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Recently, the number of camera companies that produce commercializing interchangeable lens systems 

such as digital single lens reflex (DSLR) and compact system camera (CSC) lenses has been gradually 

increasing. These interchangeable lenses have various kinds of lenses with distinct specifications. In 

particular, the distance window among these specifications is the function most preferred by customers. 

Mechanical manual zoom and manual focus in these high end camera lenses with a distance window are 

in particular desirable specifications and are required for product quality. However, the AF lens group 

is linked to the zoom cam and moves. Because the AF lens group moves along with the object distance, 

we can not realize the distance window with only zoom locus calculation. In this paper, in order to solve 

the problem, we suggest an optical calculation method for a corrected AF zoom cam for an interchangeable 

lens with a distance window to achieve product differentiation and analyze the error in the calculation.
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I. INTRODUCTION

Interchangeable lens products have been designed and 

developed for most film cameras [1]. However, single lens 

reflex (SLR) cameras have been digitalized recently. Thus, 

the manufacture and sale of SLR film cameras has nearly 

ceased. Digital single lens reflex (DSLR) cameras use a 

digital sensor instead of film. Since the first DSLR 

product did not have high pixel density, an interchangeable 

lens produced for film cameras could be used. However, 

recent DSLR products have high pixel density and so a 

new optical system must be developed [1]. Many companies 

have now launched new interchangeable lenses, dramatically 

increasing competition in this area. Various kinds of 

differentiation strategies are required to overcome the present 

market situation. While the typical way to differentiate 

products is through a superficial design change such as 

color, this approach is not influenced by engineering. From 

an engineering point of view, the specification of a product 

can be improved while increasing the cost and complexity 

of manufacturing. In this study, we suggest an optical 

calculation method in order to apply a distance window, 

which can achieve the appearance of product differentiation. 

In particular, we discuss a focusing lens cam calculation 

method in an interchangeable lens system.

Prior to discussing the distance window specification, 

we review high-end luxury interchangeable lens trends and 

search for commonly applied differential factors. The most 

expensive lens is a fixed f-number lens that can achieve 

the same shutter speed from a wide to tele-position with 

an interchangeable lens system. Typical lenses correspond 

to 24-70 mm F/2.8 and 70-200 mm F/2.8 [2, 3]. Figure 1 

shows 24-70 mm F/2.8 and 70-200 mm F/2.8 lenses. 

Several companies denote that these lenses are luxury 

products in the interchangeable lens segment [2, 3].

As shown in Fig. 1, the distance window is indicated 

by a dotted rectangular line. The distance window was a 

helpful function for adjusting focus in the past when the 
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(a) (b)

(c) (d)

FIG. 1. 24 ~ 70 mm (F/2.8) for an interchangeable zoom lens 

of (a) Japan Company C and (b) Japan Company S and 70 ~ 

200 mm (F/2.8) for an interchangeable lens of (c) Japan 

Company C and (d) Japan Company S. The dotted squares in 

each figure correspond to the distance window for various 

interchangeable zoom lenses.

auto-focus (AF) function was not realized. This function 

notifies the position of an AF lens group so the user can 

recognize the AF lens position. This feature allows the user 

to easily achieve focus by eye [4]. However, the distance 

window has remained a feature even though the auto-focus 

system is now generalized. Nowadays, the distance window 

is designed as a luxury appearance factor as it is a preferred 

design feature for customers. Including the example given 

here, many companies adopt a distance window feature in 

the common luxury high-end interchangeable lens segment.

The distance window indicates the object distance that 

can be focused. Let us discuss narrow range to a single 

focus optical system, which does not change the field of 

view. A single focus optical system cannot change the 

field of view, so one only needs to change the position of 

the focus lens with object distance. For this reason, the 

focus lens group belongs only to the cam, and the object 

distance mark is printed outside of the cam. If we revolve 

the cam, the focus lens group shifts and the object distance 

mark also changes. For a zoom optical system that can 

change the field of view, if the cam is revolved, each lens 

group moves to a specific position to change the field of 

view according to the cam line. In this circumstance, it is 

impossible to move the focus lens group depending on 

object distance. Consequently, a distance window cannot 

be realized using only a simple printed cam in a zoom 

optical system, unlike that for a single focus optical system.

