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仁よし力弐き

　色彩は外界の分光学的情報を担っており、対象物の性質を判断する上で非常に重要な情

報源である。色は元来人聞の視覚で認識される感覚である。色情報から観測対象に含まれ

ている情報を客観的かつ正確に収集するためには、色の原因である分光学的な記述法にも

とづく解析が必要になる。画像を対象とする場合は、多数の狭帯域フィルタを通して観察

した多重分光画像は取り扱うデータが膨大な量になり、その収集、処理、伝送などに多大

な負担がかかることが避けられない。通常は得られた膨大なデータに対して、主成分分析

などの多変量解析手法をもちいて、必要とされるデータを選択的に抽出する、などの方法

がとられる。

　それに対して、本研究で新たに提案した広帯域フィルタシステムにおいては、対象とす

る色の分光反射率をあらかじめ測定しておき、これをデータベースとして、フィルタ関数

の最適化を行う。このようなフィルタを物理的に実現することができれば、それらフィル

タを通して観察した画像の強度は、フィルタ関数と観察物体の分光反射率の内積に相当す

る。すなわち、従来は画像のピクセルごとに得られたスペクトルデータに対する解析を、

最適化フィルタを通して観察するだけで、並列的に瞬時に内積演算を済ませることができ

る。したがって、比較的少数の画像を収集するだけで、分光学的に必要な情報を得ること

ができる。フィルタ最適化は、教師信号無しニューラルネットワークの一つである、自己

組織化マップ（SOM）を用いた。フィルタ実行システムは、次の2方式3種類のシステム

を提案し、そのプロトタイプを試作した。

　（1）アクティブ型スペクトル合成光源

　（2）パッシブ型広帯域フィルタシステム

　　　・液晶空問光変調器とリニアバリアブルフィルタを用いたシステム

　　　・液晶チューナブルフィルタを用いたシステム

マンセル色票の分光反射率分布を学習データとして、フィルタ最適化を行い、これら3種

類のシステムを通して、色物体の観察をおこなった。4枚のフィルタ画像からスペクトル

再生をおこない、31枚の多重分光画像による計測結果と比較検討をおこなった。

　研究期問内には主としてマンセル色票の分光反射率データをデータベースとして実験が

行われたが、平行して草木の植生の環境汚染等による影響が調べられた。微妙な葉の分光

反射率変化が認められた。今後の課題として、これら自然物分光反射率をデータベース化

し、非可視域を含む、計測対象に最も相応しい帯域でフィルタ最適化を行うことができれ

ば、対象物体に固有の感度特性を有する知的な分光画像認識システムが可能になるであろ

う。

　　　　　　　　　　　埼大コ十

埼玉大学附属図書館

　　998003331
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！．はじめに

　分光画像認識はリモートセンシングをはじめとする環境センシング、医用画像における

診断、顕微鏡画像の認識など、広い分野でその重要性を増している。従来の分光認識シス

テムにおいては、分散型やフーリエ分光等の方式の違いはあるものの、いずれもはじめに

分光強度を測定し、その後に多変量解析などの必要なデータ処理を施す必要がある12〉。デ

ータ収集過程には何らかの走査や多チャネル検出が不可欠になる。一方、ヒトの色認識機

構においては、網膜の錐体にある分光感度の異なる3種類の色覚細胞が外界の光を受光し、

反対色変換を行った後、脳内に蓄積されたデータベースとの何らかの相関を計算すること

によって色を認識する3〉。ユニーク色に特に強く反応し、同調や対比など興味ある視覚現象

をもたらす。「色」は人間の視覚で認識される感覚であることから、主観的な要素が強い。

このように、人問の感覚は外界の情報を満遍なく取得するのではなく、自分に必要かつ関

心がある情報のみを選択的に獲得している。したがって、色についても、人によって感じ

方が違って当然である。3種類の色覚細胞で受光するシステムは、本来多次元ベクトルと

して記述されるべきスペクトル情報を3次元空間に圧縮している、ということもできる。

　分光画像認識システムにおいても、色覚のようにシステムにとっての重要度に応じた重

み付けをした上で効率的にデータ収集することができないだろうか。システムが自ら学習

し、得られた知識をシステムのパラメータとして丙蔵することによってこれが可能になる。

そのことにより、対象に応じて帯域を広く、または狭くすることができ、非可視域を含む

広い波長帯に拡張することができる。このように、低次元データからスペクトルを推定す

るための方法として，主成分分析4）やWiener推定法5）がよく用いられる。フィルタ関数最

適化法としては、自己組織化ニューラルネットワークの方法も用いられる。このよう．にし

て、従来法とは違った知的な分光画像認識システムが実現するのではないか。本研究では、

対象に応じて観測帯域内で波長ごとに重みをつけたフィルタを備えたシステムを考案し、’

マンセル色票の分光反射率をデータベースとする空聞で、その有効性を確認した。さらに、

本研究の応用分野である環境センシングに関しては、特に植物の葉の分光反射率の環境負

荷による影響を調べるための基礎的なデータ収集をおこなった。

2．フィルタ関数の最適化法

2．1主成分分析によるスペクトルデータの直交展開4〉

　　我々が日常目にする物の分光反射率は、可視域においで一般的になだらかな分布を持

っている。言い換えると、多様な色彩に対応するスペクトル分布は互いに強い相関がある。

このように、統計的に強い相関関係にある多変量に対しては、主成分分析を中心とした多

変量解析法が有効である。分光画像解析においても、ピクセルごとに得られた分光スペク

トル分布に対して主成分分析を施すことにより、情報の損出を最小限にしてデータ圧縮を

行うことができ、観測対象の分光学的認識や分類、さらには画像に含まれる物質の同定や

状態の判定などの作業が行われる。
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　いま、対象とする物体の反射（または透過）光強度を、波長λ1からλ。の問のn点でサ

