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Mathematicaを活用した数学の授業について
清藤　晃∗

On a Mathematics Class with Mathematica

Akira SEITOH

　We introduce the 2D or 3D graphics and movies generated by Mathematica

to our mathematics class for our students to understannd various mathematical

concepts better.

　 (Keywords: Students’ Better Understanding, Mathamtica .)

1. はじめに

　工業高専や大学工学部で数学の授業を担当する
場合に考慮しなければならない第 1の問題は,学
生たちが数学を専門とするのではなく数学を使
う立場だということである。したがって，定理・
公式の厳密な証明よりは，定理・公式の意味を理
解 (納得) してもらうための合理的な説明が求め
られるはずである。ところが，微分積分学に例を
とれば，一変数関数の場合は比較的厳密な証明を
述べておきながら，応用上より重要なはずの多変
数関数の場合は一転して単なる計算法の例示に終
止し，意味を説明することはほぼ放棄されている
ことが多い。一方で，21世紀に入って 10年以上
を経た現在から数学教育の地平を見渡せば, 教授
内容の更新も必要なはずだが，微分方程式では相
も変わらず求積法による解法，複素関数では留数
を用いた定積分の計算に終始する。最近，出版が
相次いでいる新しい高専用の教科書でも，たとえ
ば力学系の初歩，カオスやフラクタルについての
解説を発見することはできない。これらは何も一
部数学者の興味に留まるものではないにもかか
わらずである。欧米では新しい内容が盛り込まれ
た (数学科の学生対象とは限らない) 数学書の出
版が相次いでおり，焦りさえ感じる。高専数学カ

リキュラムの内容が変わらない原因のひとつは，
出題内容が 50年前と大差ない大学編入学試験の
存在かもしれない。あるいは，編入学試験問題の
出題者が高専で使用されている教科書の内容を調
べ，それに沿った出題しかできないと考えている
のか。そうだとすれば，これはまさに負のスパイ
ラルそのものである。

2. 数学を研究する立場と使う立場

　数学を研究する立場の人と数学を使う立場の人
の間には，様々な誤解がある。そのような誤解が
生ずることになった原因は，研究する立場の人間
が孤高を守り啓蒙を怠ったことと，使う立場の人
間が (現代)数学は抽象的でわかりにくい (役に立
たない)といって食わず嫌いをしてきたことにあ
ると思う。それについて，数学を研究する立場か
ら思うところを述べてみたい。
数学者が書いた数学書では，難解で応用する立

場の人間には不要な定理の証明が延々と述べら
れ，それを読み終わらないとその定理の応用 (問
題の解法)の説明にならない，などと言う人がい
る。Fields 賞受賞者の小平邦彦先生がおっしゃ
るように，数学書に書いてある定理の証明はその
定理が正しいことを検証するためにあるのではな

∗一般教育科（数学）
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い。それは過去にその定理を発見した数学者自身
が行っていることである。現代の学習者が証明を
たどるのは，その定理の意味や考え方を追体験し
て理解するためである。ただ，初学者にはいきな
り証明を始めるのではなく，全体像を見渡すため
にかいつまんで概要を述べるのが親切だと思う。
有名な ε-δ 論法を例にとってみる。微分積分学

の導入で，高専用の多くの教科書では，極限値に
ついて，

lim
x→a

f(x) = b · · · · · · · · · 1©
が成り立つとは，次のことだと説明されている。

xを aに限りなく近づけるとき，

関数 f(x)の値は bに限りなく近づく。
· · · · · · · · · 2©

それに対し，数学における厳密な定義は次のよう
なものである。

任意の ε > 0に対し，ある δ > 0をとれば，

どの xに対しても，

0 < x − a < δ ならば

f(x) − b < εとなる。 · · · · · · · · · 3©
東京高専を卒業後大学に進学されたある卒業生に
言われたことがある。「ε-δ論法，いったいあれは
何ですか !」高専では楽しく数学を学んで優秀な
成績を収め希望をもって大学に編入学したのに，
大学で教えられる数学に裏切られたという気持ち
だったのだろう。その卒業生の顔には，ε-δ 論法
というか，数学 (と数学研究者) というものに対
する憤りが溢れていた。ε-δ 論法が工学部の学生
には必要のないものと言われて，講義では取り上
げられないことが多くなったのはいつ頃からだろ
うか。これに対しては，上野 1) から引用しよう。

製品を製作するとき，ある工程での制作物
の誤差をある範囲にとどめるためには，最
初の誤差の許容範囲をどこまでにしたらよ
いか，そもそもそのようなことが可能であ
ることはどのようなことを意味するか，こ
のような観点から連続性の説明をすること
も可能であろう。

上野先生は，数学者たちが講義でこうした工夫を
していたら，多くの人にもっと好ましい数学観を
もってもらえていただろうと続けられていた。最
近は，そのような配慮がされた数学書，講義も多
いことは申し添えておきたい。
一方で，20 世紀に得られた新たな知見を高専

や工学部における数学の講義に反映させることに
ついては，未だに感情的な拒否反応が大きい。数
学科の学生向けの導入ではなく，実際の計算に習
熟することを通じて数学的対象に対する実在感を
獲得してもらうような講義は可能であろう。たと
えば，ベクトル解析に微分形式を導入し，公式の
導出や計算を省エネルギー化し線積分や面積分を
見通しよく解説することを試みているので，清藤
2) を参照していただきたい。

3. 定理・公式の意味を理解させる

合成関数の微分法を例にとり上げる。関数

x = ϕ(u), z = f(x)
u � ϕ ��

�

f◦ϕ ���
��

��
��

x�

f

��
z

の合成関数 f ◦ ϕの微分法の公式は，

(f ◦ ϕ)′(u) = f ′(ϕ(u))ϕ′(u) · · · · · · · · · 4©

または dz

du
=

dz

dx

dx

du
· · · · · · · · · 5©

で与えられる. 高専で使用されている多くの教科
書では多くの場合，次のように証明というか説
明されている。uの増分 Δuに対し，それに応じ
た x の増分，z の増分をそれぞれ Δx, Δz とす
ると，Δu → 0のとき Δx → 0である。よって，
Δu → 0とすると,

Δz
Δx

→ dz

dx
, Δx

Δu
→ dx

du

だから，等式

Δz
Δu

= Δz
Δx

Δx
Δu

· · · · · · · · · 6©

において Δu → 0とすると, z = (f ◦ ϕ)(u)も微
分可能で，

Δz
Δu

→ dz

dx

dx

du
つまり dz

du
=

dz

dx

dx

du
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が成り立つ。この一見もっともらしい「説明」に
は大きな欠陥がある。それは，つぎのようなこと
である。Δu → 0とするとき，関数によってはま
だ Δu �= 0であっても，Δx = 0となってしまう
ことが起こる。すると， 6© のように表記するこ
とができないのである。そもそも，これらの関数
が多変数関数で，Δxがベクトル値を取る場合に
拡張しようとすると， 6© の右辺はベクトル Δx

で割る割り算を行っていることになってしまう。
一変数関数における議論を多変数関数へ拡張する
場合，もっとも納得しやすい説明方法は，議論・
形式が多変数関数の場合も一変数関数の場合とパ
ラレルに行われることを示してやることだろう。
そのためには線型代数学の知識・形式が有効であ
る。簡単のために，関数

z = f(x),
[
x
y

]
= ϕ(u)

[
u
v

]
� ϕ ��
�

f◦ϕ
���

��
��

��
��

[
x
y

]
�

f

��
z

について考える.ただし，

u :=
[
u
v

]
, x :=

[
x
y

]

とおいた。それぞれの関数の増分の線型近似は

Δx � ϕ′(u)Δu, · · · · · · · · · 7©
Δz � f ′(x)Δx · · · · · · · · · 8©

と表される。ただし，

ϕ′(u) =
[
xu xv

yu yv

]
, f ′(x) =

[
zx zy

]
はそれぞれの関数の Jacobi行列であり,それぞれ
の線型近似 (線型写像) の標準基底に関する表現
行列である。 7©， 8© より直ちに

Δz � f ′(x)ϕ′(u)Δu · · · · · · · · · 9©

を得る。 9© は，関数 z = (f ◦ ϕ)(u) の増分 Δz

の線型近似が行列 f ′(x)ϕ′(u) で表されることを
表している。つまり，これが z = (f ◦ ϕ)(u) の
Jacobi行列である :

(f ◦ ϕ)′(u) = f ′(x)ϕ′(u). · · · · · · · · · 10©

一変数の場合は，線型近似とは比例関数による近
似のことであり，比例定数が表現行列にあたる。
数式を使わずに表現すれば，「合成関数の線型近
似はそれぞれの関数の線型近似の合成関数で与え
られる」となる。そして，10© を具体的に成分表
示すれば，

[
zu zv

]
=

[
zx zy

] [
xu xv

yu yv

]
, · · · · · · · · · 11©

または

{
zu = zxxu + zyyu,

zv = zxxv + zyyv

· · · · · · · · · 12©

となり，12© が旧来の 19世紀風教科書に述べられ
ている合成関数の微分法の公式 (チェイン・ルー
ル)である。11© のように Jacobi行列のかたちで
取り扱った大学編入学試験問題も現れるように
なった (たとえば，電通大・平成 24年度第 3問)。
微分とは関数の増分の線型近似のことであり，
このような形で微分係数，導関数あるいは微分
dz = f ′(x)dx を説明することは本質的である。
一変数関数のときからこの方式の説明を行えば，
多変数に移行する場合も変数をベクトル値に変え
るだけで，形式的には一変数関数の場合と全く同
一である。一変数関数の場合と形式的に同一であ
るということは，一変数関数のときの類推が直感
的に可能だということであり，それを議論の抽象
化と言うこともできる。つまり，「抽象化 =わか
りにくい」ではなく，「抽象化 =見通しの良い議
論」なのである。もちろん，厳密には線型近似の
合成を行った場合の誤差評価を ε-δ 論法で行う必
要があるが，微分法の導入にあたってその議論を
省略しても全く問題はない。

4. Mathematica による画像・動画の
活用

しかしながら，数式を用いた論理展開のみで数
学的概念をよく理解することは容易ではない。そ
のような場合，人間は昔から概念を分かりやすく
表す図を活用してきた。コンピュータが発達し，
Mathematica のような作図機能あるいは動画作
成機能を備えた高機能の数式処理ソフトが利用
できる現代では，数学の学習に動画を含めた画像

– 3–
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を活用することは，非常に魅力的なチャレンジで
ある。数学においては，議論の本質に集中するた
め，実例を構成する場合でも必要な少ない条件の
みを要請する。
実例を挙げよう。0 < ε < 1とする。C∞ 級関

数 α : R → Rであって,次の条件をすべて満たす
ものが存在する。

(1) −ε < ∀t < ε : α(t) = 1.

(2) α(1) = 0.

(3) ∀t > ε : α′(t) < 0.

たとえば，次のように定義すればよい。

α(t) =

{
1 for ∀t ≤ ε,

1 − exp
(

1
1 − ε

− 1
t − ε

)
for ∀t > ε.

· · · · · · · · · 13©
実際に 13© とすれば，条件 (1)，(2)，(3)がすべて
満たされることの長い証明は省略するが，それを
注意深くたどることによりなぜ 13© と定義すれば
よいのかに気づくことができる。さらに，そのよ
うな関数の実在を実感するために Mathematica

によるグラフィックは非常に有効である。それを
図 1 に示そう。

図 1 α のグラフ.

図 1 は ε = 10−3 とした場合のグラフである。
図 1 を観察する限り，ε の値がもっと大きいよ
うに思われるだろう。証明をたどったり定義式
13© を眺めただけではそのあたりを感覚的に理解
するのは難しい。しかし，α(t) = 1 となるのは
−10−3 ≤ t ≤ 10−3 のときだけなのである。

次の例は，トーラス T 2 ∼= R2/Z2 上の C∞ 級
完備ベクトル場

X(e2πix, e2πiy) :=
∂

∂x
+ α

∂

∂y
, α ∈ R

· · · · · · · · · 14©
が定める微分方程式の軌道の挙動の観察である。
α ∈ Qならば，全ての軌道は S1 に位相同型でコ
ンパクトである。α ∈ R \ Qならば，全ての軌道
は Rに位相同型になり，しかも T 2 において稠密
になる。α ∈ R \ Qでも，αが代数的無理数であ
るか Liouville 数であるかによって，稠密になっ
ていく様子が異なることを観察できる。代数的無
理数とは，

√
2のように整数係数方程式の解にな

る無理数であるから，有理数に近い性質をもつよ
うに思われる。一方，Liouville数は超越数で，た
とえば

α =
∞∑

n=1

1
2n!

のように，有理数で非常によく近似される。した
がって，位相空間 R においては，Liouville数は
非常に有理数に近い数である。上記の例では，部
分和

αn =
n∑

k=1

1
2k!