Generally, there is a zoom cam component for changing 

the field of view in a zoom optical lens system. Furthermore, 

the focusing cam must be used to focus according to object 

distance. We then assume the use of the combination of a 

focusing cam and a zoom cam to move the focusing lens 

group. However, the fact that the focusing lens group used 

to move distance, which depends on zoom position at the 

same object distance, makes the combination of the focusing 

and zooming cams impossible to apply [5]. However, both 

a focusing and zooming cam are still required. When the 

zooming cam is revolved, every lens group moves along 

with the focusing lens group. When the focusing cam is 

revolved, the focusing lens is moved for object distance 

and zooming movement in order to change the field of 

view. Furthermore, as the amount of focusing movement is 

different at each zoom position, the focusing lens group 

displacement must be different from the moving amount 

depending upon the focusing cam revolving angle. Thus, it 

is difficult to realize a distance window in a zoom lens 

system, unlike a single focus optical system.

A manual zoom is a zoom system manipulated by hand 

in an optical system. This kind of lens system can change 

the field of view faster than a motorized zooming lens 

system. This manual zoom can be used for highly skilled 

photography [6] such a zoom is shot with an adjusted detailed 

field of view.

In this study, we propose a new cam calculation method 

to realize a distance window in an interchangeable zoom 

optical system. In particular, we discuss a cam locus 

calculation method and analyze the error in the calculation.

II. OPTICAL DESIGN AND LOCUS CALCULATION

The distance window indicates the position of the focusing 

lens group at a specific object distance, as previously explained. 

Here, we treat the case that the zooming and focusing cams 

are coupled so, a focus ing cam must be compensated for 

a zooming cam.

Figure 2 is the first example of JP2011-158599 [7] optical 

layout (Fig. 2(a)) and zoom locus (Fig. 2(b)). This optical 

system has a focusing lens group composed of 3 lens 

elements as shown in Fig. 2(a). The dotted lines in Fig. 

2(b) indicate that the focusing locus is at an object distance of 

2 m. In this example, there are different displacements 

according to object distance. For the first example of JP2011- 

158599 [7], the diameter of the focusing lens group is smaller 

than the diameter of the focusing group of JP2011-099964 

[8]. Thus, the structure of JP2011-158599 is possibly lighter 

and smaller, and has high auto-focusing speed. Therefore 

recent optical design and development trends focus on reducing 

the weight and size of the focusing lens group.

For the calculation of the cam locus to realize a distance 

window, we designed a new example optical system 

similar to the first example of JP2011-158599. The optical 

layout and zoom locus are shown in Fig. 3(a) and Fig. 

3(b), respectively. In Fig. 3(a) for the optical layout, there 

are two lines which run perpendicular to the optical axis 

mean principal plane. The solid line is the first principal 

plane and the dotted line is the second principal plane. 

This optical system has five lens groups in total and a 

positive refractive powers the fourth lens group devoted to 
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(a) (b)

FIG. 2. (a) Optical Layout and (b) zoom locus of the first example for JP2011-158599.

(a) (b)

FIG. 3. (a) Optical layout and (b) zoom locus of example system considered in this study.

auto-focusing. The first and the fifth lens groups are fixed 

with respect to zooming. In Fig. 3(b), the dotted line is 

the focus locus at an object distance 1 m. This optical system 

has 31.5 degree field of view at a wide zoom position and 

11.0 degree field of view at the tele-position. Furthermore, 

the f-number is fixed along with zooming, making this 

camera optical system compatible with a luxury high-end 

interchangeable product line.

We need not know the entire optical system data. In order 

to realize a distance window, only the values for the locus 

calculation are required. Thus, each lens group can be 

transferred to a module lens group [9]. If transferring to a 

module lens, the optical layout will be the same as Fig. 4. 

