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=======================================================================

Quadratic reciprocity law over number elds
Hidenori Ishii

Quadratic reciprocity law, which was rst proved by C.F. Gauss [1], can be viewed as a relation of two
quadratic Dirichelet characters. The author has given a proof by virtue of the functional equation of
Dedekind zeta function of biquadratic number elds. [3], In this paper, similar argument as in [3] will
be applied to relative biquadratic extensions of number elds. Then we will show a generalization of
quadratic reciprocity law over number elds.

Keywors ; Qadratic reciprocity, quadratic extension of number elds, functioal equation of Dedekind
zeta function, Hecke characters of the ideal class group
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1) 1) 2) 

 

Relationship between polishing performance and viscoelasticity of epoxy 
resin polishing pads 

Yasuhiro TANI1), Yu ZHANG1) and Junji MURATA 2) 

Polishing performances of glass using epoxy resin polishing pads from the aspect of their mechanical properties 
are described. Material removal rates are independent to the hardness of the epoxy resin pads. The different types of 
epoxy resin pads are produced by varying the composition of the resin and the curing agent. Dynamic mechanical 
analysis (DMA) of the epoxy and conventional urethane resin polishing pads was conducted to investigate the 
relationship between the material removal rates and the mechanical properties of the epoxy resin polishing pads. DMA 
measurement indicates that the epoxy resin polishing pads showed a significant difference in the storage and loss 
modulus compared to the conventional urethane pads. Moreover, the epoxy resin pads showed a higher loss tangent (tan 
) than the urethane resin polishing pad. From the investigation of the relationship between the material removal rates 

and tan  of the polishing pads, the strong positive correlation between the material rate and tan  is observed. Finally, 
the dependence of polishing conditions on the material removal rate by the epoxy and urethane resin pads is evaluated. 
It is found that the difference in the material removal rate between the epoxy and urethane resin pads becomes larger 
under a condition of a low abrasive concentration and a high rotation rate. 
 
Key Words : Polishing, Abrasive Grain, Polishing Pad, Epoxy Resin, Cerium Oxide, Glass, Viscoelasticity 
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Dynamic Mechanical Analysis, DMA

 

  
Fig. 1 Schematic view of polishing experiment   

 
Table 1 Experimental condition 

Workpiece Abrasives 
Material Soda-lime glass Material CeO2 
Dimension  20 mm×t10 mm Average diameter (D50) 1.2 m  
Surface roughness 0.4 mRa Product name SHOROX A-10 

Polishing condition Slurry 

Polishing machine 200 mm single-sided  Base fluid Deionized water 
Polishing pressure, P 20 kPa Abrasive concentration, C  3.0 wt%  
Rotation rate, R  90 rpm Supply rate, S 25 mL/min 
Polishing time 30 min   
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2
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Fig. 2 Material removal rate and surface roughness by the urethane and epoxy resin pads as a function of pad hardness 

 
Table 2 Composition and hardness of epoxy resin polishing pads 

Pad resin type Epoxy Urethane 
Product code A B C D E KSP66A 

Prepolymer (wt%) 60.4 57.0 54.8 52.1 50.5 - 
Curing agent-X (wt%) 12.6 11.2 10.2 9.1 8.4 - 
Curing agent-Y (wt%) 27.0 31.8 35.0 38.8 41.1 - 

Hardness (type D durometer) 77.5 72.0 64.5 57.5 48.5 30.0 

エポキシ樹脂研磨パッドの粘弾性と研磨特性

－7－

This document is provided by JAXA.



DMA  
 

DMA 2
A jer834

230 g/eq 60 g/eq X JEFFAMINE D-230
Huntsman corp. 514 g/eq Y JEFFAMINE D-2000

150 °C 3 200 mm 5mm

Y  
DMA  HR-2 TA Instruments - Waters LLC

5 °C /min 1 Hz 0.05 %
10 × 50 mm 1.5 mm 3  

0 ° 90 °
0 90 ° 1

G*  

G* = 0 / 0 (1) 

G’ /2
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(a) Appearance of DMA apparatus                         (b) Measurement principle of DMA 

Fig. 3 Experimental setup of dynamic mechanical analysis (DMA) 
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(a) Storage modulus (b) Loss modulus (c) tan  
Fig. 4 Dynamic viscoelastic properties of the urethane and epoxy resin pads as a function of temperature 
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Fig. 5 Schematic view of the polishing experiment 
 

 

Fig. 6 Comparison of the material removal rate and surface roughness by the urethane and epoxy pads under the different 
temperature conditions 

谷　　泰弘・張　　　宇・村田　順二

－10－

This document is provided by JAXA.



9 20 °C
tan 7 tan 

9

 
10 a

10 b
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Fig. 7 (a) Temperature dependence of the material removal rate and tan  of the epoxy resin pad (C). (b) Residual sum of 

squares (RSS) between the material removal rate and tan  of the epoxy resin pad (C) as a function of the increased 
temperature .  

 
Fig. 8 Comparison of the material removal rate and the surface roughness by the different type of epoxy resin pads 
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Fig. 9 Relationship between the material removal rate and tan  of the polishing pads 

 
Fig. 10 Schematic drawing of the loose abrasive polishing 
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Fig. 11 The surface roughness of workpieces as a function of polishing time 
 

 
(a) Effect of abrasive concentration  (b) Effect of Rotation rate 

Fig. 12 Relationship between the material removal rate and polishing conditions 
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1) 1)  2) 

 

Development of partially Ni-coated diamond abrasives for electroplated 
tools 

Yu ZHANG 1), Yasuhiro TANI1) and Junji MURATA 2) 

Electroplated diamond tools are developed for grinding hard and brittle materials because of its low wear 
resistance. To improve the grinding performance of diamond tools, a single layer of diamond abrasives is electroplated 
on the tool body. The electroplating process delivers a homogeneous layer with diamonds embedded in nickel alloy at 
high speed. In order to facilitate the adhesion of diamond abrasives, the diamond abrasives are coated by nickel 
membrane. Therefore, the cutting edges of diamond abrasives are hidden and the grinding performance of diamond 
tools decreases. Moreover, a phenomenon of abrasive aggregation generates and leads to bad abrasive distribution. In 
this paper, in order to solve those problems, authors developed partially Ni-coated diamond abrasives, which were 
produced from the commercially available full Ni-coated diamond abrasives. The adhesion characteristics of partially 
Ni-coated diamond abrasives were discussed, too. The grind-abilities of diamond tools, which are fabricated with using 
non-coated diamond abrasives, Ni-coated diamond abrasives and partially Ni-coated diamond abrasives, have been 
evaluated. As the results, the problems when using non-coated diamond abrasives or Ni-coated diamond abrasives could 
be solved and the grind-abilities of electroplated tools were improved with using partially Ni-coated diamond abrasives. 
 
