
Article 1 

Entropy-Based Method for Evaluating Spatial 2 

Distribution of Form Errors for Precision Assembly 3 

Qiushuang Zhang 1, Zhongqing Zhang 2, Xin Jin 1,*, Wenhan Zeng 3, Shan Lou 3, Xiangqian Jiang 4 
3, Zhijing Zhang 1 5 

1 School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China  6 
2 Beijing Power Generating Machinery Institute, No.17 Yungang West Road, Fengtai district, Beijing, China 7 
3   The EPSRC Future Metrology HUB, University of Huddersfield, Queensgate, Huddersfield, HD1 3DH, UK 8 
* Correspondence: jinxinbit@163.com; Tel.: +86-10-689-1846 9 

Abstract: Accurate evaluation of form errors is an important part of precision assembly. At the 10 

microscale, there are differently sized peaks and valleys, which are distributed non-uniformly on 11 

surfaces. In a departure from the traditional, minimum tolerance evaluation method, an entropy-12 

based method for evaluating the spatial distribution of precision assembly form errors has been 13 

proposed here. In this method, information entropy has been applied to assess the form error height 14 

distribution at three levels, while the nearest neighbour index technique has been employed to 15 

examine the position distribution. Two experimental machined surfaces were used for testing, and 16 

error matching was employed to validate the proposed evaluation method. The results indicated 17 

that the method was reliable and effective for evaluating form error spatial distribution, and that it 18 

provided new insight into form error evaluation, establishing a novel basis for evaluating assembly 19 

accuracy and contact performance. 20 
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1. Introduction 22 

Current developments in the field of precision mechanical systems, such as machining, 23 

measurement and instrumentation, have tended to focus on precision assembly [1]. Assembly quality 24 

is related to form error, waviness and roughness, and, according to ISO 25178-2 [2] and ASME B46.1-25 

2009 [3], form error, waviness and roughness can be identified by wavelength, as shown in Fig. 1. 26 

Roughness relates to process marks produced by cutting tools or machining processes, and exhibits 27 

short wavelengths, while waviness is usually produced by instabilities in machining processes, and 28 

has a longer wavelength; form error refers to the general, uneven shape of the surface and has the 29 

longest wavelength. On one hand, there is no fixed metric for distinguishing these quality errors, as 30 

their appearance depends on size and specific machining processes, while on the other hand, parts 31 

for precision assembly are known for their small size and high machining accuracy, and are usually 32 

generated by milling and grinding. These parts have roughness at the micron level and exhibit form 33 

error at the millimetre level; hence, form error has been considered to have greater impact on 34 

precision assembly, due to its larger wavelength. At the micro scale, form error appears as non-35 

uniformly distributed peaks and valleys, which give rise to positioning deviation and contact stress. 36 

 37 

Figure 1. Surface form error, waviness, and roughness. 38 
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Generally, form error evaluation has been approached using the principle of minimum tolerance, 39 

and the least squares method [4,5] and the minimum zone method [6,7] have been applied. In this 40 

technique, two ideal surfaces are used to cover the real surface, and the orientations of these ideal 41 

surfaces are adjusted until the distance between them is minimised—and flatness error, Δ, is the 42 

minimum distance between them, as shown in Fig. 2. This tolerance-based analysis can provide 43 

tolerance information in the height direction, but for precision assembly, it does not reflect actual 44 

surface irregularity. Fig. 2 shows that four parts with identical tolerances produce completely 45 

different assembly effects, due to their different geometric shapes and spatial distribution. Fig. 3 46 

illustrates the assembly of an ideal part using these four surface types, and it can be seen that when 47 

P2 mates with P1, the assembly errors for cases (c) and (d) are consistent with those obtained from the 48 

tolerance-based variation analysis, while cases (a) and (b) give very different results. 49 
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 50 
(a)    (b)     (c)     (d) 51 

Figure 2. Four surface features types in surface P1; (a) case a; (b) case b; (c) case c; (d) case d. 52 
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  (a)     (b)     (c)     (d) 54 