Code V was used as an optical design software tool in 

this step. Figure 4 has three zoom positions: wide, middle, 

and tele. Optical system data can be input to the Code V 

software and transferred to a module lens. Every input 

parameter (1
st
, 2

nd
, 3

rd
, 4

th
, and 5

th
 groups) to Code V is 

shown in Table 1. In Table 1, MFL is the effective focal 

length (EFL) of each lens group, MFF is the front working 

distance of each lens group, and MBF is the rear working 

distance of each lens group. MRD is the reduction ratio of 

each lens group, referring to the transverse magnification 

of each lens group. The value of addition from MFL to 

MFF is the distance from the first surface to the first principle 

plane in each lens group. The value of subtraction from 



Journal of the Optical Society of Korea, Vol. 18, No. 1, February 201426

FIG. 4. Optical layout of module lens for example of this system.

TABLE 1. Module lens data for the example system used in this study

Group MFL MFF MBF
MRD Thickness

Wide Normal Tele Wide Normal Tele

1
st

76.523307 -70.010880 68.871418 0.000000 0.000000 0.000000 2.070864 14.818007 27.565152 

2
nd

-56.525513 59.658264 -56.283570 7.914200 -10.085102 -3.080074 8.075305 7.076407 5.704145 

3
rd

-29.980549 35.047061 -30.917177 -0.054833 0.063564 0.389014 15.237417 11.859298 2.109935 

4
th

54.251139 -51.587846 51.217108 -7.665645 -7.856013 -7.864910 19.027614 10.657488 9.031968 

5
th

65.212069 -61.314397 19.365421 0.202292 0.201071 0.201782 32.557298 32.477675 32.524043

TABLE 2. Zoom locus and EFL of the example system for various cam angles

CAM angle EFL z1 z2 z3 z4 z5  (bfl) defocus INF 1m

0 (Wide) 51.495683 2.070864 8.075305 15.237417 19.027614 32.557298 -0.023839 0.000000 -1.245001

5 55.316486 4.620292 7.861032 14.761900 17.167976 32.542492 -0.009034 0.000000 -1.408600

10 59.677744 7.169721 7.639970 14.207630 15.393879 32.527432 0.006026 0.000000 -1.605969

15 64.704595 9.719149 7.429500 13.556647 13.705904 32.512092 0.021366 0.000000 -1.846936

20 70.564904 12.268578 7.239712 12.784910 12.118001 32.495887 0.037570 0.000000 -2.145414

25 (Normal) 77.488547 14.818007 7.076407 11.859298 10.657488 32.477675 0.055782 0.000000 -2.521537

30 85.797823 17.367436 6.933631 10.731697 9.378435 32.458164 0.075294 0.000000 -3.005211

35 95.914064 19.916866 6.725318 9.329423 8.439593 32.445575 0.087883 0.000000 -3.640586

40 108.410358 22.466295 6.373249 7.549627 8.022029 32.449799 0.083659 0.000000 -4.493519

45 124.251883 25.015723 5.939034 5.238239 8.218203 32.475884 0.057574 0.000000 -5.673762

50 (Tele) 145.511279 27.565152 5.704145 2.109935 9.031968 32.524043 0.009415 0.000000 -7.404391

MFL to MBF is the distance from the second principle 

plane to the last surface in each lens group. The effect of 

thickness in the module lens was not significant, but we 

input thickness data for each lens group in this paper.

Using the data in Table 1, the zoom locus can be calculated. 

Table 2 shows the results of the zoom locus calculation. 

The method of zoom locus calculation is explained in 

Reference 11. A graph of the data in Table 2 is in Fig. 

3(b). In the table, ‘zi (i = 1, 2, 3, 4)’ is the spatial 

distance between the ith lens group and the i+1th lens 

group. The symbol “z5” is the spatial distance from the 

image plane to the 5
th
 lens group, referring to the back 

focal length (BFL). “INF” denotes the position of the focusing 

lens group (4
th
 lens group) at infinite object distance. 