Key Words : Diamond tool, Abrasive grain, Electroplating, Grinding force, Abrasive distribution, Tool life 
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1(b)

1(c)

Ni Ni
Ni

 
Ni Ni Ni

Ni Ni

 

 
Fig. 1 Effect of nickel membrane coated on abrasives on growth of electrodeposited layer along the surface of abrasives  
 

 
Fig. 2 Production method of partially Ni-coated abrasives  
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Fig. 3 Elemental analysis of partially Ni-coated abrasives  

 
Table 1 Conditions of stripping nickel membrane 

 

 

 

Fig. 4 Ratio of carbon and nickel atoms on the surface of partially Ni-coated abrasives 
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Fig. 5 Surface state of partially Ni-coated abrasives stripped in 30 min, 40 min and 50 min 

 

 
Fig. 6 Schematic diagram of plating setup for manufacturing diamond tools 
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Table 2 Compositions of plating baths and plating conditions 

 
 

 
Fig. 7 Distribution states of various abrasives deposited on tools 
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Fig. 8 Effect of complex plating conditions on density of abrasives on tool surface 

 

 
Fig. 9 Relationship between grain distribution on tools and kinds of abrasives 
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Fig. 10 Orientation of partially Ni-coated abrasives (50 min) and EDX analysis of carbon on tool  
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Fig. 11 Schematic diagram of grinding tests 

 

 
Fig. 12 Influence of kinds of abrasives on grinding force and surface roughness 

電着工具用の部分Ni 被覆ダイヤモンド砥粒の開発

－23－

This document is provided by JAXA.



150 m 13
Ni

Ni
Ni Ni

Ni Ni
Ni

Ni
7 1

Ni
12

Ni 30 min 40 min 13
Ni 30 min 40 min Ni

Ni Ni Ni
Ni 30 min 40 min

Ni
1 Ni Ni

Ni 30 min 40 min Ni
50 min 10 Ni

50 min Ni
Ni Ni

Ni Ni
 

 

 
Fig. 13 Variations of grinding force using various tools according to the number of grinding pass 
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1) 1) 2) 

 

A feasibility study for the application for slicing Si ingots using a wet etching 
assisted by wire-friction 

Yasuhiro TANI1), Yu ZHANG1) and Junji MURATA 2) 

Silicon (Si) wafers for electronic or photovoltaic devices are fabricated by slicing a Si ingot using mechanical 
slicing with a diamond wire. Recently, the slicing method without generating damage on Si surface has been strongly 
required because of the increasing demand of ultra-thin Si wafers. In this study, we have developed a novel machining 
method for Si grooving based on a wet chemical etching. In this method, Si was processed by the chemical etching in 
HNO3 and HF mixture combined with an abrasion effect of metallic wires that contains no abrasives. The extremely 
low kerf loss with approx. 100 m was achieved by optimizing the composition of etchant. SEM observation showed 
that Si surfaces processed by the proposed method had no crack and tool mark contrary to the mechanical slicing. 
Furthermore, Raman microscopy exhibited that the proposed method generated no disordered layer on Si surfaces, 
whereas the mechanical slicing caused amorphous layers. Surface roughness was improved by adding CH3COOH to the 
etchant. 

 
Key Words : Silicon, Etching, Slicing, Mixed acid, Kerf loss 
 

E-mail zhangyu@fc.ritsumei.ac.jp (Y. Zhang) 

1)  
2)  

1) Department of Mechanical Engineering, Ritsumeikan University,  
Kusatsu, Shiga, 525-8577, Japan 

2) Department of Mechanical Engineering, Kinki University, 
Higashiosaka, Osaka, 577-8502, Japan 

  

立 命 館 大 学 理 工 学 研 究 所 紀 要　第73号　2014年

Memoirs of the Institute of Science and Engineering, Ritsumeikan University, Kusatsu, Shiga, Japan. No. 73, 2014

－27－

This document is provided by JAXA.



Si Si
Si

Si

 ( 2008) 

 ( 2003) 
Si

 
Si  ( 2009) 

 (Lee, et al., 2011)  ( 2001) 
Si

Si
Si

Si
 

 

 

Si
Si

  
Fig. 1 Schematic diagram of the slicing method           Fig. 2 Schematic diagram of experimental apparatus 

谷　　泰弘・張　　　宇・村田　順二

－28－

This document is provided by JAXA.



1 Si
Si

 

Si KOH TMAH  (Sato, et al., 2000) 
 (Steinner, et al., 2005) 

800 m/min (Yoshikawa, et al., 2010) 

Si 2

PVC
Polyvinyl chloride PEEK poly ether ether ketone

Si
1 40wt%

4wt% NCHW1 SUS316L
 

 

 Table 1 Corrosive and mechanical properties of wire 

Material Reduction of diameter (mm)  Tensile strength  ×102 (N/mm2) 
80Ni-20Cr 0 0.7 

Inconel® 0.04 0.6 

HASTELLOY® 0.04 0.9 

Austenitic stainless steel 0 2.7 

after 2h immersion of HNO3 (40 wt%) and HF(4wt%) solution 
 

Table 2 Experimental conditions 
Workpiece Mono- and Poly-Si ingot (10 × 10 × 10 mm3) 

Wire Ni-Cr ( 160 m), Stainless steel ( 100 m) 
Wire running speed, V Max. 200 m/min 

Wire tension, T 5 N 
Etchant HNO3/HF mixed solution, room temperature 
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3 3(a)

3(b)
3(a)  

170 m 3(b)
 