Figure 3. Assembly errors caused by part P1; (a) case a; (b) case b; (c) case c; (d) case d. 55 

For precision mechanical systems, form errors on mating surfaces will directly affect part 56 

positions during assembly, and will change the contact state between parts. If the distribution of form 57 

error is uniform, the assembly error is smaller and the contact state would be stable—as in case (c) in 58 

Fig. 3. Form errors are accumulated and transmitted during assembly, so that even small errors can 59 

result in variations of assembly accuracy, reducing assembly stability—and even leading to failure. 60 

Therefore, the spatial distribution of form errors is a critical variable affecting assembly quality, and 61 

an effective form error evaluation method is necessary, to facilitate assembly precision. 62 

The spatial distribution of form errors refers to the statistical consistency of height at different 63 

positions, and therefore includes both height and position distribution. The traditional evaluation 64 

parameter is numerically equivalent to the width of the minimum zone, however this does not make 65 

form error spatial distribution clear. In statistics, variance and standard deviation are common 66 

indicators for evaluating data distribution, although in some cases, variance and standard deviation 67 

will fail to describe uncertainty, since they ignore extreme events. Thus, some studies have shown 68 

that entropy—that represents the average uncertainty of random events, and has been widely 69 

employed in control theory, image reconstruction, biology, medicine and so on [9-11]—is more 70 

suitable for describing data uncertainty [8]. Preliminary research using information entropy to 71 

evaluate form errors [1, 12, 13] has been conducted, and has allowed tolerance zone limitations in an 72 

assembly process to be improved, while taking account of the effect part surface qualities played in 73 

assembly accuracy and stability.  74 
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The spatial distribution of form error had still not been fully considered [14], however, and this 75 

limitation was addressed by our study, in which a method for evaluating the spatial distribution of 76 

form errors for precision assembly was developed. Our work has been described in this paper, which 77 

is laid out as follows: term definitions and the evaluation model description are given in Section 2. 78 

Then, the methodology—where entropy has been used to evaluate height distribution, and the 79 

nearest neighbour index (NNI) has been used to evaluate position distribution—is detailed in Section 80 

3. Experimental validation has been described in Section 4, and our conclusions and concepts for 81 

future work are presented in the final section. 82 

2. Evaluation Model 83 

2.1 Definitions 84 

Basic concepts used in our study are defined below (see also, Fig. 4). 85 

1. Peak points refer to local highest points on a surface. 86 

2. Assuming that the maximum peak point height is hmax, bulge areas are defined as the areas with 87 

heights > 1/2 hmax. 88 

3. Contact bulge areas refers to three bulge areas that can support an independent mating surface 89 

during assembly.  90 

Peak points   Bulge area

91 
Figure 4. Sample surface showing peak points and a bulge area. 92 

2.2 Evaluation Model of Form Errors  93 

An evaluation model, intended to comprehensively evaluate form error spatial distribution, has 94 

been proposed. In the model, the evaluation process has been broken down into three levels, in terms 95 

of the range of form errors, as illustrated in Fig. 5. 96 

Overall surface entropy 

Ho

Peak point height entropy 

Hp

Contact bulge area entropy

 Hc1     Hc2     Hc3

Nearest neighbor index 

NNI
Peak point search

Contact bulge area search

Level 1

Level 2

Level 3

97 
Figure 5. Evaluation model. 98 
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In the first level, the overall surface entropy, Ho, is the overall form error evaluation for the entire 99 

mating surface, and was calculated using the heights of all sampling points on the surface, roughly 100 

reflecting the overall fluctuation. When parts are assembled, peak points on the mating surfaces are 101 

the first points of contact, so that the distribution of peak points on a surface, and their position 102 

direction, will affect assembly accuracy. Thus, it was necessary to perform further evaluation, and so, 103 

at the second level, after searching peak points, peak point height entropy (Hp) was used to evaluate 104 

height distribution, while NNI was employed to evaluate position distribution. Assuming parts are 105 

rigid, three contact points on a mating surface can make the contact between parts stable—and 106 