が, n = 5 で既に誤差 α5 − α が 10−22 未満に
なる.　 p, q ∈ Zとするとき，α が有理数 p

q
に

非常に近い無理数とする。もしも α = p
q
ならロ

ンジテュード方向に q回まわると元の位置に正確
に戻ってくるが，αが有理数 p

q
に非常に近い無

理数ならば q 回目に最初の点の “非常に近く”に
戻って来る。しかし，“非常に少し” ずれている
わけなので，ぼやけた目で観ていると最初のうち
はほとんど周期軌道のような感じに見えていてそ
れが次第にぶれていき，最後には S1 全体に稠密
にはびこっていくという感じになる。S1 が均等
に埋まっていくというようなこととは程遠いと予
想されます。それを Mathematica のグラフィッ
クスで観察してみた。本来ならば動画で観てもら

– 4–
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うのがよいのだが，紙の上では静止画にせざるを
得ない。

図 2 α = 1√
2
の場合。

図 3 α =
P 1

2n!
の場合. 第 8 部分和で近似。

5. 到達度試験の解答解説

私は，高専 IT教育コンソーシアムでの数学自学
自習用 e-learning 教材の開発プロジェクトに参
加し，初年度から学習到達度試験の解答解説作り
を行ってきた。ここで紹介するのは，昨年度 (本
年 1月)に行われた試験の私が担当した解答解説
の一例である。

2次関数

y = x2 − x + 1 · · · · · · · · · 15©
のグラフが直線

y = ax − a = a(x − 1) · · · · · · · · · 16©
(定点 (1, 0)を通ることに注意。)

と接するのは, 15©, 16© から y を消去して得られる
2次方程式

x2 − x + 1 = ax − a,

すなわち x2 − (a + 1)x + (a + 1) = 0
· · · · · · · · · 17©

が重解をもつとき，つまり 17© の判別式をDとす
ると，

D = (a + 1)2 − 4(a + 1) = (a + 1)(a + 1 − 4)

= (a + 1)(a − 3) = 0

のときである。したがって，a = −1または a = 3

となる。

参考. 放物線 15© と直線 16© との共有点の個数は,

実数 a の値が変化するにつれて変化する。本問
は，共有点が 1点の場合の aの値を求める問題で
あった。もっと一般に，判別式 D の符号を調べ
れば，放物線 15© と直線 16© は⎧⎪⎨
⎪⎩

2点で交わる (a < −1または a > 3),
1点で接する (a = −1または a = 3),
共有点をもたない (−1 < a < 3)

となることがわかる。この様子をアニメーション
で観察しよう。問題の原形のまま，放物線 15© と
直線 16© の位置関係を観察するには図 4 (赤で描
画) を, これらの方程式から y を消去した 2 次方
程式 17© の実数解の個数を観るには図 5 (青で描
画)の放物線

y = x2 − (a + 1)x + (a + 1)

=
(
x − a + 1

2

)2

+
{
−

(
a + 1

2

)2

+ 2
(

a + 1
2

)}
　

· · · · · · · · · 18©
と x軸との共有点を観ればよいが，これらはどち
らも状況が分岐する a = −1, a = 3 の場合を識
別しづらい欠点がある。aの値の変化につれて直
線 16© は点 (1, 0) を中心に回転し，放物線 18© は
頂点が放物線 y = −x2 + 2xに沿って移動するの
が見づらい原因である。観察をもっと容易にする
ためには,すこし工夫が必要でになる。方程式 17©
を変形すると，

x2 = (a + 1)(x − 1)

となる。ここで，仮に x = 1 とすると 12 =

(a + 1)(1 − 1) = 0となり，矛盾を生ずる。よっ
て，両辺を x − 1 �= 0で割ることができて，

x2

x − 1
= a + 1

となる。こうしておいて，分数関数

y = x2

x − 1
=

(x2 − 1) + 1
x − 1

· · · · · · · · · 19©

– 5–
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= x + 1 + 1
x − 1

(x = 1と y = x + 1が漸近線。)

· · · · · · · · · 20©

のグラフと直線

y = a + 1 · · · · · · · · · 21©

との共有点を観察する。これが図 6 (黒で描画)

である。ここでは x軸に平行な直線 21© が上下に
平行移動するだけなので観やすい。アニメーショ
ンは，コマ送りが自由にできる QuickTimeムー
ビーの形式にして Web 上では参照可能である。
なお，図 4, 5, 6 すべてをまとめて表示したのが，
図 7 になる。

図 4 放物線 15© と直線 16© との共有点。アニ
メーションはここをクリック !

図 5 放物線 18© と x 軸との共有点。アニメー
ションはここをクリック !

図 6 分数関数 20© のグラフと直線 y = a+1と
の共有点。アニメーションはここをクリック !

– 6–
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図 7 図 4, 図 5, 図 6 を同一平面上にまとめて
表示。図を見やすくするために, 原点 O のラベ
ルは書き入れていないが，座標軸の交点が原点
O である。アニメーションはここをクリック !

当初は，図 7 のみだったのだが，初学者は一度
に沢山のものを見せられても混乱するだけだ。図
4，5，6 を観せた上で，図 7 も見せるのが教育的
だという指摘を受けた。それで思い出したことが
ある。微分積分学や微分方程式の授業で，数学単
独でなく物理の内容も一緒に教えるべきだ，たと
えば物理現象を解釈して微分方程式を作り，それ
から解き方を教えるのが本校の学生のような数学
を使う立場の人間には最適だという少なくない専
門教科の教員から指摘を受けたことがある。確か
に，それも一理あると思い，自分が高校生のとき
も微分積分学を使って物理学を学ぶことに興味が
あったなあと思い，物理の本を読んで上記のよう
な授業を試みたことがある。ところが，それは効
果が上がらなかったばかりでなく，成績が中位以
下の学生はかなり強い反感を持ったようだった。
教員室にやって来た学生たちは，次のように言っ
たものである。色々なことが一度に襲いかかって
きて，何が何だか分からない。初めはまず，計算
の仕方，解き方をていねいに説明してほしい。応

用は基礎的計算力がついてからにしてほしい。こ
れでは，数学も物理もどちらも分からなくなって
しまう。なるほどと思った。どの科目もよくわか
る学生には興味深く思えても，そうでない学生に
は，苦痛になるだけだ。その後は数学の授業で，
ある一区切りの内容を学んだ後で，専門教科の先
生に来ていただき，学んだことを専門でどのよう
に活用するのかお話ししていただいた。学生たち
は非常に喜んでいた。そのときのことは，以前に
研究報告書に発表した。その際，お世話になった
電気工学科松井教員，電子工学科小池教員，物質
工学科土屋教員には改めて御礼申し上げたい。

6. おわりに

筆者の教材研究の旅は，Mathmatica 1.2 の頃か
ら少しずつ形になってきた。現在，TEX で組版
し，Mathmatica による静止画，動画などをリン
クさせて PDF 化し，Xythos3) 上に公開してい
る。微分積分学 I, II，線型代数学 I, II，解析学
A, B，微分方程式，線形空間論の解説，および
教科書のすべての演習問題の詳しい解答解説など
総容量 1GB超になる。以前からこれをまとめて
出版し広く成果を問いたいと思っていたところ，
2009 年 112 月，当時の水谷校長と三谷副校長か
ら出版の援助の申し出を受けた。水谷校長はあり
がたくも「情報工学科卒業生の谷合君や物質工学
科の菊池先生のように本を作ったらどうです。私
でもそのくらいのことはできますよ。後任の校長
にもちゃんと話をしておきますから頑張ってくだ
さい」とおっしゃってくださった。私もこれは頑
張らなければと著書を求める作業を続けていた。
2010 年に着任された後任の古屋現校長も水谷前
校長の思いをどう形にするか考えているとおっ
しゃったいただいた。3 年間辛抱強く待ったが，
それ以来何の音沙汰もない。本年 5月，兼業申請
(学習院大学理学部数学科)を行った際，そこでの
コンピュータ活用の経験を授業や高専 IT教育コ
ンソーシアムでの活動に生かしてきたことを書い
たが，成果を発表しろという。それで今回研究報
告書に投稿したのだが，約束通り成本の形で出版

– 7–
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させていただいていたら，それを観ていただくの
が一番なのにと思った次第である。いまもお待ち
していますので，よろしくお願いいたします。

参考文献

1) 上野健爾，誰が数学嫌いにしたのか，2001，
日本評論社.

2) 清藤晃，置換積分から線積分，面積分へ，
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Approaches to Keeping the Scholastic Ability in Mathematics during Long Vacations and  
Helping Unprepared Students 

Yoshiyasu YASUTOMI, Yuko ICHIKAWA, Seiji KONAKAZAWA, Hajime NAKAZATO 
 

The Department of Mathematics has opened the Self-Learing Classes for unprepared first-year students 
and the Mathematical Counseling room for unprepared second-year students since 2012. And then we have 
given them tests to see their achievement after long vacations. The tests are partially used for evaluating 
their final grades. Because of these efforts, the number of students who fail to earn a credit in mathematics 
in the first semester went down in 2013, compared with 2011. 
 Keywords Basic Mathematics, Unprepared Students, Self-Learning 
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長期休暇における数学の学力維持と学力不振学生の学力向上への取り組み
安富義泰*，市川裕子*，小中澤聖二*，中里　肇*

Approaches to Keeping the Scholastic Ability in Mathematics during Long Vacations
and Helping Unprepared Students

Yoshiyasu YASUTOMI，Yuko ICHIKAWA，Seiji KONAKAZAWA，Hajime NAKAZATO

The Department of Mathematics has opened the Self-Learing Classes for unprepared fi rst-year 
students and the Mathematical Counseling room for unprepared second-year students since 2012. 
And then we have given them tests to see their achievement after long vacations. The tests are 
partially used for evaluating their fi nal grades. Because of these eff orts, the number of students who 
fail to earn a credit in mathematics in the fi rst semester went down in 2013, compared with 2011.
Keywords : Basic Mathematics, Unprepared Students, Self-Learning
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Effects of Regular Math Practice and Needs of Students 
Yoshiyasu YASUTOMI 

 
The Department of Mathematics has given the first and second-year students assignments during long 

vacations and tests to see their achievement after long vacations since 2012. They are well-received by 
students, because they know that assignments and tests in math classes are effective in developing their 
skills in maths. For the same reason, they request more math quizzes and simulated tests in regular math 
classes. 
 Keywords Regular Math Practice, Development of Mathematical Skills, Needs of Students 
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数学における定期的演習による効果と学生のニーズ
安富義泰*

Eff ects of Regular Math Practice and Needs of Students
Yoshiyasu YASUTOMI

The Department of Mathematics has given the fi rst and second-year students assignments during 
long vacations and tests to see their achievement after long vacations since 2012. They are well-
received by students, because they know that assignments and tests in math classes are eff ective in 
developing their skills in maths. For the same reason, they request more math quizzes and simulated 
tests in regular math classes.
Keywords : Regular Math Practice, Development of Mathematical Skills, Needs of Students
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Trial of Technology Education that Make the Paper Air Craft for Elementary School Students 

 
Hirotaka TSUTSUMI, Hiroyuki NIKKUNI, Daisuke KITAKOSHI, Toshitaka YASUDA, Tomoyo MITANI 

 
This study deals with the technology education using the paper aircraft for elementary school students. In this project, it was 

combined with technology education and PBL education based on try and error.  
The problem-decisional education to children is tried, and the technique systematically done the problem solving is learned 

by the utilization of knowledge and communication. It was designed and was produced, though the theme is the paper airplane 
make, and though children do trial and error, and it experimented, and it was supposed to put the result of the best out. In the 
paper airplane make, the worksheet for clarifying approach and thought process of the self was prepared. The project was 
evaluated on the basis of the questionnaire from children.  
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紙飛行機作りから学ぶ小学生向け技術教育の実践
堤　博貴*，新國広幸**，北越大輔***，安田利貴****，三谷知世*****

Trial of Technology Education that Make the Paper Air Craft for Elementary School Students

Hirotaka TSUTSUMI，Hiroyuki NIKKUNI，Daisuke KITAKOSHI，
Toshitaka YASUDA，Tomoyo MITANI

This study deals with the technology education using the paper aircraft for elementary school 
students. In this project, it was combined with technology education and PBL education based on 
try and error.
The problem-decisional education to children is tried, and the technique systematically done the 

problem solving is learned by the utilization of knowledge and communication. It was designed and 
was produced, though the theme is the paper airplane make, and though children do trial and error, 
and it experimented, and it was supposed to put the result of the best out. In the paper airplane 
make, the worksheet for clarifying approach and thought process of the self was prepared. The 
project was evaluated on the basis of the questionnaire from children. 
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A Trial on Improvement of Tensile Strength and Decreasing Stress Concentration at  
Bonded Parts of Adhesively Waved Butt Joints 

 
Jyo SHIMURA, Youhei KAWASE, Shigeru KUROSAKI and Takeharu HAYASHI 

 
In this study, we have suggested the new joint configuration, which has scarf angle and a wave-shaped surface at a 

bonding part. At first, mechanical property in the presented joint subjected to static tensile load is analyzed, using finite 
element method (FEM). FEM analyses to clarify the stress field at the bonding part are carried out. To confirm the 
reliability of the analytical results, experiments for strain distribution measurement by using strain gauges are performed. 
In addition, effects of curvature radius of waved surface at bonding part on stress distribution were examined. As a result, 
stress concentrations at edges of the bonding part of the presented joint were expected to decrease lower than the 
conventional waved butt joint. Furthermore, it was thought that the stress concentration decreased at center of bonding 
part as the curvature radius increased. 
 (Keywords: Adhesively Waved Butt Joint, Stress Distribution, Stress Concentration, Finite Element Method) 
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r θ x
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(
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(A6063) Table 1
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Table 1 Material properties of adherend and adhesive 
Fig.1 Model for analysis 
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波型突き合わせ接着継手の接合部の応力集中抑制と引張強度向上の試み
志村　穣*，川瀬遥平**，黒崎　茂***，林　丈晴*

A Trial on Improvement of Tensile Strength and Decreasing Stress Concentration at
Bonded Parts of Adhesively Waved Butt Joints

Jyo SHIMURA, Yohei KAWASE, Shigeru KUROSAKI, Takeharu HAYASHI

In this study, we have suggested the new joint confi guration, which has scarf angle and a wave-shaped surface 
at a bonding part. At fi rst, mechanical property in the presented joint subjected to static tensile load is analyzed, 
using fi nite element method (FEM). FEM analyses to clarify the stress fi eld at the bonding part are carried out. 
To confirm the reliability of the analytical results, experiments for strain distribution measurement by using 
strain gauges are performed. In addition, effects of curvature radius of waved surface at bonding part on stress 
distribution were examined. As a result, stress concentrations at edges of the bonding part of the presented joint 
were expected to decrease lower than the conventional waved butt joint. Furthermore, it was thought that the stress 
concentration decreased at center of bonding part as the curvature radius increased.