4
Si

5 Si

Si
 

 
Fig. 3 Material removal rate and kerf loss of Si as a function of (a) HNO3 and (b) HF concentration 

Fig. 4 Material removal rate and kerf loss of Si Fig. 5 Dependence of etchant temperature on etching 
   as a function of wire running speed       rate of Si (100) wafer surface 
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Fig. 6 Optical microscope images of Si kerf processed by proposed method 
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Fig. 7 Comparison of slicing characteristics           Fig. 8 Comparison of the etching rate of Si (111) and  

             between mono-Si and poly-Si                     (100) wafer surface immersed in HF-HNO3 
mixture and KOH solution 

 
Fig. 9 SEM micrograph of Si surfaces processed by (a) diamond wire slicing and (b) proposed method 
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Fig. 10 Micro-Raman mapping of Si surfaces processed by (a) diamond wire slicing and (b) proposed method 

Fig. 11 Raman spectra of Si surface at positions A, B and C in the Fig.10. 
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Fig. 12 3D images of silicon surface processed by (a) diamond wire slicing and (b) proposed method 

 

 
Fig. 13 Surface roughness of processed Si surfaces as a        Fig. 14 Material removal rate and kerf loss of Si as a 

function of CH3COOH concentration in etchant              function of CH3COOH concentration in etchant 
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Social Sciences of Hope in the Theory of Langauge Communication and 
Language Philosophy - Is it possible for us to fully understand each other? : 
From discussions of W.V.O. Quine, D. Davidson & R. Rorty 

Tsukasa Yamanaka 

  Are people able to “understand each other fully” in the ultimate manner? Differences of languages and cultures 

make them differentiate their final epistemology and philosophy? Since individual distinction could be decisive, is 

it impossible for people to “understand each other fully?” We should appreciate the profoundness of philosophical 

significance in that the Sapir-Whorf hypothesis was ever proposed, suggesting a renewed focus on two extreme 

frame of mind; “relativism” and “universalism”, both of which might surely have a valid point. This paper 

reconsiders the discussion between “relativism” and “universalism” based on reviewing theories of W.V.O. Quine, 

D. Davidson and R. Rorty who made a commitment to pragmatism. The paper sides with universalism conclusively. 

Suggesting remediation of Rorty’s argument by converging “social sciences of hope” with pragmatism, it deals with 

theoretical new horizons of communication focused on “hope”. 
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Formation of Forsterite Grains and Direct 
    Observation of The Sublimation of Crystal Formation Grain        

 
              Chihiro Kaito, Saito Yoshio, Chiyoe Koike  

                                                                        
         Department of Physics, Fuel Cell Center , Ritsumeikan University  

Kusatsu,Shiga 525-8577,Japan  
       

 
Forsterite crystal fine grains have been produced by flushing SiO powders into the flame 

during MgO grain formation in mixture gas of Ar (80 %) and 02 (20 %) at 13 kPa. 
Experimental studies on the sublimation of forsterite grains upon heating at 10-6 Pa have 
been carried out using a high-resolution transmission electron microscope. The spherical 
crystalline grains became polyhedral at 973 K, which corresponded to the temperature at 
which the stall state appeared. Coalescence and sublimation occurred at 1093 K. The 
sublimation rates of forsterite grains with a size of 40 to 100 nm with the structure of 
Mg2SiO4 were estimated . The sublimation of grains near the crystallization temperature 
indicates the reason that no crystal silicates appear in the interstellar medium. 
 
1.Introduction                                                                

Submicron-sized silicate grains are present in the circumstellar outflows around oxygen-rich stars and 
within the interstellar medium. These grains may play an important role in the early evolution of the solar 
nebula, both as the starting material for the accumulation of planetary bodies and as the chief source of 
infrared opacity in the nebula. Since the estimated pressure of the solar nebula at 2-3 AU is low [ 1 ], 
experiments on grown metamorphism in vacuum are important for comparison with condensation, 
evaporation, melting and crystallization process observed in the primitive solar nebula [ 2 and 3 ].                

IR spectra of red super giant (RSG), asymptotic giant branch (AGB) stars, post-AGB stars and 
planetary nebula (PNe) obtained by the infrared space observatory (ISO) project indicated a mixture of 
amorphous and crystalline silicates [ 4 and 5 ].  Spectroscopic and imaging observations of the structural 
and compositional properties of brown dwarf disks [ 6 ] showed that crystalline silicates are significantly 
more abundant in the outer part than in the deeper layers of the disk. In addition to the crystallization of 
amorphous grains, the reverse transformation from crystalline to amorphous species has become an 
important point of consideration.  
We demonstrated that the crystallization of amorphous Mg-bearing silicate grains to crystalline Mg2SiO4 

crystal takes place at 1075 K in vacuum [ 7 ]. The crystallization starts from the grain surface. We also 
found that prenuclation occurs in the 923-1003 K temperature range before the onset of crystallization at 
1073 K. The phenomenon of a pre-nucleation state corresponds to the stall state, which was clarified by 
infrared spectroscopy [ 8 ]. Specific studies on the evaporation of forsterite at 1973 K have been performed 
recently. It was shown that forsterite evaporated congruently both in equilibrium in H2 gas [ 1 and 3 ] and 
in vacuum [ 9 ].  The evaporation anisotropy of a synthetic single crystal of forsterite was investigated by 
high-vacuum experiments [ 10 ]. The intrinsic evaporation rates for the (100), (010) and (001) surfaces are 
different, and have a ratio of ~17, ~7 and 22 on m/hour. The evaporation rate along the c-axis is largest. 
The evaporation rate along the b axis is smallest due to the cross-packed direction of the MgO tetrahedron. 
In this paper, we report the direct observation of the sublimation of sub-micron scale, crystalline, Mg2SiO4 
grains vacuum at a pressure of 10-6 Pa. The dynamic behavior of the submicron scale, crystalline, grains 
was recorded on videotape.        
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Fig.1. Schematic representation of method crystalline forsterite grain formation in magnetism 
oxidation smokes region by a tantalum boat (a).Temperature distribution daring the appearance of MgO 
smoke in mixtute gas of O2 and  Ar(b).                                                              

                          