contact bulge areas contain the three contact points. The flatness of a contact bulge area determines 107 

assembly stress and stability, and is evaluated using Hc1, Hc2 and Hc3. 108 

3. Methodology 109 

3.1 Overall Evaluation of Form Error Distribution 110 

A surface can be described in terms of discrete grid points, according to Nyquist sampling 111 

theorem [15]. The discrete points can retain form error information if the sampling step is less than 112 

half of the form error wavelength. 113 

  114 

Figure 6. Discrete points on a surface. 115 

Fig. 6 is an example of a surface broken down in this way, and in the figure, the height scale (Z-116 

axis) has been magnified by 1000, to allow better visualisation of form errors.  117 

If we suppose that the surface has been divided into a lattice with an m × n grid, zi,j represents 118 

the height of grid point (Pij), and the relative height at each point is hij = zij - zmin, where zmin = min{zij, I 119 

= 1, 2…, m; j = 1, 2, …, n}. The sum of the relative heights is therefore as shown in Eqn (1). 120 

1 1

m n

ij

i j

h h
 

           (1) 121 

The ratio of the height at a certain point to the sum is given as shown in Eqn (2). 122 
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If hij is regarded as a sample of the random variable X, and 
ijh  is regarded as sample probability, 124 

then information entropy can be used to reflect grid point height distribution.  125 
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The following is a brief introduction to the principle of information entropy, which applies to 126 

the subsequent two levels of entropy evaluation. 127 

Assume that a set of discrete random variables X = {x1, x2, …, xn}, and its probability distribution 128 

pi = p[X=xi] = {p1, p2, …, pn}; that is, 129 

1 2

11 2

0 1, 1
( )

n
n

i i

in

x x xX
p p

p p pp x 

  
     

   
       (3) 130 

Information entropy, H(X), characterises the uncertainty of random events. 131 
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      (4) 132 

E( ) indicates the mathematical expectation, and r is the base of the logarithm, which can take 2, 133 

e or 10 [16, 17]. In our study, we used e as the base—allowing Eqn (4) to be rewritten as shown in (5). 134 
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           (5) 135 

Only when p1 = p2 = ... = pn = 1/n, that is, when the probability is uniformly distributed, is the 136 

maximum entropy obtained, at which point Hmax = ln (n). 137 

Similarly, if random variable X = {hij, i= 1, 2, …, m; j = 1, 2, …, n}, and probability distribution pij 138 

= {h'ij, i = 1, 2, …, m; j = 1, 2, …, n}, the information entropy (
EntropyH ) of the grid points can be obtained 139 

using Eqn (6). 140 

1
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m n

ij ij

i j

tropyH h h


           (6) 141 

The overall surface entropy (Ho) for the first level is calculated by applying Eqn (7). 142 

max

max =ln(m n)

Entropy

Entropy

Entropy

H
H

H

H









         (7) 143 

Ho ranges in [0, 1], and is calculated using the height of all grid points, thus reflecting overall 144 

form error fluctuation. The larger its value, the smaller the height difference at each point, that is, the 145 

more uniform the form errors; conversely, the greater the height difference, the worse the 146 

‘assemblability’ of the part. Therefore, Ho is an initial evaluation index that reflects the relationship 147 

between form error distribution and assembly accuracy. 148 

3.2 Evaluation of Peak Points on a Surface  149 

In the assembly process, the actual contact area between the parts is smaller than the nominal 150 

contact area, and in the study of contact phenomenon, the contact between rough surfaces is usually 151 

simplified into the contact between an equivalent rough surface and an ideal rigid plane [18]. When 152 

parts are assembled, the areas of first contact are peak points on the mating surface, so the height and 153 

positions of these peak points will operate together to affect assembly accuracy. Therefore, all peak 154 

points on mating surfaces are identified first, and then their height and position distribution are 155 

parameterized. 156 

3.2.1 Peak Points Search 157 

In 1996, Wood studied the Digital Elevation Model algorithm to extract peak points from the 158 