Furthermore, ‘1 m’ refers to the position of the focusing 

lens group (4
th
 lens group) at an object distance of 1 m. 

The (-) sign is chosen so that the focusing lens group 

shifts in the image plane direction. ‘Defocus’ is the best 

focus position in the final optical design. Generally, spherical 

aberration cannot be perfectly corrected; therefore, ‘defocus’ 

is the best position of the focusing lens group to maximize 

the MTF value at a specific spatial frequency. In the zoom 

ring revolution, we have to consider zoom ring angle in 

order not to make an improper revolution due to the 

inflection point of the locus. As shown in Fig. 3, the 2
nd

 

and 3
rd

 lens groups simply move directly, but the 4
th
 lens 

group has an inflection turning point, so the zoom ring 

angle must be accounted for. In the case of an optical 

system such as that shown in Fig. 3, we assume that the 

zoom ring angle is 50 degrees, meaning that the total 

revolution angle is 50 degrees from the wide position (the 
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FIG. 5. The relative position movements of the 4th lens group 

(AF group) in the example system as a function of cam angle.

FIG. 6. The corrected position movements of the 4th lens 

group (AF lens group) in the example system as a function of 

cam angle.

widest field of view) to the tele-position (the most narrow 

field of view).

In contrast to the zoom ring revolution angle, we also 

require the focus ring revolution angle due to the mechanical 

problem of the focusing lens group. Here, we assume that 

the focus ring revolution is 30 degrees in the example 

optical system. When the focus ring revolution angle is 0 

degrees, the focusing lens group displacement is 0 mm and 

the object distance is infinite. When the focus ring revolution 

angle is 30 degrees, the focusing lens group displacement 

will shift and the object distance is minimum.

III. THE CORRECTED CAM CONCEPT AND 

CALCULATION METHOD

Here, we assume that the lens condition can be changed 

from the wide zoom position at infinite object distance to 

the tele zoom position at the minimum object distance. If 

we revolve the focus ring the first 30 degrees with zoom 

ring fixation, the focus lens group will move to the image 

plane for 1.245 mm. If the zoom ring revolves by 50 

degrees, the focusing lens group will move more to the 

image plane by 6.195 mm so that the total distance of the 

shift will be 7.404 mm from the initial position. Thus, the 

focusing cam revolving angle of the focusing lens group 

will be 80 degrees total. Using Table 2, the focusing lens 

group locus is the same as that in Fig. 5. If we revolve 

the zoom ring by 50 degrees after revolution of the focus 

ring by 30 degrees, the locus will follow path 1 and curve 

2 of Fig. 5. On the other hand, revolution of a zoom ring 

may occur before the revolution of the focus ring. If zoom 

ring revolves without focus ring revolution, the focus lens 

group will pass 30 degrees of the focusing cam and stop 

at 50 degrees of the zoom cam. As the position of the 

focusing lens group is 1.245 mm from the image plane at 

30 degrees of the focusing cam, 20 degrees of additional 

revolution involves the final motion of the focusing lens 

group by 2.145 mm from the image plane. However, the 

correction amount for the zoom cam will be 0 mm → 

1.245 mm → 2.142 mm. In this study, the zooming cam 

of the focusing lens group is called the corrected cam. 

Consequently, the locus of path 1 in Fig. 5 affects not 

only the zooming cam but also the locus of the focusing 

lens group, which approaches curve 2. The locus of the 

focusing lens group also affects the focusing cam in order 

to define the corrected cam.

Figure 6 has a final focusing cam and a corrected cam. 