Fig.2. Schematic diagram of heating stages used in the present experiment in transmission electron 
microscope in vacuum  

2. Experimental Procedure   

The crystalline Mg2SiO4 sample were produced by an advanced gas evaporation smoke method, i.e. ,SiO powder was   
flashed into a magnesium oxide flame as shown in Fig. 1(a) [ 11 ]. The sample preparation chamber was a glass cylinder 
of inner diameter 17 cm and height 33 cm. MgO smoke was produced by the oxidation of evaporated magnesium from 
the evaporation source of tantalum boat in mixture gas of O2 (20 Torr) and Ar (80 Torr) in gas pressure of 13 kPa. SiO 
powders were sprinkled on the smoke stream rising straight up from the evaporation source. MgO fine grains were 
produced by evaporating Mg powder at 1000ºC in the mixture gas. During the evaporation of Mg, the temperature in 
atmosphere becomes higher than the source temperature due to the exothermic reaction of Mg vapor as shown in Fig. 
1(b). SiO powder sprinkled from the top of the smoke was evaporated in MgO oxidation region in Fig. 1(b). If the 
evaporation of Mg powder finished, the temperature becomes the general shape of gas flow temperature at 1000ºC as 
indicated in Fig. 1(b). The evaporation of SiO powder occurred during the oxidation of Mg.  Two heating stages were 
used, as shown in Fig. 2. Specimen Mg2SiO4 crystal grains were placed on the tungsten heater (Fig. 2 (a)). This holder 
can be used to heat the specimen to 1773 K, whereas the holder shown in Fig. 2(b) can be used for heating to 
approximately 1073 K. The specimen was dispersed on the carbon holey film. The specimen holder in Fig. 2(b) can also 
be used for the method of covering the specimen with a thin carbon film [12]. The sublimation process was observed by 
high-resolution transmission microscopy (Hitachi H-9000 NAR) using the specimen holder in Fig.2.                  
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3.Results and Discussion                                                                           
3-1 Formation of forsterite grain                                                                        

One of experimental methods used to produce ultrafine growth is the gas evaporation technique. If the Mg and SiO 
is evaporated on the mixture gas of O2 (20 Torr) and Ar (80 Torr) from the evaporation source of tantalum boat at 1000 
ºC (Mg) and 1600 ºC (SiO), the typical electron microscopic image of MgO and SiO2 were produced as shown in Fig. 3. 
MgO particles were cubic shape compound of 8 {100} planes. By the evaporation of SiO powder in the mixture gas, 
amorphous oxidation of SiO is preferentially produced beta-SiO2 amorphous spherical structure as indicated diffractions 
pattern. The detail formation of silicon oxide will be published elsewhere.  

If the SiO powder were introduced into the Mg oxidation region in smoke, the reaction between magnesium oxide 
and SiO water took place as indicated previous paper [ 11 ]. The heating of Mg at 1000 ºC, the reaction of Mg with 
oxygen gas becomes at 1600 ºC as indicated in Fig. 1. The produced particles were MgO and Mg2SiO4. The amorphous 
Mg2SiO4 particles were hardly produced in the present method against another method  [ 7 ].  

Figure 4 shows a mixture of forsterite particles indicated A (Mg2SiO4, a = 0.47553, b = 1.01978, c = 059817 nm), 
the same lattice constants as those in the studies on the evaporation anisotropy of single crystal forsterite (Nagahara and 
Ozawa, 1999) and of periclase particles (MgO indicated B) produced by dropping SiO powder into the MgO smoke 
flame [ 11 ]. Since the MgO flame due to the oxidation of Mg vapor reaches 1873 K [ 13 ], the SiO powder becomes SiO 
vapor in the flame.   
Figure 5 (a), (b) and (c) show the high-resolution transmission electron microscopic images of Mg2SiO4 crystal. Most of 
the spherical grain had a plate shape, and the crystallographic orientation is shown in the images. The electron diffraction 
pattern (ED) showed the single-crystal grain growth of forsterite.  

Fig. 3. Typical produced grains of MgO and amorphous,  SiO2 by heating in the present system.

Fig. 4. Typical electron microscopic images of MgO and Mg2SiO4 crystal grains produced by the present system in Fig. 1. A and B shows
Mg2SiO4 and MgO particles.
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Fig. 5. High resolution electron microscopic image of (100), (010) and (001) direction images of Mg2SiO4 nano particles.

Fig. 6. Typical image after heating using the holed in Fig. 2 (b). Spherical grains became polyhedral upon cooling in 
vacuum. A and B shows Mg2SiO4 and MgO particles.

3-2 The sublimation of crystal forsterite grains 
The morphological alteration started at 973 K. The spherical crystal indicated in Fig. 4 became polyhedral shapes as 

indicated in Fig. 6. This shows that the higher order crystal plane started to sublimation or be remolded. Fig. 7 shows the 
direct observation on the alteration process of forsterite crystal. The shape of the particle indicated by arrows A and B 
were altered at 973 K. The alteration of the spherical shape crystal B than the spherical shape crystal A was clearly seen. 
The black dots and the coagulated cubic particles indicated by arrows suggest the formation of MgO crystallites, i.e., the 
decomposition of Mg2SiO4 spherical particle into MgO and SiO2 took place as well as prenucleation of amorphous 
forsterite grains, i. e., surface decomposition is prominent above 973 K. The b and c or a axes of the forsterite crystals are 
appeared. This shows that the higher order crystal plane started to sublimation or be remolded. From the difference in 
evaporation along the a. b and c axes of the forsterite crystal [10], the (001) and (100 planes, with higher rates of 
evaporation, both evaporated. 
  When the temperature was increased to 1103 K, which is slightly higher than the crystallization temperature of 1073 K 
[ 7 ], coalescence growth and sublimation were prominently observed. Figure 8 shows the process of alteration and
sublimation. The convevex region indicated by the arrow in Fig.8 was flattered by the sintering process (Kimura,1960).  
By increasing the temperature by only about 10 K, two polyhedral grains of size 500 nm in contact were observed to 
coalescence, and alter shape as shown in Fig.8. The particles indicated by the arrow A altered their shapes.  