ンプリングしたとすると、分光強度は形式的に次式の列ベクトルで記述できる。

τ（λ）＝【τ（ろ），τ（ろ），．．、τ（ろ、）】T　（1）

ここで、Tはベクトルの転置をあらわす。反射強度は一般になだらかなスペクトル分布を持

つことから、（1）式で表されるような多くの物体の反射強度は互いに強い相関があると考

えられる。いま、（1）式で表されるようなN個の強度データを収集したとすると、次式の

ような相関行列Rが定義される。

　　　　　　　ゴ　
　　　　　R訟Σち（λ）ち（λ）T　　（2）

　　　　　　　’写正

行列Rの固有ベクトルは互いに直交しており、上位p個の固有値に対応する固有ベクトル

を基底ベクトルとして、サンプルベクトルを近似的に展開することができる。

　　　　　　τ亨＝BβTτ　　　　　（3）

ここで、行列Bの列が基底ベクトルになる。

　ここでは、マンセル色票1269色の反射強度に対して主成分分析を適用した結果を紹介す

る。マンセル色票6〉は、色の明度を縦軸にとり、それに直交する断面の円周方向に色相、

半径方向に彩度をとった色立体の各位置における色の標準サンプルである。マンセル色票

すべてについての分光反射率データは、フィンランドのヨエンスー大学が公開しているデ

ータベースを使うことができる7）。

　一例として、マンセル色票1269色の反射強度に対して計算した上位8個の固有ベクトル

を図1に示す。p個の置有値の全固有値に対する比を寄与率と定義すると、図1の8つの

固有ベクトルの寄与率は99．99％である。図1の意味するところは、マンセル色票のすべて

の分光反射率をこ．れら8つの基底ベクトルの線形結合として記述できる、ということであ

る8）。展開の各項の係数は、基底関数と物体のスペクトル分布の内積（β嚇である。図で

第1基底ベクトルは展開の第1項、すなわち直流成分で、学習データ全体の平均挙動を表

しており、正の要素のみから成っている。第2項以下は交流成分であり、正負の要素を含

んでいる。もし、図1に示す基底関数に相当するフィルタを物理的に実現することができ

れば、そのフィルタを通して観察したデータは内積値に対応している。しかし、負の要素

を含むフィルタを実現することはできない。

　　　ぴ　パ　　　　　　　　　　　ヨ　ぽトめド　

ii巨騒醤ヨ
姻　　　　　綱　　　　　㎝　　　　　700　　　　　　伽　　　　　鋤　　　　㈹　　　　　㎜

　　むぴすトめお　　　　　　　　　　　ピゆ　ぴトめ　ぺ

輻ヨlii匪目
400　　　50D　　　㎝　　　　7α》　　　　4α｝　　　50Q　　　㎝　　　　7口

　　まゆじトめ　　　　　　　　　　　　ピゆぴぬむ

400　　　　500　　　　600　　　　70D　　　　　400　　　　500　　　　日00　　　　700

　　ヨ　ぴゆドア　　　　　　　　　　　　　　　　ピゆぬドき

i匡lli塵圏
㈱　　　　　鋤　　　　　㎝　　　　　70D　　　　　　㈹　　　　　伽　　　　　㎝　　　　　700

図1マンセル

色表の分光反

射率データを

もとに部分空

間法で求めた

固有ベクトル
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2，2　ニューラノレネットワークによるフィルタ関数の最適化

　フィルタ関数が満たすぺき条件として、次の3点が挙げられる。　　　人力層

（1）　フィルタの各要素は非負である、　　　　　　　　　　　　　　　　　　　ニユーロン

ぐの　フィルタは学習データの特徴をできるだけ忠実に反映して

　　　いる、
（3）　それぞれのフィルタは互いに独立である。　　　　　　　　　即

これらの条件下でフィルタ関数を最適化するために、本研究では教

