0:062941ð Þ
¼ 0:00032

Step 17: Since Y1 is related with part dimension X2 and
X4, the tdif,y1 value is added with tIA,X42 (part
dimension X4 occupy 2nd rank and X2 occupy
3rd rank).

tFA;X42 ¼ tIA;X42 þ tdif ;y1

tFA;X42 ¼ 0:044761 þ 0:013968 ¼ 0:058729 � 0:06

ty1 ¼ 0:051271þ 0:058729 ¼ 0:11

Similarly, tdif,y2 value is added with tIA,X52.

tFA;X52 ¼ tIA;X52 þ tdif ;y2

Table 9 Evaluation details for first iteration

Iteration Bit tx1 tx2 tx3 tx4 tx5 ty1 ty2 Manufacturing Cost

1 1 0.009192 0.014125 0.041984 0.015647 0.017765 0.029773 0.083067 584.60
Bit 7 in Tabu list and it is not
allowed to produce neighbor
until 8th iteration

2 0.064910 0.069843 0.060557 0.059773 0.085529 0.129616 0.280839 145.95
3 0.055624 0.060557 0.069843 0.037482 0.074235 0.098039 0.260259 160.94
4 0.050980 0.046627 0.074486 0.041122 0.057294 0.087749 0.229388 173.81
5 0.044016 0.048949 0.076808 0.042941 0.065765 0.091890 0.235537 174.65
6 0.046337 0.050110 0.077969 0.043851 0.061529 0.093961 0.235945 171.15

Bit 7 Tabu 7 0.045760 0.051850 0.079710 0.045220 0.062240 0.097070 0.239550 169.20

Table 8 First iteration binary numbers

Iteration Bit X1 X2 X3 X4 X5

1 1 00001011 00011100 01111100 00111100 00010110
2 11001011 11011100 10111100 11111110 11010110
3 10101011 10111100 11011100 10011100 10110110
4 10011011 10001100 11101100 10101100 10000110
5 10000011 10010100 11110100 10110100 10011110
6 10001011 10011000 11111000 10111000 10010010
7 10001001 10011110 11111110 10111110 10010100
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tFA;X52 ¼ 0:062941 þ 0:00032 ¼ 0:063261 � 0:1

ty2 ¼ 0:046337þ 0:051271þ 0:079129þ 0:063261

¼ 0:239998

Step 18: The details of initial and final allocated tolerance
and its manufacturing cost of part dimensions are
listed in Table 11.

Step 19: Steps 11 to 18 are repeated again for various bit
length (minimum of 7 to maximum of 19 is
assumed based on accuracy requirement). The
ty1, ty2 and manufacturing cost of the assembly
for various bit length are shown graphically in
Fig. 2. The minimum manufacturing cost of the
product is obtained in bit length 13.

Step 20: Steps 10 to 19 are repeated for other process
combinations. The values of allocated tolerance

of part dimension and cost of the product with
respect ot number of iterations are shown in
Figs. 3, 4, 5, 6, 7, and 8 for process combination
of 121, 421, and 422. In which the combination
of process 422 provided a better result (mini-
mum product cost) than the other process
combinations.

Figure 9 represents the manufacturing cost of the wheel
mounting assembly for various process combinations. The
figure shows that the process combination 422 produces
better tolerance allocation with minimum manufacturing
cost.

The comparison of allocated tolerance and its manufac-
turing cost for the proposed and Singh [13] method are
shown in Figs. 10 and 11.

3.2 Knuckle joint assembly (KJA)

There are five components (rod, fork, pin, collar, and
taper pin) and six dimensions involved in knuckle jointTable 11 Details of initial and final allocated tolerance

Part dimension Initial allocation Final allocation

tIA,ij Manufacturing
cost

tFA,ij Manufacturing
cost

X5 0.062941 23.81 0.063261 23.74
X4 0.044761 40.56 0.058729 36.52
X1 0.079129 25.84 0.079129 25.84
X2 0.051271 37.14 0.051271 37.14
X3 0.046337 41.79 0.046337 41.79
ty1 0.096032 0.11
ty2 0.239678 0.239998
Total
manufacturing
cost

169.14 165.03

Table 10 Details of sum of difference between actual and minimum manufacturing cost – wheel mounting assembly

Division no. Tolerance (mm) CX14, CX24, CX34 CX42 CX52 Cmin CX14, CX24, CX34 – Cmin CX42 − Cmin CX52 − Cmin

1 0.0060 215.12 237.08 181.33 181.33 33.79 55.75 0.00
2 0.0114 163.73 157.50 132.60 132.60 31.14 24.90 0.00
3 0.0168 126.09 109.25 98.60 98.60 27.49 10.65 0.00
4 0.0222 98.52 80.01 74.89 74.89 23.63 5.12 0.00
5 0.0276 78.32 62.29 58.35 58.35 19.97 3.94 0.00
6 0.0330 63.52 51.54 46.81 46.81 16.71 4.73 0.00
7 0.0384 52.68 45.03 38.76 38.76 13.92 6.26 0.00
8 0.0438 44.74 41.08 33.15 33.15 11.60 7.93 0.00
9 0.0492 38.93 38.68 29.23 29.23 9.70 9.45 0.00
10 0.0546 34.67 37.23 26.50 26.50 8.17 10.73 0.00
11 0.0600 31.55 36.35 24.60 24.60 6.95 11.76 0.00
Sum of difference in manufacturing cost 203.05 151.21 0.00
Ranking of tolerance allocation for part dimension in final allocation 3 2 1