The focusing lens group passes through curves 4 and 5 in 

the revolution of the zoom and focus ring, which is the 

locus data of the focusing cam. In addition, the corresponding 

value for the range 0-50 degrees for the focusing cam and 

zoom locus value of the 4
th
 lens group are the data used 

for the corrected cam. We now consider how to calculate 

curve 4 and curve 5. When revolving the focusing ring, 

the positioning point of the focusing lens group is P2 in 

Fig. 6. However, when revolving the zoom ring by 50 degrees, 

the positioning point of the focusing lens group would be 

P3. However, the positioning point of the focusing lens 

group moves to P4 in Fig. 6 because we need to consider 

the shift in the focusing lens group for curve 4. This value 

is a summation of curve 4, which is the focusing lens 

group correction value at infinite object distance and the 

locus of the focusing lens group at the minimum object 

distance. Therefore, when revolving the zoom ring by 50 

degrees, the focusing lens group must be at P4, rather than 

P3, because the difference in P1 values between the focus 

and zoom ring is added. In this way, the following curve 

is formed when curve 4 is a 2
nd

 order curve from the 

origin (0,0) through P2 and P4:

3

2

313

2

2

22

bxaxyy

bxaxy

+=+

+=
(1)

In these equations, x2 is the revolving angle of the focus 
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TABLE 3. The corrected cam data

angle INF (original) INF (corrected) angle 1 m (original) 1 m (corrected)

0 0.000000 0 30 -1.245001 -1.245001

5 0.000000 -0.113707 35 -1.408600 -1.522307

10 0.000000 -0.264932 40 -1.605969 -1.870901

15 0.000000 -0.453673 45 -1.846936 -2.300609

20 0.000000 -0.679932 50 -2.145414 -2.825346

25 0.000000 -0.943708 55 -2.521537 -3.465245

30 0.000000 -1.245001 60 -3.005211 -4.250212

35 0.000000 -1.583811 65 -3.640586 -5.224397

40 0.000000 -1.960139 70 -4.493519 -6.453658

45 0.000000 -2.373984 75 -5.673762 -8.047746

50 0.000000 -2.825346 80 -7.404391 -10.22974

FIG. 7. Curve fitting of cam data for the example system used 

in this study.

ring, and x3 is the revolving angle of the zoom ring. In 

addition, y2 is the relative position (displacement) of the 

focusing lens group for a particular focus ring revolving 

angle, y3 is the relative position (displacement) of the 

focusing lens group for a particular zoom ring revolving 

angle, and y1 is the corrected value about the focusing 

cam. In equation (1), y1 is the corrected value of x3 – x2. 
Therefore, this value is on a point of curve 4, assumed as 

a 2
nd

 order curved line.
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To calculate equation (2), refer to Table 2 in Fig. 3 and 

Fig. 4 example optical systems. Using Table 2, each variable 

of equation (2) can be calculated as: x2 = 30, y2 = -1.245001, 

x3 = 50, and y3 = -2.145414. However, although the object 

distance is infinite, when the zoom ring is revolved, the 

focusing lens group moves along path 1 due to the focusing 

cam. Since the displacement of the focusing lens group is 

zero at infinite object distance, we have to consider the 

displacement of the focusing lens group with respect to the 

zoom ring revolving angle in path 1 to design the zooming 

cam. Values already calculated are shown in Table 3.

In Table 3, INF(corrected) is the value of curve 4 in 

Fig. 6, 1m(original) is the displacement of the focusing 

lens group at the minimum object distance. Furthermore, 

1m (corrected) is the sum of 1 m (original) and INF 

(corrected), corresponding to curve 5 in Fig. 6. However, 

since the focus ring is revolved for 30 degrees and the 

zoom ring revolves at the minimum object distance, 1 m 

(corrected) must start from 30 degrees rather than 0 

degrees. Furthermore, since INF (corrected) should be 

corrected about the locus of the focusing lens group, INF 

(corrected) is also needed to sum curve 3 in Fig. 5. These 

summation values are shown on curve 6 in Fig. 6. Since 

the two curves must be connected at points P2 and P4 in 

the corrected cam, which is the connection between curve 

4 and curve 5, the cam design could be a problem for no 

differential. Thus, we must calculate a continuous and 

differential curve using curve fitting or interpolation. In 

this study, we found the final data shown in Table 3 using 

curve fitting polynomials.