師信号なしニューラルネットワークを用いた。これは、データ集合

をいくつかのグループに分類するクラスタリングや・データ集合の　　　　　　　　夙切

なかに隠れている特徴を抽出することなどに有効な方法であり、こ

こではKohonenの自己組織化マップ（Se1←OrganizedMap，SOM）　図2　SOMの構造

を採用した10・11）。SOMは基本的に図2に示すように、入力層とマ

ップ層（ニューロン）の2層構造である。はじめにネットワークを初期化し、入力層に学

習データ即を入力する。入カベクトルと重みベクトル以切の距離を計算する。ここで、

重み妖4ノ）はi番目の入力とj番貝のニューロンの間の結合ベクトルである。この距離が最

小となるニューロンを選択し、これをr勝ちニューロン」とする。勝ちニューロンにっい

てのみ重みを更新する（W加ner　Take　Al1）。この過程を繰り返すことによって、各重み関

数はお互いに最も離れた位置にあるように最適化された関数に収束していく。

　マンセル色票1269色の反射強度に対して謙算した上位8個の最適化フィルタ関数を図3

に示す12）。図4はマンセル色票および最適化フィルタ関数をC　I　Exy色度図上にプロット

したものである。右図の8つの点は、マンセルデータを8つにクラスタした結果とみるこ

とができ、左図に示された領域内でほぼ均等に分布している。

　　　　塩1　　　　　“　　　　　　楓’　　　　　馳5　　　図3マンセル色
1、『／
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図4　CIExy色度図上

にプロットしたマンセ

ル色票（左）および最適

化フィルタ関数（右）
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この結果を図1に示す主成分分析の結果と比較するために、図3のフィルタ関数を特異値

分解法（SVD）によって直交化した。その結果を図5に示す。
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図5　直交化フィルタ関数

図1と図5を比較すると、1次から5次までは両者はよく似ていることに気が付く。それぞ

れの次数の直交関数について相関係数を計算すると、次のようになった。

　0，999、　0．974、　0．966、　0．984、　0．901、　一〇．551、　・0．361、　・0，096

　前半の5つの基底関数は直交化フィルタ関数と相関が強いことがわかる。5次まで採栩し

たときの部分空間の忠実度が99．93％であることから、これら5つの基底ベクトルがほぼデ

ータベース全体の情報を反映しており、残りの3つの高次ベクトルはノイズを多く含んで

いると考えられる。

　次に、得られたフィルタ関数によるスペクトル再生を行い、部分空間法で得られた直交

基底による結果と比較した。フィルタ関数行列をWとすると、サンプルベクトルは（3）式の

代りに一般逆行列をもちいて次式で近似的に表すことができる。

　　τ？器1躍（研丁研）一’研丁τ　　　（4）

309　　　　　憩o　　　　　弓（笈一　　　　　舳〕　　　　　1脚　　　　　！200

　　　　5㎜Pl3卿mbe！

　　　　a）

　
O
　
　
　
　
ε

e
一
〇
〇
書
ε
一
遷

　鞘πPにn圃bgI

　b）

図6　マンセルスペクトルデータベースの再生誤差

（a）部分空間法による、（b）最適化フィルタによる
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ここで、隅はフィルタ関数と物体の分光強度の内積であり、フィルタを通して物体を観