Keywords : Adhesively Waved Butt Joint, Stress Distribution, Stress Concentration, Finite Element Method
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Scale Effects on Performance and Flow Behavior  
of Water Hammer Pumps 

 
Sumio SAITO,  Hirofumi OCHI,  Keiji SATO,  Nozomi TSUKAHARA   

and Jyo SHIMURA 

Water hammer pumps, taking advantage of the water hammer effect that can cause problems in fluid pipeline networks, 
are capable of pumping water without any outside power source; therefore, the pumps can provide an effective means of 
fluid transportation even in regions where social infrastructure, such as energy and power networks, has not yet been well 
developed.To explore the performance of water hammer pumps in comparison with the characteristics of general turbo 
pumps, our previous paper focused on understanding the basic hydrodynamic characteristics of water hammer pumps by 
experimentally examining the effects on the hydrodynamic characteristics by representative geometrical form factors, 
including the internal diameters of the drive pipe and the lift pipe, the form and the capacity of the air chamber, and the 
drive pipe tilt angle.The previous paper also focused on the form and specifications of each essential component of a 
water hammer pump main body.  In order to explain the flow behavior in the valve chamber and the air chamber, the 
authors further clarified the effects on the water hammer pump performance by the length of the spring attached to the 
drain valve and the drain pipe angle, including the effects on the pump performance upon changing the air volume within 
the air chamber.  Furthermore, the previous papers focused on the form of the lift valve to examine the effects of the size 
of the valve seat opening area of the lift valve on the pump performance and flow behavior within the valve chamber 
during operation of the water hammer pump.However, the previous studies set the basic form of the water hammer pump 
and examined the effects on the pump performance for each individual component.  Thus, further examination is 
necessary in order to establish a design method for water hammer pumps and develop optimal designs.This paper aims to 
move toward the establishment of a water hammer pump design method, and clarifies the scale effects on performance 
and flow conditions by presenting comparative examinations of the performance of various similar water hammer pumps 
in different sizes, taking the overall water hammer pump system from the drive pipe to the lift pipe into consideration. 

 
Key Words : Water Hammer Pump, Scale Effect, Fluid Transients, Pump Performance, Pressure Fluctuation,  

Velocity Fluctuation, Flow Visualization 
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水撃ポンプの性能および流動状態に及ぼす寸法効果
斉藤純夫*，越智啓文**，佐藤敬侍***，塚原　望****，志村　穣*****

Scale Eff ects on Performance and Flow Behavior of Water Hammer Pumps
Sumio SAITO，Hirofumi OCHI，Keiji SATO，Nozomi TSUKAHARA，Jyo SHIMURA

Water hammer pumps, taking advantage of the water hammer effect that can cause problems in fluid 
pipeline networks, are capable of pumping water without any outside power source; therefore, the pumps can 
provide an eff ective means of fl uid transportation even in regions where social infrastructure, such as energy 
and power networks, has not yet been well developed.To explore the performance of water hammer pumps 
in comparison with the characteristics of general turbo pumps, our previous paper focused on understanding 
the basic hydrodynamic characteristics of water hammer pumps by experimentally examining the eff ects on 
the hydrodynamic characteristics by representative geometrical form factors, including the internal diameters 
of the drive pipe and the lift pipe, the form and the capacity of the air chamber, and the drive pipe tilt angle.
The previous paper also focused on the form and specifi cations of each essential component of a water hammer 
pump main body.  In order to explain the fl ow behavior in the valve chamber and the air chamber, the authors 
further clarifi ed the eff ects on the water hammer pump performance by the length of the spring attached to 
the drain valve and the drain pipe angle, including the eff ects on the pump performance upon changing the 
air volume within the air chamber.  Furthermore, the previous papers focused on the form of the lift valve to 
examine the eff ects of the size of the valve seat opening area of the lift valve on the pump performance and fl ow 
behavior within the valve chamber during operation of the water hammer pump.However, the previous studies 
set the basic form of the water hammer pump and examined the eff ects on the pump performance for each 
individual component.  Thus, further examination is necessary in order to establish a design method for water 
hammer pumps and develop optimal designs.This paper aims to move toward the establishment of a water 
hammer pump design method, and clarifi es the scale eff ects on performance and fl ow conditions by presenting 
comparative examinations of the performance of various similar water hammer pumps in diff erent sizes, taking 
the overall water hammer pump system from the drive pipe to the lift pipe into consideration.

Keywords : Water Hammer Pump, Scale Eff ect, Fluid Transients, Pump Performance, Pressure Fluctuation, 
 Velocity Fluctuation, Flow Visualization
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Type[1] Type[2] Type[3]
Inner diameter D [mm ] 11 25 50

Length L [m]
Angle θ [°]

Acrylic PVC Acrylic
Drain pipe Angle θ a [°]
Lift pipe Inner diameter d [mm ] 8 18 36
Lift valve Total hole area A l  [mm2] 58.7 190 656

H  [m]
Capacity V [ ] 0.485 3.85 32.1

Air Volume V a [ ] 0.243 1.94 16.1
Valve chamber Inner diameter d v [mm ] 32.6 74 150

Length s  [mm] 93.0
Constant k [N/mm] 0.280

0
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Determination of Anand Parameters to Lead-Free Solder Alloy 
using Spreadsheet Software 

Takeharu HAYASHI Masaaki TAKABE Yoshinori EBIHARA Jyo SHIMURA 
 

We are difficult for determining parameters of Anand model because the model is 
complicated. In this study, we drove the equations for determination of Anand parameters, 
proposed a process where we can easily determine them and developed a calculation 
system to conduct the process based on Excel. Next, we determined Anand parameters 
using the developed system. Then, we analyzed the tensile tests using Anand model with 
the parameters and compared FE analysis results with experimental test data. It was 
confirmed that analytical results were in good agreements with the experimental ones. 

Key Words  : Anand Model, FEA, Lead-Free Solder, Parameter Determination 
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表計算ソフトによる鉛フリーはんだのAnandパラメータ決定
林　丈晴*，高部真彰**，海老原理徳***，志村　穣*

Determination of Anand Parameters to Lead-Free Solder Alloy using Spreadsheet Software

Takeharu HAYASHI，Masaaki TAKABE，Yoshinori EBIHARA，Jyo SHIMURA

We are diffi  cult for determining parameters of Anand model because the model is complicated. 
In this study, we drove the equations for determination of Anand parameters, proposed a process 
where we can easily determine them and developed a calculation system to conduct the process 
based on Excel. Next, we determined Anand parameters using the developed system. Then, we 
analyzed the tensile tests using Anand model with the parameters and compared FE analysis results 
with experimental test data. It was confi rmed that analytical results were in good agreements with 
the experimental ones.
Keywords : Anand Model, FEA, Lead-Free Solder, Parameter Determination
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Table 1 Material parameters determined by Eq(12) 

Parameter 

A[1/sec] 1338000 
Q/R[1/K] 7730 

^
s  [MPa] 27.56  

m 0.1361 
n 0.0001  

Test data 

Saturation 
stress  [MPa] 

41.60  27.10  

Strain rate[/sec] 0.002 0.00002 
Temparature[K] 298 298 

Calucurated saturation stress  
[MPa] 

41.58 27.07 

Table 2 Young’s modulus and yeild stress

Young modulus[MPa] 50000 

Yeild stress[MPa] 5 
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stress

[MPa] 

Slope 

5.0  0.0001 0.0000  0.00161  1.234  21.0  50000  

23.8  0.002 0.0015  0.00191  1.252  25.5  9868  

28.3  0.004 0.0034  0.00195  1.254  29.4  2250  

31.0  0.006 0.0054  0.00196  1.255  32.2  1375  

32.8  0.008 0.0073  0.00197  1.255  34.1  890  

34.2  0.01 0.0093  0.00198  1.256  35.6  725  

35.3  0.012 0.0113  0.00198  1.256  36.7  525  

36.2  0.014 0.0133  0.00199  1.256  37.5  475  
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37.5  0.018 0.0173  0.00199  1.256  38.6  275  

38.0  0.02 0.0192  0.00199  1.256  39.1  250  

38.4  0.022 0.0212  0.00199  1.256  39.4  215  
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40.7  0.036 0.0352  0.00199  1.256  40.6  125  

41.0  0.038 0.0372  0.00200  1.256  40.7  150  

41.3  0.04 0.0392  0.00200  1.256  40.8  125  

41.5  0.042 0.0412  0.00200  1.257  40.9  100  

41.5  0.044 0.0432  0.00200  1.257  40.9  45  

41.6  0.046 0.0452  0.00200  1.257  41.0  30  
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Stress

[MPa] 
Strain 
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strain rate 

 Value 

of c 
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stress

[MPa] 

Slope 

5.0  0.0001 0.0000  0.0000169  0.804  13.7  50000 

19.5 0.002 0.0016  0.0000197  0.817  16.8  7632  

21.1 0.004 0.0036  0.0000198  0.817  19.3  775  

22.3 0.006 0.0056  0.0000198  0.818  21.1  600  

23.3 0.008 0.0075  0.0000199  0.818  22.3  500  

24.0 0.01 0.0095  0.0000199  0.818  23.3  365  

24.5 0.012 0.0115  0.0000199  0.818  24.0  260  

24.8 0.014 0.0135  0.0000199  0.818  24.5  163  

25.2 0.016 0.0155  0.0000199  0.818  24.9  203  

25.5 0.018 0.0175  0.0000200  0.818  25.2  135  

25.8 0.02 0.0195  0.0000200  0.818  25.5  125  

26.0 0.022 0.0215  0.0000200  0.818  25.7  100  

26.2 0.024 0.0235  0.0000200  0.818  25.9  125  

26.4 0.026 0.0255  0.0000200  0.818  26.0  100  

26.6 0.028 0.0275  0.0000200  0.818  26.1  75  

26.7 0.03 0.0295  0.0000200  0.818  26.2  65  

26.8 0.032 0.0315  0.0000200  0.818  26.3  50  

26.9 0.034 0.0335  0.0000200  0.818  26.4  40  

26.9 0.036 0.0355  0.0000200  0.818  26.5  35  

27.0 0.038 0.0375  0.0000200  0.818  26.5  30  

27.0 0.04 0.0395  0.0000200  0.818  26.6  25  

27.1 0.042 0.0415  0.0000200  0.818  26.6  20  

27.1 0.044 0.0435  0.0000200  0.818  26.7  10  

27.1 0.046 0.0455  0.0000200  0.818  26.7  0  

Fig. 1 Eq(9) Eq(27) 

Tabel 3 Multi-linear approximation data of stress-strain curves and 
automatic calculation system 
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Table 4 Material parameters determined by Eq(27) 

so [MPa] 17 

Q/R[1/K] 7730 

A[1/sec] 1338000 

ξ 1.2 

m 0.1361 

ho  [MPa] 7500 

^
s  33.071  

n 0.0001 

a 1.4 

Fig. 2 Curve fitting 
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Fig. 4 Comparison of tension stress-strain relations by 
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Construction of a System of Making to Internal Defect by Inverse Problem Solving 
 