The blact dots seen in Fig.7 hardly observed. The sublimation of the Mg2SiO4 crystal took place congruentily, which 
means that the residue has the same composition as the starting material [ 1 ] . The grain indicated by arrow A sublimated 
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and disappeared with 430 s as shown inFig.8. If we assumed that the particle size indicated by arrow A at 210 sec is a 
sphere with a radius of 42 nm, then the mean evaporation rate of the forsterite crystal is 2.04 x 104 molecule/sec. From 
the coalescence of grains at 1103 K, it was estimated that a spherical grain of 172 nm was absorbed in 810 sec by 
diffusion to the substrate grain. The alteration in shape suggests that this may be the result of the differences in 
evaporation rates along the different axes.  The sublimation rate before the diffusion process merged the two grains was 
3.6 x 104 molecule/sec.                                                                       
   Figure 9 shows a grain of 100 nm radius on the top of a MgO crystal sublimated in 380 sec. The mean evaporation 
rate for the particle in Fig.9 i s 1.5 x 105 molecule / sec.                                                         
    To observe the evaporation along the [ 010 ] direction, the surface of the particles was covered with a thin carbon 
layer using the heating shape (b) in Fig.2 (b). The specimen grains were dispersed on holey carbon film. A typical grains 
covered by a thin carbon layer ( 4 nm ) is shown in Fig.10. The carbon layer was also evaporated above 973 K ( Ishikawa 
et al., 2003 ).  The evaporation state of the forsterite along to the ( 010 ) plane was observed using a high resolution 
transmission electron microscopic image of the ( 101) lattice image in the temperature range between 1033 to 1113 K as 
shown in Fig.11.  The lattice image of ( 101 )lattice image in the temperature range between 1033 to 1113 K as shown 
in Fig.11. The lattice image of (101) is distorted upon the evaporation of the (010) surface. The thickness alteration 
causes the lattice image to disappear. Therefore the focus of the grain in the TEM was altered.  However all of the (101) 
lattice images disappeared within 1063 sec. The disappearance of the lattice images left to right suggests that sublimation 
took place by layer.  At about 1113 K, the crystal structure of Mg2SiO4 was destroyed and most of the particles became 
MgO crystallites. After heat treatment of the sample, the particles dispersed on the carbon holy film had changed in  

Fig. 7. Morphological alteration of forsterite grains by heating to the prenucleation temperature (stall state)

Fig. 8. Coalescence and sublimation at the temperature range of crystallization 
.

shape and MgO crystals were predominately observed as shown in Fig. 6. Figure 12 shows the high resolution electron 
microscopic image corresponding to the grain in Fig.11, fine stable and dissolved MgO crystallites was predomimately 
seen . The layer – by layer- alteration along the b-axis was mainly due to the decomposition of Mg2SiO4 and MgO and 
SiO2. The metamorphism of SiO2 phase [14 ] was clearly took place at 1173 K. More detail based on an experiment using 
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the same apparatus in Fig.2(a) will be published in near feature for the SiO2 plane.  

Fig. 9. During the sublimation process, the shape of crystal was altered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Typical grains covered with amorphous carbon layer of 5 nm thickness. A grains covered with a carbon
layer can be easily produced using the heating stage in Fig.2 (b) by heating at 373-673K. 

 
General Discussion  

The evaporation coefficient for forsterite in vacuum is between 0.09 – 0.16 at temperature of 1900 
~2163 K [ 9, 15 ]. Extrapolation of these to the sublimation temperature at 1093 K is impossible. 
Evaporation experiments on single crystals have mainly been performed at temperature of 1973 K [ 10 ].  
The present result is about 0.51 times lower and suggests that the sublimation temperature of the dust is 
different these that of the bulk material. The main reason for this is that the surface energy of  the 
grains causes a decrease in sublimation temperature. The surfaces to volume ratio of grains with size of 
10,100 and 1000 nm are 2.75, 0.275 and 0.0275 % respectively.  The coalescence and growth of particles 
in the smoke cloud is also a low temperature phenomenon in nanoparticle physics [16, 17]).  Spontaneous 
alloying at room temperature [ 18 ] and the spontaneous mixing of alkali halide crystals [ 19 ] involve 
atomic diffusion at low temperatures.  The alteration of the surface structure and low temperature 
sublimation become prominent in grains of size less than 500 nm. The present results are in good 
agreement with the schematical diagram of dust metamorphism in a protostellar disk and the processes 
involved therein [ 20 ] .   The authors thank T .Yamamoto and Joseph A. Nuth III of NASA/GSFC for the 
reviewers for valuable comments.    
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Fig. 11. High resolution transmission electron microscopic image slowing the evaporation of (010) forsteraite.

 
 
 
 
 

Fig. 12. High resolution transmission electron microscopic image after heating 
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The origin of civil engineering work in Japan could be found at the pit dwellings built in the 

Jomon period. Since then tumuli, residential hedge mount, leveling work of mountain castle and 

defense wall of cantonment had been built by cut and fill of earthwork. 

In any case, there were advantages as local procurement of materials, effective utilization of local 

soil and speed up the work operation. Those advantages were noticed by people from the earliest 

age. 
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As the Beginning of this series we sketch in this article with easy examples the symplex method and will

solve then with the help of the excel solver. In next articles we will go more deeply into this method.
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線形計画法とは，限られた資源を分配し，利益の最大化・費用の最小化・投資収益率の最大化・時間の最適配
分などを目指す方法であり，この問題を解決するためにシンプレックス法が適用されることはよく知られてい
る．また，エクセルのソルバーには最適化を実行する機能が組み込まれている．この論説では，シンプレック
ス表を用いて計算された問題を，図形的解法とエクセルソルバーによる解法を比較実行し，さらには輸送問題
に関する例についてもエクセルソルバーを使用して計算したい．例題としては，[3]　 p.190-，[1] p.15-, p.36-