geometric features of topographic points [19]. In the Wood study, it was proposed to judge peak 159 
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points by using the positive and negative properties of the second derivative of their height direction, 160 

in respect to the other two directions. The basic principle of the algorithm was the finite difference 161 

calculation of grid points—and this has since found favourable applications [20]. The peak points 162 

shown in Fig. 4 were found using this method. 163 

3.2.2 Height Distribution Evaluation of Peak Points Based on Information Entropy 164 

The evaluation of peak point height is similar to that of the overall surface entropy. First, the 165 

relative heights of peak points are calculated. Assuming that the number of peak points is np, their 166 

heights are marked as p

iz , and their relative heights are
min= -p p p

i ih z z —and the peak point height 167 

entropy is then defined as shown in Eqn (8). 168 

max

p H
H

H
           (8) 169 
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. 170 

Hp, ranging through [0, 1], reflects the height distribution of peak points on a surface, which can 171 

be used as a further assembly accuracy evaluation parameter. The larger the Ho, the more uniform 172 

the height distribution of peak points, and when Ho = 1, all peak points are the same height. 173 

3.2.3 Position Distribution Evaluation of Peak Points Based on NNI 174 

Hp can be used to evaluate peak point heights, but is unable to reflect their position distribution. 175 

It is noted that the entropy does not change when the order of points changes, in according to the 176 

information entropy symmetry, indicating that there is more than one possible distribution pattern 177 

when Hp is the same. Fig. 7 presents three distribution characteristics, in which red dots represent 178 

peaks. If the points are the same height, Hp for the three patterns will be the same, however, it can be 179 

seen that the peak distribution in Fig. 7(a) is more uniform than it is in the other two. 180 

181 

(a)       (b)        (c) 182 

Figure 7. Three distribution patterns that would have the same entropy value: (a) uniform 183 

distribution; (b) random distribution; (c) aggregate distribution. 184 
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 To evaluate the position distribution, point pattern analysis (PPA)—which is the study of points’ 185 

spatial arrangements, in (usually 2-dimensional) space [21]—has been used. NNI, one of the most 186 

commonly used PPA methods, can effectively express the aggregation and dispersibility of spatial 187 

points [22], and, as peak points represent a type of spatial point, NNI could be applied to assess the 188 

position distribution of peak points. The data analysis process involved is summarised in Fig. 8, and 189 

can be described as follows. 190 

Start

Calculate the nearest distance of every point NNDi

Calculate the average nearest distance  NND

Calculate the nearest neighbor index  R

Evaluation standard, 0<R<1; 1<R<2.149; R>2.149

End  191 

Figure 8. Calculation flow for nearest neighbour index. 192 

Assuming that there are n peak points, the distance from the i-th point to its nearest neighbour 193 

is NNDi. The nearest neighbour distance is an average of all points, as shown in Eqn (9).  194 

0

n

i

i

NND

NND
n




  (9) 195 

The average nearest neighbour aggregation distribution distances, the random distribution 196 

(usually Poisson distribution), and the uniform distribution have been previously derived [23]. These 197 

parameters are summarised in (10), where, NNDca, NNDra, and NNDda represent the average nearest 198 

neighbour distances of the aggregation distribution, random distribution and uniform distribution 199 

respectively; A is the study area; n is the number of points; and n/A represents point density. 200 

1
0, ,

2 / 2

1.07453

/
ca ra daNND NND NND

n A n A
         (10) 201 

The average nearest neighbour distance is related to the unit of measurement data. NNI is a ratio 202 

relative to the random distribution, independent of the unit. 203 

2 /
ra

NND
NNI R NND n A

NND
            (11) 204 

Fig. 9 illustrates NNI variation in relation to various point aggregations [24]. When R = 0, all the 205 

points are in the same position, and this is referred to as extreme aggregation. When R = 1, points 206 

show a random distribution. When R = 2.149, three adjacent points in the region form an equilateral 207 

triangle, and points show a well-dispersed distribution. When 0 < R < 1, points are more aggregated 208 

than in a random distribution, while when 1 < R < 2.149, points are more dispersed than in a random 209 
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distribution. When R > 2.149, the distribution is approaching complete uniformity. Taking the three 210 

distributions in Fig. 7 as examples, their NNIs, obtained by the above equations, would be 3, 1.638 211 

and 0.75, respectively, which appears to reflect the relative uniformity of their distributions correctly.  212 