Figure 7 shows a curve fit of a 6
th
 order polynomial 

shown in Table 3. The original curve and the fit curve are 

the same. Table 4 shows the error between the original cam 

data and the curve fit. As shown in Table 4, the maximum 

error is about 0.02 mm, which means that the fitting error 

is not a problem in comparison to other manufacturing 

errors such as Newton’s ring and thickness errors. In order 

to obtain a more precise cam curve, spline interpolation 

may be used [10]. All data for the corrected cam have 

been obtained for realizing a distance window. However, 

the design of the structure depends on a mechanical 

engineer using all the data of the corrected cam.
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TABLE 4. Parameters extracted from the curve fitting of cam data

CAM angle CAM data curve fitting error

0 0 0 0

5 -0.113707 -0.092659 -0.021048

10 -0.264932 -0.263823 -0.001108

15 -0.453673 -0.471196 0.017523

20 -0.679932 -0.697299 0.0173669

25 -0.943708 -0.940884 -0.002824

30 -1.245001 -1.210262 -0.034739

35 -1.522307 -1.518547 -0.00376

40 -1.870901 -1.880815 0.0099146

45 -2.300609 -2.313188 0.0125794

50 -2.825346 -2.833827 0.0084811

55 -3.465245 -3.465843 0.0005981

60 -4.250212 -4.242131 -0.008081

65 -5.224397 -5.212116 -0.012282

70 -6.453658 -6.450415 -0.003243

75 -8.047746 -8.067422 0.0196761

80 -10.22974 -10.2218 -0.007933

TABLE 5. The movements of the AF lens group for other object distances

angle INF (corrected) angle 1 m (corrected) 10 m 7.5 m 4 m 2.5 m 1.5 m

0 0 30 -1.245001 -0.113307 -0.151581 -0.287577 -0.467231 -0.800706

5 -0.113707 35 -1.522307 -0.243202 -0.286884 -0.441857 -0.646002 -1.02321

10 -0.264932 40 -1.870901 -0.41426 -0.464555 -0.64267 -0.87655 -1.306467

15 -0.453673 45 -2.300609 -0.627649 -0.686141 -0.89286 -1.163303 -1.657496

20 -0.679932 50 -2.825346 -0.885068 -0.953891 -1.196546 -1.512643 -2.086324

25 -0.943708 55 -3.465245 -1.189049 -1.271156 -1.559833 -1.933988 -2.607618

30 -1.245001 60 -4.250212 -1.543486 -1.64308 -1.992056 -2.441641 -3.243424

35 -1.583811 65 -5.224397 -1.954328 -2.077509 -2.507372 -3.057165 -4.026637

40 -1.960139 70 -6.453658 -2.430912 -2.58673 -3.127794 -3.813776 -5.007168

45 -2.373984 75 -8.047746 -2.989795 -3.192478 -3.891914 -4.769073 -6.269982

50 -2.825346 80 -10.22974 -3.666895 -3.941765 -4.8824 -6.044986 -7.99149

IV. ERROR ANALYSIS OF CAM DATA

We found corrected cam data in Section 3. This data is 

accurate only at infinite and minimum object distance. 

However, we have not checked the accuracy at another 

object distance. Table 5 shows calculations for focusing 

lens group displacement. These values are a summation of 

the original focusing lens group displacement and the 

corrected values. For example, the focusing lens group 

displacement is the value of ‘INF (corrected)’ subtracted 

from a 2.5 m object distance (from image plane to object) 

in Table 5.

Figure 8 shows corrected cam data at an object distance 

of 2.5 m. In Fig. 8, ‘cam data’ is calculated as in Table 4. 

As previously explained, the cam angle is 30 degrees, 

which is the maximum angle of the focus ring at the 

minimum object distance. We need to calculate the starting 

point of the angle except at the minimum object distance. 

This value can enable the distance window to be printed. 