Katsumi FUKUDA, Yoshihiro NISHIMURA, Takayuki SUZUKI, Masatoshi FUKUTA 
 

 
Ultrasonic Inspection is effective for inspecting ceramic materials because ultrasonic waves are 

easily propagated in general ceramic materials. Aperture synthesis cannot derive high quality image of 
internal defects in ceramic sample because the acoustic velocity of ceramic materials is very high, 
compared to metal samples. In this study, internal defect images were reconstructed by Synthesis 
Aperture. We investigated what kind of factor affects the reconstructed defect images. 
(Keywords: Ultrasonic Inspection, Array Probe, Inversion Analysis, Synthesis Aperture) 
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Table1 Specification of Array Probe 
Material PZT Configuration Rectangle 
Channels 32ch Frequency 5[MHz] 
Dimension of probe 25 25 50[mm] 
Dimension of transducer 0.4 13[mm] 
Curvature radius of dimension 50[mm] 
Clearance of transducer 0.1 13[mm] 

 

PZT 
32ch 

Rectangle 
5[MHz] 
25 25 50[mm] 
0.4 13[mm] 
50[mm] 
0.1 13[mm] 
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波動逆解析による内部欠陥の可視化システムの構築
福田勝己*，西村良弘**，鈴木隆之**，福田昌了***

Construction of a System of Making to Internal Defect by Inverse Problem Solving

Katsumi FUKUDA，Yoshihiro NISHIMURA，Takayuki SUZUKI，Masatoshi FUKUTA

Ultrasonic Inspection is eff ective for inspecting ceramic materials because ultrasonic waves are 
easily propagated in general ceramic materials. Aperture synthesis cannot derive high quality image 
of internal defects in ceramic sample because the acoustic velocity of ceramic materials is very high, 
compared to metal samples. In this study, internal defect images were reconstructed by Synthesis 
Aperture. We investigated what kind of factor aff ects the reconstructed defect images.
Keywords : Ultrasonic Inspection, Array Probe, Inversion Analysis, Synthesis Aperture
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Fig.2 Measuring device 

 

 
Fig.3 Measurement model 

 

 
Fig.4 Scanning method 

 

 
Fig.5 Phased array 
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Fig.6 Sum of coordinate phase 
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Fig.7 Synthesis analysis 
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Fig.8 Comparison of each analysis model 

 

 
Fig.9 Making reflective wave 
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Fig.10 Signal sampled at 400MHz 
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Fig.11 Reconstructed image of slit defect in 

Si3N4 
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In Vitro Ventilation Experiment by Intermittent Oscillatory Flow through a Pipe with 
Circumferential Grooves and a Respirator with Twin Pistons for Inspiration and Expiration 

 
Akihiro SHIMIZU , Atsushi UCHIDA , Masashi SHIMIZU and Michiko SUGAWARA  

 
A respirator with twin pistons for inspiration and expiration has been proposed and fabricated. 

In vitro ventilation experiments by intermittent oscillatory flow or sinusoidal oscillatory flow through 
a pipe with circumferential grooves or a straight pipe using this respirator with twin pistons have 
been carried out. Variations of carbon dioxide concentration have been measured and obtained values 
of half-life of carbon dioxide in the chamber as a lung space by intermittent oscillatory flow using a 
pipe with circumferential grooves ware smaller than those in the other conditions, in the range of 
lower frequency of oscillation. Obtained lung compliance of the present experimental set up was 
almost similar to the value of the typical human body. 

(Keywords: intermittent oscillatory flow, respirator, ventilation, half life, carbon dioxide) 
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円周方向溝付管を通した間欠振動流と呼気・吸気用ツインピストン式
人工呼吸器による生体外換気実験

清水昭博*，内田敦士**，清水優史***，菅原路子****

In Vitro Ventilation Experiment by Intermittent Oscillatory Flow through a Pipe
with Circumferential Grooves and a Respirator with Twin Pistons for Inspiration and Expiration

Akihiro SHIMIZU，Atsushi UCHIDA，Masashi SHIMIZU，Michiko SUGAWARA

A respirator with twin pistons for inspiration and expiration has been proposed and fabricated. In 

vitro ventilation experiments by intermittent oscillatory fl ow or sinusoidal oscillatory fl ow through 

a pipe with circumferential grooves or a straight pipe using this respirator with twin pistons have 

been carried out. Variations of carbon dioxide concentration have been measured and obtained 

values of half-life of carbon dioxide in the chamber as a lung space by intermittent oscillatory fl ow 

using a pipe with circumferential grooves were smaller than those in the other conditions, in the 

range of lower frequency of oscillation. Obtained lung compliance of the present experimental set up 

was almost similar to the value of the typical human body.

Keywords : intermittent oscillatory fl ow, respirator, ventilation, half life, carbon dioxide
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Table 1 
18 [mm]

Fig. 3  
Table 1  Dimensions of tested pipes [mm] 

Internal configuration Min.ID Max.ID OD 

Straight 18 22 

Grooved(D30W10) 18 30 44 

 

Fig.4
80,60,40,20 [mm]  

 

Fig.5 Fig.6
0.5 [mm] 50 [mm]

2
2175 [cc]( )
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Fig.1 Principle of separation of inspiratory and 
expiratory flows by twin pistons 

 
Fig.5 Photograph of the twin piston type 
respirator driven by the Scotch york 

 
Fig. 4 Four sizes of triangular cams 
 (From left: Lift=80, 60, 40, 20 [mm]) 

 
Fig.3 Cross sectional drawing of a pipe 
with circumferential grooves 

Fig.2 Experimental set up 

Contaminated air
pushed out from
cylinder to outside

Contaminated air
sucked out from
airway into cylinder
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Table 2  Pressure in the chamber 
Sin: sinusoidal, Int: intermittent, 
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Fig.9 Example of pressure change in the 
chamber as the space for a airway and 
alveoli  in the case of V=40[ml] and 
f=1[Hz] 
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Simulation of the Reduction Technique of a Noise Generated by an 
Inverter in Motor Driving Range 

Hideki Ayano  Kouhei Murakami  Yoshihiro Matsui  

 
This paper proposes a technique for reducing the leakage current which flows into a power source as a 

conductive noise. This leakage current may have an adverse effect on the peripheral equipment such as 
causing malfunctions. The proposed method applies a zero-sequence voltage to the output voltage references 
in a circuit containing grounding capacitors. The simulation results show the effect of the proposed method 
in the system which uses motor. 
Keywords: leakage current, zero-sequence voltage, common-mode, EMI, motor 
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モータの駆動領域におけるインバータノイズ低減法のシミュレーション評価
綾野秀樹*，村上昂平**，松井義弘*

Simulation of the Reduction Technique of a Noise Generated by an Inverter in Motor Driving Range
Hideki AYANO，Kouhei MURAKAMI，Yoshihiro MATSUI

This paper proposes a technique for reducing the leakage current which fl ows into a power source 
as a conductive noise. This leakage current may have an adverse eff ect on the peripheral equipment 
such as causing malfunctions. The proposed method applies a zero-sequence voltage to the output 
voltage references in a circuit containing grounding capacitors. The simulation results show the 
eff ect of the proposed method in the system which uses motor.
Keywords : leakage current, zero-sequence voltage, common-mode, EMI, motor
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Fig.1  System configuration. 

inverter

Cga

common
mode
choke

ic

leakage
current

stray 
capacitor
Cm

L

grounding
capacitorsCgb

3Φ
200V

diode
rectifier

carrier
comparison

carrier
10 kHz

additional
zero-sequence

voltage
vz*

output
voltage

references

vu*
vv*

vw*

control circuit

 
Fig.2  Zero-sequence equivalent circuit. 
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Fig.3  Admittance gain of the leakage current. 
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Fig.6 The relationship between the available 
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Fig.7  Simulation results. 
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Fig.8  Extended waveforms of  the leakage 
current in conventional method. 

. 

200
150
100

50
0

-50
-100
-150
-200

40[ s/div]

40[ s/div]

40[ s/div]

(a) frequency reference: 0 Hz 

(b) frequency reference: 27 Hz                  

(c) frequency reference: 43.3 Hz                  

le
ak

ag
e 

cu
rr

en
t [

m
A

]

200
150
100

50
0

-50
-100
-150
-200

le
ak

ag
e 

cu
rr

en
t [

m
A

]

200
150
100

50
0

-50
-100
-150
-200

le
ak

ag
e 

cu
rr

en
t [

m
A

]

 
Fig.9  Extended waveforms of  the leakage 
current in proposed method. 
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Fig.8  Extended waveforms of  the leakage 
current with conventional method. 

Fig.9  Extended waveforms of  the leakage 
current with proposed method. 
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Evaluation Method for Reactive Power Pricing Based on Effect of Active Power Loss Reduction 

 
Atsushi DOI, Takurou HASHIMOTO 

 
Reactive power is one of the most important ancillary services, and reactive power has a special 

characteristic. Reactive power cannot travel very far in the power system due to its losses. So in a deregulated 
power system, reactive power pricing that all participants in the electricity market can agree is very difficult. 
This paper presents the method for evaluating a spot value of reactive power supply based on reduction of 
active power loss. By application of this method, the ancillary service costs for voltage regulation can be 
distributed to fairy to the participants.  
  (Keywords: electronic power system, power system operation, ancillary services, reactive power pricing, 
active power loss)
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有効電力損失低減効果に基づく無効電力の価値評価手法
土井　淳*，橋本拓郎**

Evaluation Method for Reactive Power Pricing Based on Eff ect of Active Power Loss Reduction
Atsushi DOI，Takurou HASHIMOTO

Reactive power is one of the most important ancillary services, and reactive power has a special 
characteristic. Reactive power cannot travel very far in the power system due to its losses. So in a 
deregulated power system, reactive power pricing that all participants in the electricity market can 
agree is very diffi  cult. This paper presents the method for evaluating a spot value of reactive power 
supply based on reduction of active power loss. By application of this method, the ancillary service 
costs for voltage regulation can be distributed to fairy to the participants. 
Keywords : electronic power system, power system operation, ancillary services, reactive power pricing,
 active power loss
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Fig. 1. 1-generator 2-nodes model 
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Table 1. Parameters of 1-generator 2-nodes model 

(154kV, 100km, 2-ways) 

Resistance:R[pu] Reactance:X[pu] Capacitance:Y/2[pu] 

0.187 0.89 0.0064 

 
(a) Different of active power and power factor  

 

 
(b) Different of distance 

Fig. 2.  Characteristic of coefficient-  

 

Fig. 3.  5-generator 30-nodes model 

Table 2.  Susceptance of 5-generator 30-nodes model 
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Fig. 4.  Coefficient-  of 5-generator 30-nodes model 
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Fig.4  

P/S PG0   S/S PL  
1  1.273  1  0.967 
2  2.933  2  1.767 
3  2.600  3  2.540 
4  1.013  4  2.560 
5  6.565  5  2.500 

6  0.900 
7  0.500 
8  0.600 

         Load PL   
1  0.405 
2  0.860 
3  0.787 
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Fig. 6. Voltage variation of 5-generator 30-nodes model 

0

0.005

0.01

0.015

0.02

0.025

0.03

S/S1 S/S2 S/S3 S/S4 S/S5 S/S6 S/S7 S/S8

Co
e

fic
ie

nt
-

node

βP/S1=1 βP/S2=1 βP/S3=1 βP/S4=1 βP/S5=1 βsharing

 

Fig. 5.  Coefficient-  of 5-generator 30-nodes model 

S/S 3 S/S 4

Q
i

S/S 7 S/S 8

 
 
5.2  

(6) Q
i

Q
Range1 Range2

Range3
(6)  

0 Range1 R1 R1 Range2 R2  

R2 Range3 R3 ( 0 R1 R2 R3  ) 
 ................................................................. (18) 

R1 0.008 R2 0.01 R3 ∞
S/S 1 S/S 2

S/S 3 S/S 4 S/S 5 S/S 6 S/S8 Load1 Load2
S/S 7 Load3 3  

{S/S 1 S/S 2
S/S 3 S/S 4}

0.1[pu]
Fig.6 Fig.6

Q i

1MVar

Q

 
 

Q

Fig.7
EAST30 (11)

G18
3010

3300 Q
Fig.8 9  
Fig.8 {3301 3303

3304 3305} {3302 3306} {3307} {3308 3309
3310 3312}

Fig.7

 

68 東京工業高等専門学校研究報告書（第45（2）号）



  

Fig. 8.  Coefficient-  of IEEJ EAST 30-machine 

 

Fig. 9.  Coefficient-  of IEEJ EAST 30-machine 

system model(a 3300 number node, off-peak)  

Fig.9
Q

i  {3301 3302 3303
3304 3305 3306} {3307 3308 3309 3310 3312}

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
S/S 0.1[pu]

k

3304 50Hz
60Hz 3300 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

69土井，橋本：有効電力損失低減効果に基づく無効電力の価値評価手法



  

Fig. 10.  Coefficient-  of IEEJ EAST 30-machine 

system model(a 3300 number node, peak)  

Fig. 11.  Coefficient-  of IEEJ EAST 30-machine 

system model(a 3300 number node, off-peak) 
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MOEMS  
3 ,  

 

Development of Teaching Materials for MOEMS Technology by Using 
Photolithography 

3rd Report, Design and Evaluation of Basic Characteristics for 
Micro-Opto-Electro Device  

Hiroyuki NIKKUNI Hiroshi ITO  

In this paper, in order to develop teaching materials for MOEMS, design guidelines for guided wave optical 
pressure sensors with a diaphragm were established and the optimum process condition of the negative photoresist 
photolithography was examined. The sensor sensitivity and the resonance frequency of the diaphragm depend on 
the diaphragm dimensions. The dependence was theoretically examined. Also, the optimum process condition of 
the negative photoresist photolithography was obtained from some experimental results. Using both the negative 
photoresist and the positive photoresist, it would be developing our photolithography manufacturing technique for 
teaching materials of MOEMS technology. 
 (Keywords: MOEMS, photolithography, guided-wave optical pressure sensor)  
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フォトリソグラフィを用いたMOEMS技術の教材開発
－第３報, マイクロ光電子デバイスの設計及び基礎特性の評価－

新國広幸*，伊藤　浩*

Development of Teaching Materials for MOEMS Technology by Using Photolithography
-3rd Report, Design and Evaluation of Basic Characteristics for Micro-Opto-Electro Device-

Hiroyuki NIKKUNI，Hiroshi ITO

In this paper, in order to develop teaching materials for MOEMS, design guidelines for guided 
wave optical pressure sensors with a diaphragm were established and the optimum process 
condition of the negative photoresist photolithography was examined. The sensor sensitivity and 
the resonance frequency of the diaphragm depend on the diaphragm dimensions. The dependence 
was theoretically examined. Also, the optimum process condition of the negative photoresist 
photolithography was obtained from some experimental results. Using both the negative photoresist 
and the positive photoresist, it would be developing our photolithography manufacturing technique 
for teaching materials of MOEMS technology.
Keywords : MOEMS, photolithography, guided-wave optical pressure sensor
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 Research on Sensitivity Improvement of a Polarimetric Optical 

Microphone Using an Optical Fiber 
Hiroyuki NIKKUNI  

 
In this study, the sensitivity of a optical microphone was successfully improved by acoustic impedance matching. 