R=0 R=0.16 R=0.51 R=0.94 R=1.48 R=1.81 R=1.90

Aggregation increased Uniformity increasedR=1

 213 

Figure 9. Various distribution patterns and their nearest neighbour indices. 214 

3.3 Evaluation of Surface Contact Bulge Areas 215 

In a theoretical model, by simplifying two rough mating surfaces into a rough surface and an 216 

ideal plane, three peak points are in contact with the ideal plane, and three contact bulge areas are 217 

produced. According to Hertz contact theory [25], the following conclusions can be drawn. As shown 218 

in Fig. 10, a sphere is in contact with a plane. If the sphere is subjected to load (F) and the indentation 219 

depth is δ, then the radius of contact area, a, and the indentation depth, δ, can be calculated as shown 220 

in Eqn (12). 221 
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        (12) 222 

In (12),   is the radius of curvature of the sphere, E1 and E2 are the elastic modulus, while μ1 223 

and μ2 are Poisson’s ratio. 224 

 225 

Figure 10. Schematic of a contact case. 226 

From Equation 12, the radius of curvature of the contact area directly affects the contact stress 227 

and deformation, and a small curvature radius tends to cause large deformation and stress 228 

concentration. The radius of curvature is related to contact bulge area flatness, so therefore, after 229 

searching for contact bulge areas, entropy is used as a parameter to judge whether the mating surface 230 

is prone to local deformation. 231 
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3.3.1 Contact Bulge Areas Search 232 

Using a method that could give the optimal solution for contact points, a search approach based 233 

on the minimum potential energy was applied to find three contact points, with a contact point being 234 

the local highest point of three contact bulge areas. This optimisation algorithm was based on Bare 235 

Bones Particle Swarm Optimization (BBPSO), and was established by taking potential energy as the 236 

optimisation target [26]. The optimisation constraint was that there was no interference between the 237 

surfaces, and the sole optimal solution was obtained when the potential energy was minimized. 238 

BBPSO has the advantages of simple iteration, easy parameter adjustment, good convergence, and 239 

strong global search ability [27], and the matching errors of assembled parts can be calculated, which 240 

will be used later to verify evaluation parameters. The definition and calculation of matching errors 241 

have been presented in Section 4.1. 242 

3.3.2 Evaluation of Contact Bulge Areas  243 

Assuming that C1, C2 and C3 are three contact bulge areas, they can be discretized into points, 244 

marked as n1, n2 and n3. Taking C1 as an example, its contact bulge area entropy can be obtained 245 

using Eqn (13) (and HC2 and HC3 can be similarly calculated). 246 

1

1

n

1

1

ln

ln n
C

i i

i

h h

H 






         (13) 247 

The three contact points together determine assembly state, so the mean value (Hc) is used to 248 

evaluate the effect of form errors on assembly performance. 249 

1 2 3

3

C C C

C
H H H

H
 

          (14) 250 

HC is proportional to the contact area radius of curvature, and the larger the HC, the flatter the 251 

contact bulge areas, indicating better mating surface stability. In contrast, if the contact bulge areas 252 

are sharper, the mating surface is prone to deformation and stress concentration. 253 

4. Validation of Evaluation Parameters  254 

Two experimental machined surfaces were used to verify the proposed method. The proposed 255 

entropy parameters for form error spatial distribution were calculated, and were then compared with 256 

traditional, tolerance-based parameters.  257 

4.1 Calculation of Matching Errors 258 

Matching errors were defined as the variation of an assembled component from its ideal position 259 

and orientation caused by form errors.  260 
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A