Since ‘cam data’ in Fig. 8 is calculated in the same way 

as the polynomials in Fig. 7:

xaxaxaxaxaxay
1

2

2

3

3

4

4

5

5

6

6
+++++= (3)
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TABLE 6. The error of various object distances and the starting angle

 10 m 7.5 m 4 m 2.5 m 1.5 m

0 -0.00408 -0.017994 -0.0706 -0.112049 -0.097621

5 -0.053572 -0.075022 -0.133491 -0.167321 -0.139314

10 -0.093707 -0.114851 -0.166425 -0.191489 -0.15676

15 -0.109104 -0.127316 -0.170508 -0.191247 -0.1578

20 -0.098834 -0.114296 -0.152664 -0.174521 -0.148339

25 -0.069757 -0.083564 -0.121057 -0.147473 -0.131372

30 -0.031568 -0.044283 -0.081917 -0.112671 -0.106844

35 0.0064174 -0.00419 -0.037926 -0.06864 -0.072687

40 0.0371936 0.0321309 0.0129246 -0.009317 -0.025074

45 0.0585842 0.0663239 0.0822427 0.0829197 0.0512788

50 0.0821447 0.1182442 0.2130007 0.2695133 0.2292428

angle 5.8377192 7.436481 12.346632 17.43371 24.157235

FIG. 8. The corrected cam at 2.5 m (from object to image plane).

In equation (3), y is the corrected position of the 

focusing lens group and x is the angle of the cam. We can 

draw a thin solid line from ‘2.5 m’ of Table 5, and this 

line shift to x direction horizontally then we can calculate 

horizontal shift amount when data is similar to ‘cam data’ 

in Fig. 8, it is indication angle of a corrected cam at 2.5 

m. Table 5 has 11 data totally. If indication angle is θ in 

corrected angle, ‘2.5 m’ in Table 5 satisfies equation (4).

( ) ( ) ( )θθθ −+−+−=
iiii
xaxaxay

4

4

5

5

6

6

( ) ( ) ( )θθθ −+−+−+
iii
xaxaxa

1

2

2

3

3

(4)

In Equation (4), the values of yi (i = 1, 2, …, 11) 

correspond to -0.467231, -0.646002, …, -6.044986 at ‘2.5’. 

The values of xi (i = 1, 2, …, 11) are 0, 5, …, 50. The 

unknown number is θ. We can calculate the minimum 

error in θ using a minimum square method. Consequently, 

Table 6 shows the indication angle and the error at various 

object distances. 

In Table 6, the maximum error is tele (50) at an object 

distance of 2.5 m. The focusing lens group shifts by about 

0.270 mm along the image plane with the cam curve in 

Fig. 8. Therefore, the focus ring must be revolved to a 

low angle in order to achieve more precise focus. In order 

to get a more precise value, we have to calculate a 

polynomial equation such as Equation (3). If we calculate 

the value in this way, the error of the angle is less than 

1.2 degrees, indicating that the error in the focus ring 

angle is 1.2 degrees at an object distance of 2.5 m for a 

total revolution angle of 30 degrees. This error cannot be 

eliminated. Although the calculation method for the 

corrected cam has an error, this error is not critical 

because the customer cannot recognize such an error. In 

addition, the auto-focusing function aids in adjusting 

precise focus, so there are no further problems.

V. CONCLUSION

Several companies are producing interchangeable DSLR 

or CSC lenses. In this kind of product, there are various 

kinds of lens differentiation factors, and certain specifications 

are preferable to customers, such as the distance window. 

In particular, mechanical manual zoom and manual focus 

are commonly supported specifications. However, the AF 

group is linked to the zoom cam and moves. Because the 

AF group moves with object distance, one cannot realize a 

distance window with only a zoom locus calculation. In 

this study, we proposed an optical calculation method to 

realize a distance window for product differentiation. Examples 

of optical systems were shown. Using an example optical 

system, we suggested a corrected cam to realize a zoom 

and focus ring in one cam. Furthermore, we showed a 

cam calculation method using a 6
th
 order equation and 

curve fitting and applied this calculation to an example 

optical system. We also analyzed the error in the corrected 
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cam calculation at a middle range of object distance. The 

error was not critical to use because the customer will not 

be able to recognize such an error. In the future, we plan 

to propose and analyze a more precise and improved cam 

calculation method.
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