Fig. 2 Manufacturing cost of wheel mounting assembly for various
bit length –422 processes combination
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Fig. 5 Tolerance allocations for 421 processes combination of wheel
mounting

Fig. 6 Assembly Tolerance and manufacturing cost for 421 processes
combination

Fig. 7 Tolerance allocation for 422 processes combination of wheel
mounting

Fig. 8 Assembly tolerance and manufacturing cost for 422 processes
combination

Fig. 9 Manufacturing cost of the wheel mounting assembly for
various combinations of processes

Fig. 4 Assembly Tolerance and manufacturing cost for 121 processes
combination

Fig. 3 Tolerance allocations for 121 processes combination of wheel
mounting

Comparison of allocated tolerance - Wheel mounting assembly
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Fig. 10 Wheel mounting assembly talo comparison
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assembly as shown in Fig. 12. The manufacturing
details and the exponential cost function constants are
presented in Table 12. Out of six dimensions, the fork has
three dimensions, namely, d1, d2, and d3. It is assumed
that all these three dimensions have equal tolerances and
are produced in a single manufacturing process. The
tolerance cost (TC) curves of all the dimensions with
alternative processes are represented in Figs. 13, 14, 15,
and 16. The dimensions of Y1 and Y2 (interrelated
dimensional chains) are computed based on Eqs. (17)
and (18). The tolerance on dimensions Y1 and Y2 are less
than or equal to 0.3 mm.

Y1 ¼ d5� d1� d2� d3� d4 ð17Þ

Y2 ¼ d2� d6 ð18Þ

Similar representations of Figs. 3, 4, 5, 6, 7, and 8 are
shown for knuckle joint assembly in Figs. 17, 18, 19, and
20. Two combinations of processes, namely, 1321 and 1322
are obtained from the stage I to produce knuckle joint
assembly with the given alternative processes. The toler-
ances are allocated with the proposed hybrid algorithm in

the second and third stages. From Figs. 17, 18, 19, and 20,
very little variation is observed in allocated tolerance of part
dimensions.

The assembly tolerance and the manufacturing cost of
the assembly for various bit length of 1322 processes
combination are presented in Fig. 21. It is observed that the
minimum manufacturing cost of the assembly is achieved
in bit length 14. Figure 22 represents the comparison of
manufacturing cost between the combination of processes
1321 and 1322. It is observed that 1322 combination of
processes is allocated tolerance with the minimum manu-
facturing cost. The allocated tolerance and manufacturing
cost of components are compared with Singh [13] method
and shown in Figs. 23 and 24.

4 Results

The optimum allocated tolerance and the corresponding
processes of knuckle joint assembly’s components are
presented in Table 13. Similar results for wheel mounting
assembly are shown in Table 14. A comparison between the
present and Singh method are given in Table 15.

The manufacturing cost saving in wheel mounting
assembly and knuckle joint assembly for the following
manufacturing conditions are

20 products per hour; eight hour per shift;
3 shift per day and 300 days per year

MCSWMA ¼ 159:98� 156:65ð Þ*20*8*3*300 ¼ $479520=year
MCSKJA ¼ 407:44� 406:92ð Þ*20*8*3300 ¼ $74880=year

Comparison of manufacturing cost - Wheel mounting assembly
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Singh 30.07 34.40 30.98 37.23 27.32

New 30.16 33.58 29.69 37.43 25.79

X1 X2 X3 X4 X5

Fig. 11 Wheel mounting assembly manufacturing cost comparison

Fig. 12 Knuckle joint assembly

Table 12 Exponential cost function constants for knuckle joint
assembly Singh [13]

Part dimension Process no. Cost model constants Precision limits
(mm)

C0 C1 C2 tmin tmax

d6 1 296.40 19.50 23.82 0.01 0.15
2 331.50 17.64 20.00 0.01 0.15

d1,d2&d3 1 311.50 15.80 24.20 0.01 0.15
2 280.00 14.00 19.80 0.01 0.15
3 296.40 19.50 23.82 0.01 0.15
4 331.50 17.64 20.00 0.01 0.15

d5 1 92.84 13.66 17.20 0.02 0.20
2 82.43 16.70 21.00 0.02 0.20

d4 1 128.25 82.45 32.50 0.01 0.10
2 160.43 86.70 29.20 0.01 0.10
3 231.42 50.05 28.05 0.01 0.10
4 134.16 78.82 500.00 0.01 0.10
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Fig. 14 TC curves for various processes of dimension d4 Fig. 17 Tolerance allocation for 1321 processes combination of
knuckle joint