B

P1

P2

A coincide with B

PCS1

PCS2

PCS1 coincide with PCS2
x

z
y

 261 

Figure 11. Schematic of matching errors. 262 

As shown in Fig. 11, P1 is a part with significant form errors on its mating surface, while P2 263 

exhibits an ideal mating surface. The part coordinate system was established on the P1 and P2 mating 264 

surfaces, and denoted as PCS1 and PCS2, respectively, and the x-, y- and z-axes were as defined in 265 

Fig. 11, allowing the positions of P1 and P2 to be described by PCS1 and PCS2, respectively. The 266 

transformation of PCS2 relative to PCS1 was defined as its matching errors.  267 

If P1 and P2 were assembled along the z-axis, the matching errors would include a slight 268 

translation along the z-axis (dz), and a small rotation around the x- and y-axes (x, y). According to 269 

the homogeneous transformation method [28], the translation vector (T) and the rotation matrix(R) 270 

would then be specified as shown in Eqn (15). 271 

 272 

 

1 0 0 cos 0 sin

( , ) ( , ) 0 cos sin 0 1 0

0 sin cos sin 0 cos

0 0

y y

x x y y x x

x x y y

dz

 

   

   

    
    

      
       
 

R R R

T
T

 （15） 273 

Since the matching errors are in the micron scale, sinδx ~ δx, cosδx ~ 1, sinδy ~ δy and cosδy ~ 1, 274 

allowing the rotation matrix can be simplified as shown in Eqn (16). 275 

1 0

0 1

1

y

x

y x





 

 
 

 
 
  

R         （16） 276 

Suppose A and B in Fig. 11 are a pair of contact points and their coordinates are given by PA = 277 

[x1, y1, z1]T, and PB = [x2, y2, z2]T: the two points coincide during assembly, and Eqn (17) is then obtained. 278 

A BP P R T          （17） 279 

To extend to the matrix form, 280 

1 2

1 2

1 2

1 0 0

0 1 0

1

x y x

y x y

z y x z dz





 

       
       

  
       
              

     （18） 281 

After obtaining three pairs of contact points, the matching errors can be calculated, and 282 

expressed as u = [0, 0, dz, δx, δy, 0] T. 283 
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4.2 Experimental Verification 284 

Two 115 x 60 x 15 mm test samples were machined from 45# steel, using an X5040 vertical milling 285 

machine, and their matching surfaces were measured using a coordinate measuring machine (Mistral 286 

07107, measurement uncertainty of 1.5 + l/300 μm, measurement system of PC-DMIS). 287 

First, 24 × 12 grid points were measured on the sample mating surfaces, as shown in Fig. 12. 288 

Then, the best-fit algorithm was used for form removal, and finally, form error spatial distribution 289 

was evaluated. 290 

O
y x

z

 291 

Figure 12. Sample surface measurement. 292 

Table 1 and Table 2 list the best matching results for S1 and S2, respectively, and it can be seen 293 

that position errors between the two surfaces were effectively removed, such that the processed data 294 

contained form errors only. 295 

Table 1. Best matching result for S1 (unit, displacement / mm, angle / rad). 296 

Condition  Distribution of form errors 

Before 

 

Max = 0.00424, Min = -0.045, Standard Deviation = 0.0203 

After 

 

Max = 0.00856, Min = -0.00437, Standard Deviation = 0.0018, Flatness = 0.0129 

Transformed parameter, dx = 0, dy = 0, dz = 0.0515, δx = -0.0611, δy = 0.0192, δz = 0 
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 297 

Table 2. Best matching result for S2 (unit, displacement / mm, angle / rad). 298 

Condition Distribution of form errors 

Before 

 

Max = 0.0400, Min = -0.0388, Standard Deviation = 0.0188  

After 

 

Max = 0.00945, Min = -0.00564, Standard Deviation = 0.0024, Flatness = 0.0151 

Transformed parameter, dx = 0, dy = 0, dz = 0.04761, δx = -0.0576, δy = 0.0167, δz = 