を使用し，[2]の解説に従いエクセルのソルバーを利用した解法に言及したい．なお，[4]の図入りの解説も参
考にされたい．
線形計画モデルの構成と例題
線形計画モデルは，目的関数と制約条件からなる．目的関数は主として利益やコストの合計金額を表し，利
益に関しては最大になるように，コストなら最小になるようにする．そのときの変数の値が解となる．制約条
件は，目的関数で適用される変数がどのような値をとるのかを関数の形で表したもので，主として不等式で表
される．
現実の問題を最適化していく際には，現実の問題が置かれた状態の本質を見抜き（モデル化），それを目的
や制約となる条件を数式やグラフを利用して表す（定式化）．モデル化では何が問題なのか何が制約条件なの
かを明確にする必要がある．このような理念の下にモデル化され定式化された次の例題を考察する．
例１．(以下の標準型は [3] p.190-のもの)

利益が４万円および５万円の商品 Aと Bの生産計画を考え，それぞれ x1 および x2 個を生産するとき生産ラ
イン上での生産情報により，変数 x1, x2をもつ目的関数 f と制約条件 gi(i = 1, 2, 3)からなる以下のような標準
型に定式化できるとき，利益の最大値を求めたい．

f = 40x1 + 30x2

g1 = 4x1 + 5x2 ≤ 40

g2 = 2x2 ≤ 50

g3 = 6x1 + 3x2 ≤ 210

x1, x2 ≥ 0

この標準型について目的関数 f の最大値を求めるために，以下のようにスラック変数を導入し正規型に変換す
る．そして，制約条件が作る凸多角形の実行可能解集合（シンプレックス）の頂点で最適解が得られるという
性質を利用してある１頂点から出発して他の頂点に次から次へと移動しながら最適解をみつける方法（シンプ
レックス法）を適用する．以下の I)では図を用いた解法，II)でソルバーを利用した解法をみる．なお，ソル
バーでもアルゴリズムとしてシンプレックス法が採用されている．

I) 　　図形による解法
方針 i) スラック変数の導入および標準型から正規型への変換　
ii) 基底変数および非基底変数の分離と辞書
iii) 辞書の変形と，基底解に対する目的関数の値の読み取り　
i) スラック変数の導入による標準型から正規型への変換．問題の扱いを容易にするため，新しい非負の変数
(スラック変数) s1, s2, s3 を導入し，次の左の連立不等式の形（標準型）の不等式の部分を，右の形（正規型）
のようにスラック変数の非負条件の部分にまとめてしまい，不等式を同値な等式の形に表す．したがって，正
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規型では不等式の部分を等式とは別の行（最後の行）におく．目的関数は Z で表す．

標準型 正規型

Z = 40x1 + 30x2 Z = 40x1 + 30x2

4x1 + 5x2 ≤ 200 4x1 + 5x2 + s1 = 200

2x2 ≤ 50 2x2 + s2 = 50

6x1 + 3x2 ≤ 210 6x1 + 3x2 + s3 = 210

x1, x2 ≥ 0 x1, x2, s1, s2, s3 ≥ 0

ii) 変数を基底変数と非基底変数に分け辞書の形に表す．正規型の制約条件の部分を次のように，左辺に基底
変数，右辺を非基底変数の式で表す．この形を辞書という呼び方で表す．

Z = 40x1 + 30x2

s1 = 200− 4x1 − 5x2

s2 = 50 − 2x2

s3 = 210− 6x1 − 3x2

辞書の左辺の変数 s1, s2, s3が基底変数，右辺の変数 x1, x2が非基底変数であり，条件式での非基底変数 x1, x2

の値を (0, 0)とするときの s1, s2, s3 の値の組 (200, 50, 210)は，この連立方程式の１つの解（基底解)となる．
したがって，この辞書に対応する（実行可能）基底解は

(x1, x2, s1, s2, s3) = (0, 0, 200, 50, 210)

であり，図形的には，これは x1 軸と x2 軸との成す平面の原点での解となる．
注意．辞書がひとつ決まると自動的に基底解がひとつ決まり，辞書の１行目は非基底変数 x1, x2 と定数項で表
わされた目的関数 Z であり，上記の場合には，Z の定数項の位置に非基底変数の値を (0, 0)とした値 0が入る．
したがって，目的関数は基底解に対するものであるので，辞書の１行目の定数項をみれば基底解の目的関数の
値がわかる．この辞書をさらに変形しても，辞書の１行目の定数項をみることでその辞書の基底解に対する目
的関数の値が読み取ることができる．
以下では，非負の変数 x1, x2, s1, s2, s3に関して，非基底変数を増加させ基底変数を減少させて辞書を変形して
いくことにより，目的関数の値を求めていく．
iii) 辞書の変形 i)の辞書の目的関数 Z = 40x1 + 30x2について，ふたつの変数のうち係数が「大きい方の正
数」となる x1を基底変数におきかえて辞書を変形する．i)で求めた解が x1x2平面の原点での解であるのに対
し，これは x1軸上を正方向に移動して，多角形の次の頂点での解を求めることに対応する（ソルバーによる解
法の後の図１参照）．
この操作は次のようにする．x1を正方向に増加させていくとき，基底変数 s1, s2, s3のうちで 200, 50, 210 か
ら値の減少していくものがある．これら減少していくもののうち最初に 0となるものを見つけ，それを基底変
数から非基底変数と名前を変える．具体的には x2 = 0として，

s1 = 200− 4x1 ≥ 0のときは， x1 ≤ 50　を動く．

s2 = 50 ≥ 0 のときは， x1の値とは関係ない．

s3 = 210− 6x1 ≥ 0 のときは， x1 ≤ 35　を動く．

オペレーションズリサーチエクセルソルバーで解く線形計画法１
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を満たしながら x1 を正の方向に動かしていくとき，s1, s2, s3 のうち最初に 0となるものとそのときの x1 を
探す．この場合，前の式から min(50, 35) = 35となりで x1 = 35のときすでに s3 が 0になる．このとき，i)

の辞書の s3 の式 s3 = 210 − 6x1 − 3x2 における s3 と x1 の役割を入れ替えて x1 = 35 − 1
6s3 − 1

2x2 とい
う形にして s1, s2 の式に代入する．この操作（ピボット操作）によって次の新しい辞書と（実行可能）基底解
(x1, x2, s1, s2, s3) = (35, 0, 60, 50, 0)を得る．