The sound pressure through diaphragm depends on the thickness of the diaphragm. The dependence on thickness 
of the diaphragm was examined theoretically and experimentally. Based on the dependence, the thickness of the 
fabricated microphone was determined to be 0.061 mm. The diaphragm area was 20 mm 20 mm. The minimum 
detectable sound pressure level of the fabricated microphone was evaluated to be 100 dB-SPL. Also, the 
resonance frequency of the microphone was measured to be 1.4 kHz.  
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光ファイバを用いた偏光干渉型光マイクロホンの感度向上に関する研究
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Research on Sensitivity Improvement of a Polarimetric Optical Microphone Using an Optical Fiber
Hiroyuki NIKKUNI

In this study, the sensitivity of a optical microphone was successfully improved by acoustic 

impedance matching. The sound pressure through diaphragm depends on the thickness of 

the diaphragm. The dependence on thickness of the diaphragm was examined theoretically 

and experimentally. Based on the dependence, the thickness of the fabricated microphone was 

determined to be 0.061 mm. The diaphragm area was 20 mm×20 mm. The minimum detectable 

sound pressure level of the fabricated microphone was evaluated to be 100 dB-SPL. Also, the 

resonance frequency of the microphone was measured to be 1.4 kHz. 
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Silicon Nanostructure Formation by Hydrogen Radical 
 

Hiroshi NAGAYOSHI 
 

Silicon nanostructure formation of silicon nanowires, sheets, and texture surface on a silicon substrate has been 
achieved using hydrogen radical etching reactions. Metallic tungsten and a tungsten hot wire were used as 
catalysts for the hydrogen molecular cracking. It was shown that a variety of surface structures on silicon such as 
inverted pyramid texture, V groove texture, dense silicon nanowire growth over texture, and nanosheet structure 
can be obtained by controlling the process conditions. The obtained results suggested that the formation of nano 
tungsten silicide particle is essential prerequisite to obtain these structures. The particles work as an etching mask 
against hydrogen radical etching, as well as a catalyst for vapor-solid-solid (VSS) growth. SEM, TEM, 
micro-RAMAN and XPS and in some were used for the analysis of the hydrogen radical treated Si samples. The 
Si nanowires growth model, as well as the texturing mechanism initiated by hydrogen radical treatment of Si 
surface in presence of tungsten nanoparticle is discussed. It is concluded that the proposed acid free method, 
which is based on a modification of Si surfaces only by hydrogen radicals, can be considered as a “green” 
technology approach, which can be used for the cost effective fabrication of silicon nanostructures, which can be 
considered as a base for several types of advanced devices in a future. 
 
Keywords: Texture, Silicon nanowire, Etching, Hydrogen radical 
 
1 Introduction 
In recent years, Si nanostructures such as nanowires 
and nanoparticles have attracted much attention due to 
their interesting physical properties, finding 
applications in information, bio-, display, and energy 
technologies such as solar cells and batteries [1-7]. 
The silicon nanowires are usually obtained in a 
vapor-liquid-solid (VLS) growth mode [8-12]. Growth 
of such nanowires by methods such as chemical vapor 
deposition (CVD), molecular beam epitaxy (MBE), 
and pulsed laser vaporization (PLV) has been reported 
[13-19]. In the case of CVD, small liquid droplets of a 
metal, such as gold, form low-temperature eutectic 
liquids supersaturated with silicon that act as seeds for 
nanowire growth. However, preparation process of 
metal catalyst mostly involves indirect, multi-step 
procedures and suffers from many processing 
limitations. A variant of this method is 
vapor-solid-solid (VSS) growth, which can occur at 
temperatures well below the eutectic temperature of 
the catalyst particles. This is similar to a 
metal-induced layer exchange process followed by 
metal-induced solid-phase crystallization, where 
amorphous silicon is deposited on top of a metal film 

on a substrate, for example, an aluminum film 
deposited on a glass substrate[20-23]. In this method, 
the amorphous silicon dissolves in the metal film and 
diffuses through it during annealing below the eutectic 
temperature. This is followed by the formation of 
crystalline silicon nuclei on the substrate that grow 
into a thin polycrystalline Si film that is confined at 
the interface between the metal film and the substrate. 
Growth of Si nanowire by the VSS method has been 
reported from Al catalyst particles, Ti forming TiSi2 
islands, and Cu catalyst particles[24-28]. In this case, 
only substrate texturing, without any additional 
growth of a Si layer, occurs upon whisker formation 
on the Si substrate, in contrast to the case of molecular 
beam epitaxy based Si nanowire growth[29].  

In this paper, we report the preparation of silicon 
nanostructures such as inverted pyramid texture, V 
groove texture, dense fine silicon nanowire growth 
over texture, and nanosheet structure using a set of 
hydrogen initiated reactions: hydrogen with tungsten, 
Si and tungsten silicide. We have developed the two 
step process on the hot filament method. The process 
consists of particle deposition with high filament 
current and hydrogen radical treatment for surface 
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tungsten hot wire were used as catalysts for the hydrogen molecular cracking. It was shown that a 
variety of surface structures on silicon such as inverted pyramid texture, V groove texture, dense 
silicon nanowire growth over texture, and nanosheet structure can be obtained by controlling the 
process conditions. The obtained results suggested that the formation of nano tungsten silicide 
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etching process. The WSi2 particles are generated by a 
gas phase reaction between evaporated tungsten and 
silicon hydride that generated by a reaction between 
silicon and hydrogen radicals [30-35]. In addition, we 
have developed the one step process, which does not 
need a filament current, is quite simple and suitable 
for the large area processing of such nanostructures. 
Nanowires based structures and textured Si surfaces 
can be obtained on silicon substrates above 700 C 
within the “green” technology approach.  
 
2 Experimental conditions 
    Hydrogen radicals are produced by dissociative 
adsorption of H2 on the hot tungsten surface. The 
filament temperature of hot filament CVD reactors is 
generally around 1800 C. In this temperature, 
hydrogen molecules are effectively cracked as 
follows. 
 

H2 + 4.5 eV  2H   (1) 
 

Other refractory metals such as Ta and Mo can be used 
as well. We observed surface texturing with silicon 
nanowire growth occurring at zero filament current 
when the distance between the filament and the 
substrate was 3mm, revealing that the reaction can 
proceed only by furnace heating. On the basis of the 
results mentioned above, we replaced the filament 
with the tungsten mesh that closely placed over the 
silicon substrate. As compared to the hot filament, this 
method could be quite simple and suitable for large 
area processing. In the hot filament method, hydrogen 
radical density largely depends on the filament 
temperature. On the other hand hydrogen radical 
density in the one step process is determined by 
pressure and temperature. Figure 1 shows a schematic 
of the experimental apparatus. The reactor is a quartz 
tube, 60 mm in diameter, enclosed in a furnace. In the 
hot filament method, a tungsten filament is positioned 
above the substrate. On the other hand, a tungsten 
mesh is closely placed above the substrate in the case 
of one step process. The gap between the substrate and 

the tungsten mesh is 0.5mm. The substrate is a 

polished p-type, 10  cm CZ (100) mono-crystalline 
silicon wafer. Before hydrogen radical etching, a 
native oxide of the substrate surface was removed by 
5% HF solution and the reactor was evacuated at a 
pressure of less than 0.02 Torr. Pure hydrogen was 
used as the source gas. Experimental conditions for 
the process are shown in Table1. Scanning electron 
microscopy (SEM), high resolution transmission 
electron microscopy (HRTEM), photoluminescence 
(PL), white light interferometry, X-ray photoelectron 
spectroscopy (XPS) and micro-Raman spectroscopy 
were employed for characterization of hydrogen 
radical treated Si samples. 
 
3 Texture structure formation 
   Figure 2 shows the examples of the texture surface 
obtained using the hot filament method. Texture  
 
 
 
 
 
 
 
 
 
 
                  (a) 
 
 
 
 
 
 
 
 
 
                   (b) 
 
Fig.1 Schematic of experimental apparatus for the one step 
process: (a) Hot filament method (b) One step process. 

Vacuum pump
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Table 1 Process conditions. 
Hot filament method 
  1st stage treatment 
 Reaction pressure    0.3   Torr 
 Filament current  24  A 
 Temperature   800  C 
 Process time  20  sec 
 H2 flow rate  30     SCCM 
 
  2nd stage treatment 

Texturing 
 Reaction pressure  0.1-10  Torr 
 Filament current  0-22  A 
 Temperature   700-1000 C 

H2 flow rate  30-250 SCCM 
 

Texturing with Si nanowire growth 
 Reaction pressure  1-30  Torr 
 Filament current  0-18  A 
 Temperature   700-1000 C 

H2 flow rate  30     SCCM 
 
One step process 

Texturing 
 Reaction pressure  1-30  Torr 
 Temperature   700-1000 C 

H2 flow rate  30     SCCM 
 

Texturing with Si nanowire growth 
 Reaction pressure  10-100  Torr 
 Temperature   700-1000 C 
 H2 flow rate  30     SCCM 

 
 

surface with no nanowires can be obtained when the 
filament current is higher than 18A. Many particles 
remain at a ridge of texture.We confirmed those 
particles are tungsten silicide. The surface morphology 
depends on the first stage process condition. Figure 
2(c) shows a SEM image of the Si surface after 
20second of tungsten particle deposition at 800 C. 
The tungsten filament was heated around 1800 C 
under hydrogen ambient. The Si surface was covered 
by tungsten particles, which diameter was around 

50nm. The covering of tungsten particles on the Si 
surface was not uniform and many large openings 
were observed in the particle layer. The average 
distance between the large openings was around 1.5 

m. A volatile of silicon hydride species while particle 
deposition might contributes to a fluctuation of 
particle covering. The results clearly suggested that 
the particle deposition enables to obtain texture 
structures. The particles are generated by the reaction 
between evaporated tungsten and silicon hydride 
generated on the silicon surface by hydrogen radical 
etching reaction. To confirm the property of the 
particles, silicide diffraction pattern spacings were 
measured, using a Si [110] zone axis pattern as a 
reference, and compared with known W–Si 
structures[36].  
 
 
 
 
 
 
 
 
 

(a)                   (b) 
 
 
 
 
 
 
 
 
 
 
 
 

 (c) 
Fig.2 Examples of the secondary electron analysis 
topography images of texture structure obtained by the hot 
filament process (0.1 Torr, 20A, 900 C, 30min). (c) After 
20 s particle deposition on the silicon substrate. Tungsten 
silicide particles show bright contrast. 

 1 m 
 

 1 m 
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The tetragonal WSi2-phase with lattice parameters 
a=b=3.211 Å and c =7.868 Å was found to match the 
diffraction patterns from the particles. Figure 3(a) 
shows a particle that is adhering to a mound on the Si 
substrate. Figure 3(b) is an enlarged image of the 
rectangular area marked in Fig. 3(a). The WSi2 phase 
was found to be highly crystalline, as can be observed 
from the lattice image in Fig. 3(b). The dark-bright 
contrast and the orientation relationship at the 
interface indicate some strain between the two phases. 
A diffraction pattern of a similarly oriented particle 
superimposed on silicon [110] zone axis is shown in 
Fig. 3( c). In Fig. 3(d), the diffraction pattern from the 
[-331] zone axis in the particle is indexed. The two 
lattices are semicoherent and some lattice plane 
orientations continue across the interface. The 
orientation relationship of this particle with silicon 
was found to be (002)Si || (103)WSi2 and 
[−110]Si||[−331]WSi2. The results suggested that the 
particle was composed of mono crystalline WSi2. In 
the hot filament method, the diameter of the particles 
was in the range of 10-50 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Analysis of tungsten silicide particles:   
(a) TEM overview and (b) HRTEM image of the interface 
between the tungsten silicide and the silicon substrate after 
H radical treatment. ( c) Diffraction pattern showing a Si 
[-110] zone axis superimposed on a [-331] zone axis from 
the WSi2 phase. (d) Indexed diffraction pattern from the 
[-331] zone axis of the WSi2 phase  

The result shown in Fig. 3(b) suggested that the 
particle does not form chemical bonds with the silicon 
surface, meaning they can be easily removed from the 
surface.  