Fig. 15 TC curves for various processes of dimension d5

Fig. 16 TC curves for various processes of dimension d6

Process tolerance cost curves for dimensions d1, d2 & d3

35

85

135

185

235

285

0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15

Tolerance (mm)

M
an

uf
ac

tu
ri

ng
 c

os
t 

($
)

1 2 3 4

Fig. 13 TC curves for various processes of dimensions d1, d2, and d3

Fig. 18 Assembly tolerance and manufacturing cost for 1321
processes combination
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Fig. 20 Assembly tolerance and manufacturing cost for 1322
processes combination

Fig. 21 ty1, ty2 and Casm for various bit length of 1322 processes

Fig. 22 Manufacturing cost of the knuckle joint for various processesFig. 19 Tolerance allocation for 1322 processes combination of
knuckle joint

Comparison of allocated tolerance - knuckle joint assembly
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5 Conclusions

The following conclusions can be drawn:

– There is no chance to omit the best process in
alternative process for optimum tolerance allocation.

– The search space to obtain processes combination to
allocate tolerance optimally for the components are
reduced to a large extent.

– The developed method was tested successfully in
complex assemblies with alternative processes selection.

– The observation from the tested products showed a saving
of $479,520 and $74,880 in manufacturing cost of wheel
mounting and knuckle joint assemblies, respectively.

– The present method proved better than GA by obtain-
ing 2.1% of saving in manufacturing cost of wheel
mounting assembly.

– Even though, the method seems to take time; the CPU
time (1,000 iterations have been tried out for about 20
times) is more or less same as with genetic algorithm.
The CPU time for both the Singh method and the
proposed method is presented in Table 15.

Table 13 Optimum manufac-
turing process and allocated
tolerance for knuckle joint
dimensions

Part dimension Process no. talo (mm) Manufacturing cost
(in $US)

d6 1 0.150000 39.73
d1,d2&d3 3 0.085765 79.48
d5 2 0.013529 86.76
d4 2 0.029176 41.99
Y1 0.235765
Y2 0.300000
Manufacturing cost 406.92

Table 14 Optimum manufac-
turing process and allocated
tolerance for wheel mounting
dimensions

Part dimension Process no. Talo (mm) Manufacturing cost
(in $US)

X1 4 0.063065 30.16
X2 0.056293 33.58
X3 0.064246 29.69
X4 2 0.053707 37.43
X5 2 0.056396 25.79
Y1 0.110000
Y2 0.240000
Manufacturing cost 156.65

Table 15 Comparison between Singh method and the proposed method

Method/Product Knuckle joint assembly Wheel mounting assembly

Combination
of processes

Manufacturing cost
(in $US)

CPU time (s) Combination
of Processes

Manufacturing cost
(in $US)

CPU time (s)

Singh 1322 407.44 b5.49 421 159.98 5.37
New 1322 406.92 a[0.6+1.52+3.3]=5.42 421 159.52 [0.54+1.52+3.2]=5.26

5.42 422 156.65 5.26

a CPU time for three stages [I+II+III]
b Singh GA parameters are applied
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Appendix – A

Read 
nc, tsasm[], C0[ ],C1[ ],C2[ ], tmin[ ] and tmax[ ]

Evaluate talo[ ]

Calculate tcsasm[ ] and Casm

Generate (nb – 1) neighborhoods

Evaluation
For each neighborhoods
      For each components

Determine talo[ ]     

Evaluate
For each neighborhood

Compute tcsasm[ ] and Casm

Stopping criteria
(No. of iterations / no 
change in consecutive 
iteration values)  

Output 
Select best solution 
and display talo[ ]of 
each component

Initial solution
Generate nb number of random binary 
numbers for each component

 Select minimum Casm  for which the 
sum of tolerance nearly equal to      
tsasm [ ]and write in text file.

Replace
Replace initial solution and store the best bit number in Tabu 
list and allow the bit generating neighbors after nb iterations

YesNo

Fig. 25 Scheme of Tabu search

Appendix A
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Read 
N[ ], tsasm [ ], C0[ ],C1[ ],C2[ ], tmin[ ], tmax[ ], talo[ ] from TS (text file)

Compute tcsasm[a] and
tdif = tsasm[a] – tcsasm[a]

Compute tralo[I]= tralo[I]+tdif

 Compute tdif = tralo[I]– tmax[I] and set 
tralo[I]= tmax[I]

If I<=N[a]  

Set a = a + 1 

Evaluate
Evaluate sum of difference between actual and minimum mfg. cost  
of each component and rank part dimensions. talo[ ] and its process 
tolerance limits are rearranged and stored in tralo[ ] and tmin[ ],tmax[ ]

I=I+1

Yes

No

If tralo[I]>tmax[I]
No

Yes

Set a=I=1 

Read next talo[]

If a<=2
Yes

No

If EOF( )Display Casm and tralo[ ]
Yes

No

Fig. 26 Scheme of heuristic
approach
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