Z = 1400 + 10x2 − 20

3
s3

s1 = 60 − 3x2 +
2

3
s3

s2 = 50 − 2x2

x1 = 35 − 1

2
x2 − 1

6
s3

こうして新しく非基底変数となった s3, x2について同様のピボット操作を再度実行する．すなわち，s3 = 0と
おいて x2 を正方向に動かし，s1, s2 のうち最初に 0となるものと，そのときの x2 を求める．この場合，s1 =

60−3x2+
2
3s3, s2 = 50−2x2 であるので，min(20, 25) = 20から s1が s2よりも先に 0になり，s1 = 60−3x2+

2
3s3

での s1と x2を軸に再びピボット操作（s1と x2の入れ替え）を実行し，s2と x2の条件式の x2の項に第１の
条件式 x2 を代入して次の新しい辞書を得る．

Z = 1600− 10

3
s1 − 58

9
s3

x2 = 20 − 1

3
s1 +

2

9
s3

s2 = 10 +
2

3
s1 − 4

9
s3

x1 = 25 +
1

6
s1 − 5

18
s3

この辞書から，基本解は (x1, x2, s1, s2, s3) = (25, 20, 0, 10, 0)であり Z = 1600となる．すなわち，最大利益が
１６００万円で，そのときの商品 Aと Bの個数はそれぞれ２５個および２０個となる．

II) ソルバーによる方法（[2]）
手順　１．定義式係数の入力．
２．変数セルの指定．
３．目的関数の定義式の入力と目的セルの指定．
４．制約条件の定義式の入力．
５．制約式右辺の値の入力．
６. 目的セルのソルバー上への入力．
７．目標値の選択．
８．変数セルの位置の入力．
９．制約条件の入力．
１０．「解決方法の選択」での「シンプレックス LP」を選択．
１１．[解決]ボタンをクリック
１２．「ソルバーの解の保持」の確認と [OK]．
準備と注意 i) [データ]タブをみてソルバー機能利用可能かを確認．
ii) [データ]タブに [ソルバー]ボタンの表示がなければ，[ファイル]→ [オプション]を選択，[Excelのオプショ
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ン]ダイアログボックス「アドイン」メニュー選択し，[アクティブでないアドイン]リストで [ソルバーアドイ
ン]をクリックしてアクティブの状態にし，[設定]ボタンをクリック．[OK]もクリック．表示された「アドイン」
ダイアログボックスの「有効なアドイン」欄の「ソルバーアドイン」をチェック．[OK]をクリック．
iii) リボンの [データ]タブ内の [ソルバー]をクリック．「ソルバーのパラメータ」ダイアログボックスを入力．
「目的セルの設定」には最大（最小）にしたい数式の入ったワークシート上のセル E7を指定．「目標値」として
「目的セル」を「最大値」(「最小値」)に設定．特定の値と一致させたい場合には「特定値」を選択．「変数セル
の変更」には，目的セルの値が最大（最小）値となる変数値を出力するセル C6,D6を入力．「制約条件の対象」
では，「変数セル」で指定した変数（またはそれらを用いた関数）の取る値に条件を設定．「オプション」ボタン
を選択すると，ソルバーの挙動などに関する設定を変更可能．
入力と設定．
１．値の入力．x1 の係数 C7「40」,C8「4」,C10「6」, x2 の係数 D7「30」,D8「5」,D9「2」,D10「3」
２．「変数セル」を C6,D6に指定．
３．セル E7に以下の目的関数の定義式を入力し，「目的セル」として指定．ここに最大値が出力される．
E7：”=C7*C6+D7*D6”または”=SUMPRODUCT(C7:D7,C$6:D$6)”

４．　セル E8, E9, E10に制約条件左辺の定義式を入力．ソルバー機能ではこれらのセルが参照される．
E8： ”=C8*C6+D8*D6”　または”=SUMPRODUCT(C8:D8,C$6:D$6)”

E9： ”=C9*C6+D9*D6”　または”=SUMPRODUCT(C9:D9,C$6:D$6)”

E10: ”=C10*C6+D10*D6”　または”=SUMPRODUCT(C10:D10,C$6:D$6)”

絶対参照C$6:D$6の E8:E10への貼り付ける方法．
i) E7:”=SUMPRODUCT(C7:D7,C$6:D$6)”は，”=SUMPRODUCT(C7:D7)”と入力した後にセルの範囲指
定して [F4]キーを２回押し”C$6:D$6”となったら”)”を入力して [Enter]キーを押す．
ii) セル E7を「コピー」（[Ctrl]-[C]を同時に押）して [Shift]を押しながら [↓]を３回押して E8から E10を範
囲指定．[右クリック]→[形式を選択して貼り付け]を指定してダイアログボックスを出し，「数式」にチェックし
[OK]．または [ホーム]→ [貼り付け]→ [数式] ([Alt]→[H]→[V]→[F]) で数式のみがコピーされる．

５．制約式右辺の値の入力． F8: 「200」, F9: 「50」, F10: 「210」を入力．

続いて，目的セル E7をクリックしてアクティブにし [データ]-[ソルバー]を選択しソルバーを起動して，以下
６から１３までソルバー上の入力用ダイアログボックスで操作する．
６. 「目的セル」E7のソルバー上の入力用ダイアログボックスへの入力．目的関数の式が入ったセル E7をク
リックすると，ダイアログボックス入力欄は自動的に絶対参照「E$7」となる．
７．「目標値」を選択．総利益を最大にしたいので，「最大値」をチェック．
８．「変数セルの変更」欄に変数セルの位置を入力．「目的セル」の位置を設定したときと同様，右横のボタン
をクリックして入力用のダイアログボックスを出しセル C6:D6を範囲指定．入力後に自動的に絶対参照の形
C$6:D$6になる．（$の入力は不必要）
９．「制約条件」を入力．「制約条件」欄右横にある [追加]ボタンをクリックすると現れる「制約条件追加」ダ
イアログボックスに情報を入力．
非負条件 x1, x2 ≥ 0を除く３つの条件不等式をまとめて入力する（個々に入力することも可能）．「制約条件の
追加」ダイヤログボックスの「セル参照」に左辺の数式が入ったセル位置 E8:E10と「制約条件」（右辺の数式
が入ったセル位置）を指定する際に，（単独のセルではなく）対応するセル範囲をドラッグして指定．制約式の
「関係子<=」を選択して，「ソルバーのパラメータ」ダイヤログボックスに戻ると３つの不等式制約条件がまと
めて表示される．非負制約（x1, x2 ≥ 0）についてもすべての決定変数に非負制約をもたせる場合，「制約のな
い変数を非負数にする」をチェックして「制約条件の追加」手続きによって同様に指定できる．
１０．「解決方法の選択」には LPでは「シンプレックス LP」を選択．
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１１．[解決]ボタンをクリックするとソルバーが「シンプレックス法」（単体法）を実行し，最適解を返し，「ソ
ルバーの結果」ダイアログボックスが表示される．
１２．「ソルバーの解の保持」がチェックされていることを確認して [OK]．求めた解がセルに出力され，シー
トに戻る．[キャンセル]を選ぶと求めた解は消え，変数セルや目的セルに 0が表示される．