In the case of one step process, texture 
structure was obtained at the reaction pressure less 
than 100 Torr. When the pressure is higher than 10 
Torr, silicon nanowires cover the whole area of texture 
surface. Examples of SEM images are shown in Fig.4. 
Fig.4(a) is a V groove surface, showing a similar 
surface as that obtained by the hot filament method in 
Fig.2. Although tungsten evaporation is not possible in 
the one step process method, very fine WSi2 particles 
can be seen on a ridge of texture structure as shown in 
Fig.4(a). Some small silicon lumps and silicon 
nanowires remain on the texture surface. In some part 
of the ridge, we observed silicon nanowalls grown  

 
 
 
 

 
 
 
 
 

(a)                       (b) 
 

 
 
 
 
 
 
 
 
 
 
              (c) 
Fig.4 Secondary electron analysis topography images of 
texture structure obtained by the one step process: (a) V 
groove (3Torr, 1000 C, 90min). (b) randomly textured 
surface covered by very fine silicon nanowire(10Torr, 
950 C, 90 min). (c) nanowall growth from the ridge 
(magnified the dotted line area in Fig.4(a).) 

2 m 5 m 

5 m 
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from the string shape catalyst remaining on the ridge 
of texture, shown by the arrows in Fig. 4 (c). Figure 
4(b) shows the texture surface obtained at 10 Torr, 
950 C. The surface shows random texture structure 
with very fine silicon nanowires covering the whole 
area of the textured surface. From the point of device 
applications, surface damage by hydrogen radical 
treatment is an important issue. Defect formation by 
hydrogen radical treatment using a PECVD reactor 
has been reported by Nordmark et.al [33]. In 
processing at temperatures less than 400 C, hydrogen 
radical treatment creates crystalline defects since 
excess hydrogen radicals diffuse into the subsurface 
area of silicon, causing formation of hydrogen related 
bubbles and voids [30]. On the other hand, TEM 
results in the hot filament method suggested that no 
crystalline defects formed on the texture surface as 
shown in Fig.3(a).[36] The processing temperature of 
the hot filament method was over 700 C, preventing 
hydrogen radical accumulation in the sub-surface 
region of the silicon surface, due to high diffusivity of 
hydrogen in Si at elevated temperatures. 
 
4 Silicon nanowire growth 
   Silicon nanowire growth on the hot filament 
method quite depends on the filament current 
condition on the second stage process. Figure 5 shows 
examples of the dense silicon nanowire grown by hot 
filament method. In the hot filament method, the 
silicon nanowires can be obtained when the filament 
current is less than 18 [A] upon the hydrogen radical 
treatment process. This result suggests that high 
density hydrogen radical generation with radiation 
heating prevents the silicon nanowire growth by 
strong etching reaction. The thickness of the 
nanowires was 10-50nm, showing zigzag shape. In 
Fig.5(c), small dots are observed not only tips of the 
whiskers but in the body, which causes the zigzag 
shape of whiskers. The results suggest that nano-scale 
WSi2 particles are supplied from the filament and 
being incorporated into the nanowire body during the 
growth. This means that in the hot filament method, 
the tungsten hot filament emits tungsten clusters 
during the nanowire growth. Hollows also exist 

between the nanowire layer and the texture surface as 
shown in Fig.5(a). 

In the one step process, variety shape of silicon 
nanowires were obtained above 10 Torr. The hydrogen 
radical generation and residence time of silicon 
hydride generated from the silicon surface increase 
with the reaction pressure, enhancing the VSS 
nanowire growth. When the reaction pressure was 
higher than 100Torr, both texture formation and 
nanowire growth disappeared since hydrogen radicals 
cannot reach the silicon surface because of the high 
recombination rate at such pressures. Examples of 
SEM images obtained for Si substrates treated under 
conditions of the one step process are shown in Fig.6. 
The silicon nanowire image in Fig.6(b) is showing 
straight shape nanowires, suggesting an absence of 

 
 
 
 
 
 
 
 
 

(a)                        (b) 
 
 
 
 
 
 
 
 
 
 
 
 
            (c) 

Fig.5 SEM images of silicon nanowires obtained by the hot 
filament method (1 Torr, 18A, 850 C, 60min) : (a) Hollows 
under the silicon nanowire layer. (b)Whole surface is 
covered by zigzag shape silicon nanowires. ( c) TEM image 
of the whiskers.  

1 m 1 m 
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(a)                     (b) 
 
 
 
 
 
 
 
 
 

(c)                  (d) 
Fig.6 SEM images of silicon nanowires obtained by the one 
step process; (a)(b)Straight shape nanowire (70Torr, 1000 C, 
90min). (c)Sponge shape dense silicon nanowires (22Torr, 
1000 C 90min). (d) Dense silicon nanowire layer covering 
the whole area of texture surface (10Torr, 900 C, 90min). 
 
evaporated tungsten nanoparticles incorporated into 
the wire. Fig.6(c) and (d) show dense fine silicon 
nanowire layers covering the whole texture surface. 
These silicon nanowires are quite thinner than those of 
the hot filament method. The hydrogen radicals 
generated at the tungsten surface reach the silicon 
surface through the nanowire layer, generating silicon 
hydrides by the etching reaction on the silicon surface. 
These results suggest that the hydrogen radical etching 
reaction proceeds during silicon nanowire growth and 
that the silicon nanowire is more stable than the flat 
surface against hydrogen radical attack. In the case of 
silicon nanowire growth by the hot filament method, 
we have confirmed the presence of WSi2 nanoparticles 
on the tip of the nanowires, suggesting that the growth 
mechanism can be explained by the VSS 
model.[37-40] Although we have not confirmed yet 
presence of nano WSi2 particles on the tip of a Si  

 
 
 
 
 
 
 
 
 

(a)                    (b) 
Fig.7 Secondary electron analysis topography images of 
cotton like structure obtained using one step process. Multi 
crystalline pillars and cotton like structure can be observed 
(10Torr, 1000 C, 90min). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 45×62 m topography map of the Si surface 
containing nanostructures obtained using one step process 
and  measured by an interferometer. The surface structure 
is not uniform, showing texture distribution. 
 
nanowire, grown by the one step process, since such 
nanowires are very fine, it can be supposed that these 
nanowires might grow with a similar growth 
mechanism, which can be described by the VSS 
model. 
 
5 Growth of ultra fine structures 
    Figure 7 shows SEM images of sample surfaces 
obtained at 10 Torr by the one step process. Thick 
pillars and cotton like structures can be observed on 
the surface. The cotton like structure is composed of 
bundles of very fine silicon nanowires and nanosheets. 
The pillar is composed of multi crystalline silicon. The 

2 m 500nm 400nm 

100nm 

1 m 

30 m 
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topography map of the sample surface was measured 
using white light interferometer, as shown in Fig.8. 
The measurement indicates a layer thickness of 1-1.5 

m. Figure 9 show a TEM image of the sample. The 
nanowire thickness is around 1 nm, which is quite fine 
as compared to that obtained by conventional growth 
methods. Large sized metal or tungsten silicide 
particles were observed at the bottom of the pillar, 
suggesting that these pillars grow by a bottom growth 
mode. Although the growth mechanism of such a large 
size WSi2 particle is not clear yet, results are 
suggesting that WSi2 particles can be fused into each 
other below 1000 C. The TEM results suggest that the 
very fine silicon nanowires are growing from tips of 
small projections on the etched silicon surface. The 
projections might have fine WSi2 particle on the tip. 
Figure 10 shows high resolution Si 2p XPS spectra of 
the cotton shaped structure. Analysis of XPS spectra 
was performed on a KRATOS AXIS ULTRADLD X-ray 
photoelectron spectrometer using monochromatic Al 
Kα radiation (hν = 1486:6 eV) at 15 kV and 10 mA. 
The pass energies for the survey and high resolution 
scan were 160 and 20 eV, respectively. The pressure of 
(3-6)×10-9 Torr in the chamber was maintained during 
the analysis. Prior to the analysis the samples were 
slightly etched with Ar+ (0.5 keV, 20 s) in order to 
remove C contamination and adsorbed O species. The 
spectra were acquired after oxidized charge 
neutralization performed by low energy electrons 
driven by the analyzer magnetic field onto the sample 
surface. The spectrum acquired with the Si substrate 
being electrically floating is shown in Figure 9(a). The 
data shown in Figure 10(a) is raw, i.e., the peak 
positions were not corrected to account for the 
overcompensation effect of the charge neutralization 
process. In this measurement condition, the substrate 
signal and the signal from the cotton like material on 
the surface are overlapping. A broad plasmon peak 
was observed at 120 eV, which contains plasmon 
peaks of both the Si substrate and the cotton-like 
material. Figure 10(b) shows the Si 2p spectrum when 
the substrate was earthed. In this condition, both the 
substrate main 2p peak and its associated Plasmon 
peak were separated from the spectrum of the 

 
 
 
 
 
 
 
 
 
 
 
 
      (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (b) 
 
 
 
 
 
 
 
 
 
 
 
 
             (c) 
Fig.9 TEM image of cotton like structure and thick pillar 
obtained using one step process. Ultra fine silicon 
nanowires grow from the tip of small projections on the 
silicon surface. 
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    (c) 
Fig.10 Si2P XPS spectra of the cotton like structure: (a) 
Measured under electrically floating condition. (b) 
Measured with ground connected substrate. (c) Peak 
deconvolution of the main peak. 

cotton-like material and this is indicative of the 
differences in conductivity between the substrate and 
the cotton-like material. The energy difference 
between the separated plasmon and main peak at 
112eV and 95 eV respectively coincides with the Si 
plasmon energy loss (~17eV). On the other hand, the 
plasmon energy loss of cotton like material was found 
to be ~23eV, which is a value close to that of SiO2. 
When the sample was earthed the electrical potential 
of the substrate was fixed to the ground level and the 
substrate Si 2p peak was shifted to the expected 
energy (99.7 eV). On the other hand, the surface 
material contains more positive charge and the spectra 
are shifted towards higher binding energy since this is 
less conductive. Although the electrical properties of 
the cotton like material have not been measured, the 
results suggest that this material has a wider bandgap 
than bulk silicon. Figure10(c) shows the 
deconvolution of main peak. The layer thickness of 
cotton like material is more than 1 m, however, the 
substrate peak has structure on the higher energy side, 
suggesting that the main peak contains also the signal 
of the native oxide of the substrate surface since the 
atomic density of the cotton like layer is quite low. For 
the purposes of peak fitting, the half width at half 
maximum (FWHM) value of the native material can 
be separated to four different silicon peaks, suggesting 
that the sample surface has oxide layer. (Si4+) on a 
standard Si wafer sample was used as the FWHM of 
Si4+. As a result the peak of the cotton-like oxidized 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11 Photoluminescence spectrum of the cotton like 
structure. 
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material by exposure in the air, the dominant peak was 
Si2+. The results reveal that the cotton like material is 
unstable in the air and easily oxidized. 

Figure 11 shows the photoluminescence spectrum 
of the cotton like structure measured at room 
temperature under excitation wavelength at 404 nm. A 
green emission band, which has been ascribed to 
neutral oxygen vacancies in SiOx layer (native oxide) 
formed on top of the cotton-like oxidized material, 
was revealed at 510 nm[42]. The peak is asymmetrical 
with a tail extending above 700 nm. The tail band can 
be attributed to the recombination of the confined 
excitons[42-51]. Figure 12 shows the Raman spectra 
excited at 532.1 nm. The Raman scans performed 
were done with a Horiba Jobin Yvon T64000 
instrument working in backscattering single grating 
mode. A grating with 2400 rules pr. mm and a slit 
width of 100 microns ensured a spectral bandwidth of 
1.35 cm–1. The Rayleigh scattered light was blocked 
with a 532nm Kaiser Optical holographic Super-Notch 
filter. The 532nm light for sample illumination was 
generated by a frequency doubled Millennia Pro 12sJS 
Nd:YVO4 laser running at 200mW. Losses through the 
system and the Olympus LMPlanFl 50x/0.50 objective, 
resulted in a laser effect of 2.4mW at the sample. The 
scan time was typically 3x20s for each spectrum. The 
frequency scale was calibrated against the spectrum of 
a standard Silicon sample. Although the laser beam 
(~2 μm in diameter) was focused on the nanowire 
layer, the measured data might include a signal from  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Raman spectra peak around 520 cm-1. 

the silicon substrate. A single peak appeared at 
521.3cm-1, suggesting the crystalline structure. Broad 
shoulder peak at low energy originated from defects 
was not observed[34-37]. The peak position was 
around 0.7 cm-1 higher than that of Si reference peak, 
which is equal to the 14MPa of compressive stress 
under static water pressure in bulk Si. 