0 

 299 

Both surfaces were evaluated using the proposed entropy-based method. Fig. 13 and 14 depict 300 

the peak point and contact bulge area searches, and the matching errors. 301 

 302 
Convex points

 303 

    (a)       (b)       (c) 304 

Figure 13. S1 evaluation process: (a) peak points search result; (b) contact bulge areas search result; 305 

(c) matching errors between S1 and the ideal plane. 306 

 307 
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Convex points

308 

    (a)       (b)      (c) 309 

Figure 14. S2 evaluation process: (a) peak points search result; (b) contact bulge areas search result; 310 

(c) matching errors between S2 and the ideal plane. 311 

Evaluation parameter calculations, including traditional tolerance-based parameters and the 312 

entropy-based parameters that resulted from applying the method developed here, have been listed 313 

in Table 3. 314 

Table 3. S1 and S2 evaluation parameters (unit, displacement / mm, angle / rad). 315 

samples 

Traditional 

evaluation 

parameters 

Evaluation parameters developed in the study 

described here 

Validation of 

evaluation 

Flatness 
Standard 

deviation 
Ho Hp NNI HC Matching errors 

S1 0.0129 0.0018 0.9929 0.9406 1.6812 

HC1 = 0.9277 

HC2 = 0.9392 

HC3 = 0.9265 

HC = 0.9311 

dz = 0.0153 

δx = -1.1354e-4 

δy = 7.9334e-5 

S2 0.0151 0.0024 0.9920 0.9561 1.7872 

HC1 = 0.9186 

HC2 = 0.95134 

HC3 = 0.9132 

HC = 0.9277 

dz = 0.0117 

δx = -4.6877e-5 

δy = 2.5193e-5 

 316 

It can be seen that S1 had fewer flatness errors, and that the S1 overall surface entropy was 317 

slightly larger than that of S2, indicating that the S1 form error height distribution was relatively 318 

uniform, overall. However, the S2 peak point height entropy and NNI were larger than those of S1, 319 

indicating that the S2 peak point heights and position distribution were more uniform, and that the 320 

matching errors caused by form errors were smaller. These observations could be verified from the 321 

matching error calculation results; moreover, the S1 contact bulge area entropy was larger than that 322 

of S2, indicating that the S1 contact bulge areas were relatively flat and their radii of curvature were 323 

larger.  324 

These findings support the conclusion that S1 was more stable and exhibited less stress 325 

concentration, while better assembly accuracy could be achieved with S2. In a subsequent assembly 326 

process, suitable parts could be selected according to different assembly requirements and working 327 

conditions. For situations where part machining accuracy and assembly requirements were not high 328 

(with tolerances at, perhaps, the millimetre level), Ho should be used for rough evaluation, whereas 329 
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if assembly accuracy was more important, Hp and NNI would be preferred, and if assembly stability 330 

and contact stress concentration were more important, Hc would be the most suitable evaluation 331 

parameter.  332 

5. Conclusion and Future Work 333 

This paper describes a proposed entropy-based method for evaluating form error spatial 334 

distribution in precision assembly. A three level evaluation model has been developed, covering the 335 

overall and local distribution of form errors. Following evaluation of overall height, the height and 336 

position distribution of local high points—parameters that are related to assembly accuracy—were 337 

evaluated further, based on entropy and NNI, respectively. Characteristics related to contact area—338 

which is related to assembly stability—were also analysed using entropy, and then combining the 339 

three parameters enabled the comprehensive evaluation of form error spatial distribution. 340 

The proposed method was then tested using two experimental plane surfaces. The proposed 341 

entropy-based parameters could reflect the assembly capability and contact characteristics of mating 342 

surfaces, and supplemented traditional, tolerance-based parameters. 343 

In the future, the proposed method will be applied to the assembly of precision mechanical 344 

systems, such as inertial navigation systems and precision optical systems. As a high-precision 345 

inertial instrument, a gyroscope has an assembly tolerance of < 20 µm, but gyroscopes have low 346 

assembly yield, due to non-uniformly distributed form errors. Therefore, accurate evaluation of form 347 

error spatial distribution is necessary to improve gyroscope assembly quality and stability. 348 
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