ソルバーによる計算の結果，利益の値 Zが最大になるのはA:２５個，B:２０個で，その時の最大利益が 1600

万円になる．この結果は図を用いた方法（やシンプレックス表を用いた方法）と一致する.　　 例１終
わり．
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次に，パン売上げ利益の問題を定式化した例をあげる．この問題では，製パン工場での製造量や小麦粉と砂
糖の制限消費量に関する条件がついている．
例２． （[1]p.15-）
I)　図による解法．モデルを定式化したものを例１と同様に標準型と正規型に表すと次のようになる．

標準型 正規型

Z = 40x1 + 60x2 Z = 40x1 + 60x2

50x1 + 40x2 ≤ 7200 s1 = 7200− 50x1 − 40x2

2x1 + 8x2 ≤ 480 s2 = 480− 2x1 − 8x2

x1, x2 ≥ 0 x1, x2, s1, s2 ≥ 0

この正規型から次の辞書を得る．

i) Z = 3600 + 25x1 − 15

2
s2 ii) Z = 6600− 25

4
s1 − 35

8
s2

s1 = 4800− 40x1 + 5s2 x1 = 120− 1

40
s1 +

1

8
s2

x2 = 60 − 1

4
x1 − 1

8
s2 x2 = 30 +

1

160
s1 − 5

32
s2

x1, x2 ≥ 0 x1, x2, s1, s2 ≥ 0

この最後の辞書により，(120,30)で最大値「６６００」をとることがわかる．（図２参照）
II) エクセルソルバーでは，変数セル C6,D6，目的セル E7，制約条件の定義式 E8,E9は例１と同じにし，目的
関数および条件式の係数 C7:「40」, C8:「50」, C9:「2」, D7:「60」, D8:「40」, D9:「8」を入力し，制約条
件の右辺の値を F8:「7200」, F9:「480」として例１と同様にソルバーを作動させると，目的セル E7に 6600,

変数セル C6:D6にはそれぞれ 120, 30が出力され，(120, 30)で最大値 6600を得る． 例２終わり．　

他の例として，輸送問題を扱う．この問題に対しては北西隅ルールがあるが，ここでは，ソルバーのみ利用
して最小値をみる．
例３．　（[1]p.36-）３ヶ所に工場を持っている企業が，４ヶ所ある販売店からの注文に応じて各販売店への

商品の輸送計画を立てる．各工場の供給能力を第１工場１５個，第２工場２５個，第３工場８個とし，販売店
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からの注文は，販売店１から５個，販売店２から１３個，販売店３から２０個，販売店４から１０個とする．各
販売店からの注文に応ずるため，各工場からの出荷量を決め輸送する際，総輸送量が最小となる計画を立てる．

この問題は次の標準形に定式化できる．

Z = 5x11 + 4x12 + x13 + 6x14 + 6x21 + 2x22 + 7x23 + 5x24 + 8x31 + 3x32 + 10x33 + 9x34

g1 = x11 + x12 + x13 + x14 ≤ 15

g2 = x21 + x22 + x23 + x24 ≤ 25

g3 = x31 + x32 + x33 + x34 ≤ 8

g4 = x11 + x21 + x31 ≥ 5

g5 = x12 + x22 + x32 ≥ 13

g6 = x13 + x23 + x33 ≥ 20

g7 = x14 + x24 + x34 ≥ 10

x11, x12, . . . x34 ≥ 0

これをソルバーにかけるためにセルには例えば次のような設定をする．
１) 変数セルを C6, D6, E6, F6, . . . , N6に指定．
２) セル C16に目的関数の定義式を入力し「目的セル」(最小値表示)として指定．

C16：”=SUMPRODUCT(C7:N7,C$6:N$6)”

３) セル C17, . . . C23に制約条件左辺の定義式を入力．
C17：”=SUMPRODUCT(C8:F8,C$6:F$6)”

C18：”=SUMPRODUCT(G9:J9,G$6:J$6)”

C19：”=SUMPRODUCT(K10:N10,K$6:N$6)”

C20：”=C11*C$6+G11*G$6+K11*K$6”

C21：”=D12*D$6+H12*H$6+L12*L$6”

C22：”=E13*E$6+I13*I$6+M13*M$6”

C23：”=F14*F$6+J14*J$6+N14*N$6”

４) 制約式右辺の数値を入力．
D17：「15」, D18：「25」, D19：「10」, D20：「5」, D21：「13」, D22：「20」, D23：「10」

５) 目的関数の係数および条件式の係数を入力．
C7,D7,E7,F7,. . . , N7には，目的関数の係数「5, 4, 1, 6, 6, 2, 7, 5, 8, 3, 10, 9」を入力．
条件式の係数は，C8:F8，G9:J9，K10:N10のすべてに「1」を入力し，
C11, G11, K11に「1」，D12, H12, L12に「1」，E13, I13, M13に「1」，F14, J14, N14に「1」を入力．

６) これらのデータをもとに，g1, g2, g3は「<=」，g4, . . . , g7は「>=」であることに注意し，最小値を選択し
てソルバーを実行させると解は１６４となり，最適解を得る．すなわち，総輸送費が最小１６４万円であり，北
西隅ルールで求める初期値よりも良い値となる（[１]参照）． 例３終わり．

**************
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