 
6 Growth model of nanostructures 

Figure 13 shows a model of particle deposition 
and the silicon whisker growth in the hot filament 
method. Whiskers grow from the top of the 
protuberance formed by the hydrogen radical etching 
around particles which act as an etching mask.  
 
 
 
 
 
 
 
 
 
 
 
         (a) 
 
 
 
 
 
 
 
 
 
 
 
         (b) 
Fig. 13 Model of surface modification by the hot filament 
method: (a) Tungsten silicide particles are generated by the 
reaction of silicon hydride and tungsten vapor emitted from 
the filament at the initial stage and deposit on the surface. 
(b) Simultaneously surface texturing by hydrogen radical 
etching with the particle mask and tungsten silicide particle 
absorption of silicon hydride leads to whisker growth. 

H*
SiH4

H2 H2 H2

W filament

WSi2 particle
generation

SiH4 SiH4 SiH4

H2 H2 H2
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Fig.14 Growth model of WSi2 particle deposition and 
nanostructure formation in the one step process. 

Initially, silicon hydride generated on the silicon 
surface reacts with evaporated tungsten from the 
filament, causing particle deposition on the surface. 
During subsequent etching, whiskers grow from 
individual particles. Growth is by a VLS mechanism, 
driven by silicon hydride generated over the silicon 
surface being absorbed by the particles and being 
reprecipitated as Si. 
    The catalytic reaction in one step process 
occurred at temperature below 1000 C, hence there is 
no possibility of evaporation of metallic tungsten. 
However, we observed deposition of very fine WSi2 
particles at the first stage of the reaction process. 
Figure 14 shows the possible growth process 
including particle deposition. The tungsten catalyst 
has a thin oxide layer on the surface, and the oxide 
layer changing into metal tungsten nanoparticles 
through the reducing reaction by hydrogen radicals. 
Silicon hydrides generated from the silicon surface 
react with tungsten metal nanoparticles and, as a result, 
a fine WSi2 nanoparticle layer deposits on the silicon 
surface. Then texture surface can be obtained when 
the particle acts as an etching mask of hydrogen 
radical etching. When the silicon hydride, generated 
on an etching reaction of silicon surface by hydrogen 
radical, is absorbed on the WSi2 particles, silicon 
nanowire grow from the particle by VSS growth 
mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.15 Example of the secondary electron analysis 
topography image showing thin WSi2 particle layer on the 
ridge of texture. 
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The results are suggesting that the bottom–up growth 
mode is possible. Figure 15 shows an example of fine 
WSi2 particles depositing on a silicon surface as a thin 
film upon a one step process at 1000 C, 40Torr. It can 
be assumed that when such thin layer structure 
remains on the surface and the nanowire growth 
condition are fullfilled, there is a possibility that the 
silicon nanosheet growth occurs. 
 

Summary 
Simple silicon nanostructure growth method using 
hydrogen radical has been developed.  
1. Such silicon nanostructures as inverted pyramid 

texture, V groove texture, dense silicon nanowire 
growth over texture, and nanosheets can be 
obtained using hydrogen initiated catalytic 
reaction with tungsten and Si and metal tungsten 
with silicon.  

2. Silicon nanostructures have grown on a silicon 
substrate using tungsten catalytic reaction and 
only pure hydrogen as a reactant gas. The results 
suggested that the fine WSi2 particle deposition is 
an essential prerequisite to obtain these structures. 

3.  The Si nanowire growth model as well as the 
texturing mechanism initiated by H radical 
treatment of Si surface in presence of tungsten 
nanoparticle are discussed. It is concluded that the 
proposed acid free method, which is based on a 
modification of Si surfaces only by hydrogen 
radicals, can be considered as a “green” 
technology approach. The proposed approach can 
be used for the cost effective fabrication of silicon 
nanostructures. Such nanostructures can be 
considered as a base for several types of advanced 
devices in a future such as solar cells and optical 
sensors. Optimizations and adjustments of the 
proposed technology for each concrete case of 
implementation (detectors, sensors, solar cells, 
batteries etc.) still are required.  
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Fundamental Experiments for Omnidirectional Obstacle Detection System 

for Autonomous Robots Using Fish-Eye Camera 
Saku YAMAUCHI, Hiroyuki AOKI 

Abstract: 
Obstacle detection is now essential for autonomous robots because it contributes to safety and free 
running in real environment. In this paper, it is proposed a method using stereo fish-eye camera 
detects omnidirectional obstacles. In order to achieve it at low cost, this study focuses on a pair of 
fish-eye cameras that combines a low-cost fish-eye lens for smartphone and an ordinary webcam 
instead of costly devices such as Laser range finder and Millimetre wave radar. However, low-cost 
lenses are low resolution and they have irregular distortion. Then we conduct fundamental 
experiments using a pair of low-cost fish-eye cameras that try feasibility of obstacle detection and 
reliability for image region. The experiment results showed that the proposed method enables to 
measure ranges in zenith angles of 25 and 85 degrees. Eventually, we conclude that the 
omnidirectional detection using the proposed method is possible by confining zenith angles. 
 (Keywords: computer vision, fish-eye camera, obstacle detection, omnidirectional, stereo vision) 

 

 

[1]

1
60

 

180

[2]

 

 
 

 
1  

97東京工業高等専門学校研究報告書　第45（2）号，2014

魚眼カメラを用いた移動ロボット向け全方位障害物検知システムの基礎実験
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Fundamental Experiments for Omnidirectional Obstacle Detection System 
or Autonomous Robots Using Fish-Eye Cameras

Saku YAMAUCHI，Hiroyuki AOKI
Abstract : Obstacle detection is currently essential for autonomous robots as it contributes to 

safety and free running in the real environment. The aim of this research is to propose a method 
using a stereo fi sh-eye camera detecting omnidirectional obstacles. In order to achieve it at low cost, 
this study focuses on a pair of fi sh-eye cameras that combine a low-cost fi sh-eye lens for smartphone 
and an ordinary webcam instead of costly devices such as Laser range fi nder and Millimeter wave 
radar. However, low-cost lenses have low resolution as well as irregular distortion. Then fundamental 
experiments were conducted, using a pair of low-cost fish-eye cameras, in which feasibility of 
obstacle detection and reliability for image region were examined. The result of the experiment 
showed that the proposed method made it possible to measure ranges in zenith angles of 25 and 85 
degrees. Consequently, it is concluded that the omnidirectional detection using the proposed method 
is made possible by confi ning zenith angles.
Keywords : computer vision, fi sh-eye cameras, obstacle detection, omnidirectional, stereo vision
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3次の統計量を用いたパタン類別法に関する検討
鈴木 雅人 ∗，北越 大輔 ∗

A Study on Pattern Categorization Method Using

the Third Statistics Value

Masato Suzuki
∗
, Daisuke Kitakoshi

∗

Mahalanobis distance is a quadratic descriminant function which can reognize handprinted

characters in high accuracy by approximating the destribution of each principal component with

normal distribution. In recognition of a low quality character, however, such approximation is

difficult. In this paper, we improve the recognition accuracy by extracting some components

with large skewness from principal components of middle class, and applying the asymmetric

partial normal distribution and JohnsonSU distribution. We experimented in character recog-

nition for 1052 types of letters of a hiragana and an educational chinese character. As a result,

it is found that a recognition accuracy is improved about 10 points, and that our proposed

method is useful for recognization of low quality handprinted characters.

(Keywords: Skewness component analysis, Asymmetric partial normal distribution, JohnsonSU

distribution, handprinted chinese character recognition)

1 はじめに
主成分分析は，多変量特徴量から分布のばらつ

きが大きい成分を抽出する手法の一つである．こ
れらの成分を用いたマハラノビス距離 (MMD)や
ベイズ識別関数は，手書き文字の高精度な識別に
有効であり，楷書で丁寧に書かれた手書き文字 (高
品質文字)であれば，非常に高い精度で認識するこ
とが可能である [1]．しかし，我々がメモをとると
きに書くような文字 (低品質文字)は字形が多様で
あるため，認識精度は著しく低下してしまう．こ
れは，特徴量のばらつきが大きいために，字種ご
との特徴量分布が他字種のそれと重なってしまう
ためである．手書き文字認識では，字種ごとの特
徴量の母集団分布の推定精度を高めるため，数多
くの学習用データを用意し，中心極限定理によっ
て母集団分布が多変量正規分布に従うという仮定
のもとで識別関数の設計を行うことが多い．しか
し，低品質文字を扱う場合，実際に十分な学習用
データが用意できたとしても，標本分布に対して
正規分布をあてはめることは難しく，多変量正規

分布を前提としているMMDなどの二次識別関数
には，識別関数としての限界がある．
このような問題を解決するため，MMDで用い

る共分散行列の固有値や固有ベクトルを補正する
方法が提案されている [2]．また，著者らは高品質
文字の認識において，特徴量の分布に歪みがある
ことに着目し，非対称マハラノビス関数を用いた
手法 [1]も提案している．しかし，いずれの手法も
直接的に低品質文字の認識精度を改善することを
目的としたものではないため，文字品質低下に伴
う認識精度の低下は避けられないのが現状である．
母集団分布をより正確に推定するためには，3次

以上の統計量も考慮する必要があるが，高次の統
計量は解析学的な扱いが困難であり識別関数の設
計も難しくなる．そこで本稿では，高次の統計量
のうち，分布の非対称性に一番寄与する 3次の統
計量 (歪度)に着目し，低品質文字の認識精度改善
を試みる．
歪度最大基準に基づいて選択した特徴量に対し，

部分的正規分布 [3]および JohnsonSU分布 [4]を適

* 情報工学科
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用し，識別関数を設計することで文字の歪みによる
誤認識率を緩和できることを実験により検証する．
以下では，2で部分的正規分布および JohnsonSU

分布を用いた識別関数の設計法について述べる．3

では提案アルゴリズムを用いた検証実験の内容と
結果について述べ，4で結論をまとめる．

2 歪度を用いた識別関数の設計
低品質文字の認識においては，分散の大きい順

に主成分を並べたときに，中間層の主成分の中で
歪度の大きい成分が認識精度に悪影響を及ぼして
いることが知られている．そこで本稿では，歪度
最大基準に基づく座標系の構築法 (歪度成分分析)

を用いて，中間層の主成分からなる部分空間の座
標軸を再構成する．そして，歪度の大きな成分に
対して，部分的正規分布または JohnsonSU分布を
あてはめることでMMDを改良し，低品質手書き
文字の認識に有効な識別関数を設計する．

2.1 歪度成分分析

歪度成分分析は，多変量データに対して歪度の
大きな判別軸を逐次的に決定する方法で，その概
要は次の通りである．

1. d次の特徴空間を d − 1個の角度を用いて極
座標系式 (θ1, θ2, . . . , θd−1)で表し，分割が必
要な角を n区間に分け，特徴空間を小さな局
所領域に分割する (詳細は文献 [3])．

2. nd−1個の小領域に対して局所探索法 [5]を適
用し，その領域における−→A の最適解を求める．

3. 全ての小領域に対して求めた解の中から，もっ
とも歪度が大きくなる 
Aを選択する．

4. 学習用データ−→xk に対し，−→xk −−→A1
t−→xk
−→
A を改

めて −→xk と置き，同アルゴリズムを繰り返す．

2.2 部分的正規分布のあてはめ

歪度成分分析によって得られた歪度の大きな主
成分に対し，正規分布に歪みを加えた分布関数をあ
てはめ，MMDを改良する．本稿では図 1のように，
分散の異なる正規分布を境界x = mでつなぎ合わ
せることで，正規分布に歪みを加えたような分布を

図 1: 部分的正規分布の確率密度関数

用いる．これを部分的正規分布 (Asymmetric Par-

tial Normal Distribution)と呼び，A(m,σ1, σ2)で
表す．値 x = mにおける連続性と，確率密度関数
の性質を用いると，A(m,σ1, σ2)の確率密度関数
は次のようになる．

p(x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2√
2π(σ1 + σ2)

exp

(
− (x−m)2

2σ2
1

)

(x ≤ mのとき)

2√
2π(σ1 + σ2)

exp

(
− (x−m)2

2σ2
2

)

(m ≤ xのとき)

(1)

この確率密度関数の期待値 μ，分散 σ2，歪度 sは
次のようになる．

μ =
2√
2π

(σ2 − σ1) +m

σ2 = σ2
1 − σ1σ2 + σ2

2 −
2

π
(σ2 − σ1)

2

s =
1

σ3

{
2√
2π

(σ3
1 − 4σ2

1σ2 + 4σ1σ
2
2 − σ3

2)

+
8

π
√
2π

(σ2 − σ1)
3

}

(2)

学習データから得られる推定量を式 (2)に代入す
れば，m,σ1, σ2を未知数とする非線形連立方程式
が得られるので，非対称正規分布A(m,σ1, σ2)を
定めるための全てのパラメータを計算することが
できる．
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このようにして得られた部分的正規分布を用い
て，MMDを改良すると次式が得られる．

Ds =
∑
k∈χ

{(−→x −−→m)t−→ek}2
λk + b

+
∑
k∈Ω

ϕ(−→x ,−→ek ,mk, σk1, σk2)

(3)

ここに，Ω は中間層の主成分の番号の集合であ
り，χ はそれ以外の番号の集合である．また，
ϕ(−→x ,−→ek ,mk, σk1, σk2) は，k 番目の軸 −→ek に部分
的正規分布 A(mk, σk1, σk2)をあてはめたときの，
−→x t−→ek とmk とのマハラノビス距離である．

2.3 JohnsonSU分布のあてはめ

式 (2)において歪度 sの取りうる範囲は

0 ≤ |s| ≤ 8− 2π

π
√
2π

·
(

π

π − 2

) 3
2

� 0.995 (4)

となるため，A(m,σ1, σ2)は上式の範囲より大きい
歪みをもつ分布を表現することはできない．そこ
で，どのような歪度を持つ標本でも分布のあては
めが可能な分布として，JohnsonSU分布を検討す
る．JohnsonSU分布は，4つのパラメータ γ, δ, λ, ξ

をもつ分布で，確率密度関数 p(x)は次式で与えら
れる．

p(x) =
δ

λ
√
2π
√
z2 + 1

exp

{
−1

2

(
γ + δ sinh−1 z

)2}

ただし，z =
x− ξ

λ
(5)

p(x)の期待値m，分散 σ2，歪度 β3，尖度 β4 は，
次式で与えられる．

m = ξ − λ
√
ω sinhΩ

σ2 =
λ2

2
(ω − 1)(ω cosh 2Ω + 1)

β3 = ω(ω − 1)
{ω(ω + 2) sinh 3Ω + 3 sinhΩ}2

2(ω cosh 2Ω + 1)

β4 =
ω2(ω4 + 2ω3 + 3ω2 − 3) cosh4Ω

2(ω cosh 2Ω + 1)2

+
4ω2(ω + 2) cosh 2Ω+ 3(2ω + 1)

2(ω cosh 2Ω + 1)2

(6)

ここに ω = exp(δ−2), Ω = γ/δである．学習デー
タから，これら 4つの統計量の不偏推定量を求め
れば，上式の非線形連立方程式を解いて，4つの
パラメータ γ, δ, λ, ξ を求めることができるので，
JohnsonSU分布のあてはめが可能となる．−→ek 軸
上で未知入力文字 −→x との距離を求めるためには，
分布のピークを中心とし，ピークと−→x との間のマ
ハラノビス距離を計算する．この計算式を式 (3)

第 2項に置き換えることで，MMDの改良を行う
ことができる．

3 検証実験
歪度成分分析における角度分割数 nを n = 15

とし，歪度の大きな成分に対して部分的正規分布
をあてはめ，識別関数を式 (3)のように設計して
認識実験を行った．認識対象は，平仮名および教
育漢字の合計 1052字種である．各字種ごとに 200

サンプルの文字画像を用意し，そのうち 180サン
プルを学習用データとして用い，残りの 20サン
プルを認識実験用データとして用いた．図 2は認
識実験結果をまとめたものである．尚，歪度が式
(4)の限界値を超える場合には，分布のあてはめに
用いる関数を非対称正規分布 [1] で代用した．実

図 2: 認識実験結果

験では，従来のMMDによる認識精度と，提案手
法による認識精度の他，MMDで用いる各主成分
に対して，そのまま部分的正規分布をあてはめて
MMDを計算した場合の結果も併記した．この結
果によると，MMDで用いる主成分に対して，部分
的正規分布を適用するだけでも，認識精度がわず
かに改善することがわかる．特に大きなひずみを
もつ主成分が多い字種に関しては，改善率が高い
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こともわかった．ばらつきの小さい主成分におい
ては，主成分軸および分散の計算結果に大きな誤
差が含まれているため，固有値にバイアスをかけ
ることで分散に含まれる誤差は軽減されるが，中
間層の主成分軸の誤差は軽減されない．そのため，
各主成分に部分的正規分布をあてはめた手法の改
善率は，提案手法のそれよりも低くなっていると
推察できる．また，平仮名・漢字いずれの場合にお
いても，提案手法の平均認識率が一番高いが，特
に提案手法による改善率は，平仮名の認識に顕著
に表れている．196次元という高次元の特徴空間
において，その原因や傾向を解析することは難し
いが，画数の少ない漢字においても改善率が高い
傾向にあることから，方向線素特徴量を用いた識
別において，各主成分の歪みは，画数の少ない文
字で大きく現れ，その歪みを改善して識別を行う
ために，提案手法が有効にはたらいていると考え
られる．一方，JohnsonSU分布を用いた実験では，
全体の認識精度が 88.6%まで改善され，母集団分
布の推定がより精度よく実現できたと考えられる
が，ピークとなる値の算出や標準偏差を考慮した
マハラノビス距離の計算が複雑になるため計算量
が膨大となることがわかった．

4 結論
方向線素特徴量などを用いた高次元特徴空間に

おいて，マハラノビス距離を用いた識別手法は，各
主成分軸における分布が正規分布であることを仮
定している．学習用データを大量に収集すること
で，この仮定の妥当性を裏付けることは理論的に
可能であるが，実際には，文字品質や収集にかか
るコストなどにより，正規分布を仮定するのが難
しい場合が多い．
本稿では，このような問題に対処するために，母

集団分布をより正確に把握することを目的として，
3次の統計量 (歪度)を考慮する方法を提案した．提
案手法は，認識精度に対する歪みの影響が大きい中
間層の主成分を対象として歪度成分分析を適用し，
得られた軸に対して部分的正規分布やJohnsonSU

分布をあてはめることで，マハラノビス距離の計
算をより精度高く行おうとするものである．今回
の実験では，その効果がより強く期待できると考

えられる部分空間に適用範囲を限定し，計算可能
な範囲で実験を行った．その結果，平仮名および
教育漢字 1052字種を対象とした認識実験では，従
来のMMDに比べて約 10ポイントの認識率を改
善することが可能となり，有効性を確認すること
ができた．部分的正規分布に比べて JohnsonSU分
布の方が，より多様な分布に対応できるため，わ
ずかに認識精度が高いが，計算量は JohnsonSU分
布の方が遥かに大きい．今後は，計算量の削減法
を検討しながら，提案手法のより効果的な適用方
法を検討する必要がある．
尚，本研究の一部は科学研究費補助金 (基盤研

究 (C)課題番号 22500170)および，柏森情報科学
振興財団研究助成金 (K24研XVII第 396号)の助
成によるものである．
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The novel educational method of considering three processes of the experience, the analysis, and 
the expression has been employed in the introductory part of a common technological education. 
This year we have adopted a new method such as the following. ⑴Every time in experiments and 
exercises, students are asked to create a document summarizing what is important. ⑵At the end 
of year, students are asked to make presentation summarizing what is important. According to the 
questionnaire students have given good evaluation to the trial that is based on the method.
Keywords : common technological education
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ヘテロジニアスマルチホップ通信と探索群ロボット制御への

応用 
                

 田中 晶* 

                                     

           A Study on Heterogeneous Multihop Communications Applied to  
           Group Robot Exploration 
            
                       Akira TANAKA 
 
      Multihop communication systems designed with easily available or obtainable composing devices and 

communication media have been studied in my laboratory. Experimental systems are developed and we 
obtained many good results. In addition to multihop advantage such as no-large-scale-equipment, our 
system can set and used by anybody in everywhere anytime. We already solved important problems 
specific to multihops, and we are developing applied system such as group-robot-control with 
interpersonal communications. Especially, by our designed user-friendly interfaces including barrier-free 
operations, our multihop systems are appropriate to communication-and-control in disaster site as well 
as in neighboring areas. In this paper, our recent results on multihop communications focused on 
group-robot-control are presented. 
 (Keywords: mobile multihop communications, heterogeneous communications, routing, multicast, 

shared memory,  group robot control) 
 

  1. はじめに 
著者研究室では，容易に入手可能な通信媒体を用

いて簡易に通信ネットワークを構築できる身近なマ

ルチホップ無線通信システムの研究を進めており，

実験システムを作製し検証を行ってきた 1), 2)．大規

模なシステムを用いることなく，身近で容易に入手

できる素材や装置により，利用者が自ら周囲に簡易

なネットワークを構築でき，多くのユーザが利用で

きる多方式のインタフェースと通信方式を備えてい

るので，近隣での通信，或いは，災害時の緊急用通

信，バリアフリー通信など，用途は広い．対人通信

や家電リモコン制御 1), 2)だけでなく群ロボット制御

3), 4), 5)にも適用・検証した．これらのマルチホップ通

信システムでは，目的に沿った範囲程度に限定して

はいるが，複数の移動する端末を対象にリンクを連

ねて通信するマルチホップにおける重要課題も解決

し実験システムで機能を実証済みである． 
本稿では，応用例の一つとして特にユーザに親和

性の高いインタフェース（バリアフリー化）を有す

る環境適用マルチホップ制御による連接ロボット制

御の基礎実験評価結果に関して報告する． 

2. マルチホップ移動体無線通信システム 
一般の通信では図1(i)の経路のように大規模なネ

ットワークを介し基地局や幾つかの中継局を経由し

てデータや音声が送られるが，マルチホップ移動体

無線通信システムでは図 1(ii)のように端末間だけで

情報を伝達する．目的や周囲の状況に応じて経由す

る端末の種類も様々で，人が直接操作しない中継端

末や受信先に送信することになる．さらに，送受信Fig. 1 Mobile multihop communication  

mp: Ms.A

mp: Mr.B ma2
(i)

(ii)

Network

mp: mobile phone
ma: mobile autonomous terminal TV

ma1
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はいるが，複数の移動する端末を対象にリンクを連

ねて通信するマルチホップにおける重要課題も解決
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本稿では，応用例の一つとして特にユーザに親和

性の高いインタフェース（バリアフリー化）を有する

環境適用マルチホップ制御による連接ロボット制御の

基礎実験評価結果に関して報告する． 

2. マルチホップ移動体無線通信システム 
一般の通信では図 1(i)の経路のように大規模なネ

ットワークを介し基地局や幾つかの中継局を経由して

データや音声が送られるが，マルチホップ移動体無線

通信システムでは図 1(ii)のように端末間だけで情報を

伝達する．目的や周囲の状況に応じて経由する端末の

種類も様々で，人が直接操作しない中継端末や受信先

に送信することになる．さらに，送受信端末だけでなFig. 1 Mobile multihop communication  
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ヘテロジニアスマルチホップ通信と探索連接ロボット制御への応用
田中　晶*

A Study on Heterogeneous Multihop Communications Applied to Group Robot Exploration
Akira TANAKA

Multihop communication systems designed with easily available or obtainable composing devices 
and communication media have been studied in my laboratory. Experimental systems are developed 
and we obtained many good results. In addition to multihop advantage such as no-large-scale-
equipment, our system can set and used by anybody in everywhere anytime. We already solved 
important problems specific to multihops, and we are developing applied system such as group-
robot-control with interpersonal communications. Especially, by our designed user-friendly interfaces 
including barrier-free operations, our multihop systems are appropriate to communication-and-
control in disaster site as well as in neighboring areas. In this paper, our recent results on multihop 
communications focused on group-robot-control are presented.

Keywords : mobile multihop communications, heterogeneous communications, routing, multicast,
	 shared memory, group robot control
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Introduction to Digital Watermarking Competition 
 

Tetsuya KOJIMA 
 

  Digital watermarking is one of the technologies to hide secret information to digital media such as image, video and 
audio files, in a manner where such secret information cannot be recognized by human recognition systems (HRS). 
Usually, digital watermarking is used for copyright protection, and it is required to protect the digital contents against any 
illegal use and attacks. However, the criteria to evaluate the quality of the digital watermarking algorithms have not been 
established. Since 2012, annual watermarking competition has been held by the committee for information hiding and its 
criteria for evaluation. This competition can also be used for PBL (problem based learning).  
 (Keywords: information hiding, digital watermarking competition, PBL, copyright protection) 
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電子透かしコンテストの紹介
小嶋徹也*

Introduction to Digital Watermarking Competition
Tetsuya KOJIMA

Digital watermarking is one of the technologies to hide secret information to digital media such 
as image, video and audio fi les, in a manner where such secret information cannot be recognized by 
human recognition systems（HRS）. Usually, digital watermarking is used for copyright protection, 
and it is required to protect the digital contents against any illegal use and attacks. However, the 
criteria to evaluate the quality of the digital watermarking algorithms have not been established. 
Since 2012, annual watermarking competition has been held by the committee for information hiding 
and its criteria for evaluation. This competition can also be used for PBL（problem based learning）.
Keywords : information hiding, digital watermarking competition, PBL, copyright protection
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only about one hour, the student questionnaires for the course meet good standard in terms of their 
satisfaction with the program. Thus, it can be concluded that the biology program should be 
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