察したときの強度値に相当する。学習に用いたマンセルデータ全てにっいて、（3）式お

よび（4）式によるスペクトルの再生を行った。図6にそれらの誤差をノルム誤差1τ・

ゼ1で評価し、パーセントで表示した。図（a）は主成分分析法で作成した8次元部分空

問に展開して得た結果、（b）は最適化フィルタ関数が張る空問で展開して得た結果であ

る。横軸はサンプル番号、縦軸はノルム誤差のパーセント表示である。最適化フィルタに

おける最大誤差のサンプルは、No．853、明度2．5の青で誤差率16％、部分空問法では

No．1058，明度2．5の紫で誤差率17・3％であった。平均誤差率は部分空間法で1．9％、最適

化フィルタで2．3％であった。図6で横軸のサンプルが10－20変化するたびに周期的に誤

差のピークが現れている。これらのピークはいずれも明度の低いサンプルに対応している。

図1と図6の比較および図6の結果から、マンセルデータベースのデータ圧縮に関しては、

主成分分析とSOMによる最適化フィルタはほぼ等価であるといえる。

3．フィルタ関数を実現するための広帯域フィルタシステム

　前笛の議論から、分光情報に基づく対象のクラスタリング等の認識を行う上では、最適

化したフィルタ関数と物体の分光率の内積隅を求めることが基本的に重要である13）。

前節では計算機上で内積を求めた結果を示したが、そのためには物体の分光反射率を知ら

なければならない。これでは、未知の物体に対して適用することはできない。ところで、

実験的にはフィルタを通して観察した物体の像の強度が内積に比例することは容易に理

解できる。この場合、図7に示す2つの方式が考えられる。アクティブ型においては、フ

ィルタ関数に相当するスペクトル分布を持つ光を合成し、それによって対象物体を照明す

る。この方法は、実験室内で光源を用意できる環境における計測には有利である。顕微

鏡画像における計測には有利である。顕

微鏡画像の観察や内視鏡への応用などが

考えられる。一方、野外のリモートセン

シングや自発光物体の観察においては、

パッシブ型が必要になるであろう。この

場合、カメラの前の透過型フィルタは、

最適化したフィルタ関数を実現するもの

でなければならない。以下にそれぞれに

ついて筆者らが考案したシステムを紹介

する。

ACTIVE　TYPE　　　PASS｛VE　TYPE

　　　　　　　　　画　　　　　　　　　　　　　　崇

　　　　　　　　　　ロ催

　　　　　　　　　　Sampb　　　Opt㎞9I　F篭麓er

，・鶏聯面戯富　　　　h聯繭rr
I諏m陶喰O　　a猛　　8㎝騰　　　S鋤凶唾OP㎞藝郵㎞r

　図7　アクティブ型（左）とパッシブ型（右）

3．1　アクティブ型～スペクトル合成光源14・15）

　最適化したフィルタ関数に相当するスペクトル分布を持つ光を合成する方法として、

筆者らは図8に示す光学系を考案した。光源からの白色光は、スリットを経由して、

凹面回折格子に入射する。コリメートされた光はここで分散され、焦点面に置かれた

液晶パネルを選択的に通過し、第2凹面回折格子で混合される。出力光のスペクトル

分布は、液晶パネルの透過率を制御することによって任意に設定することができる。

これをスペクトル合成光源と呼ぶことにする。出力光で対象物体を照射したときの反
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　　　成光源の構成

蓄　　Fi仕erNα1　孟　　FilterN。．2　　票　　FilterN。．3　　ぞ　　F眠erN。．4
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　　　　　　　　　　　　　　　　　　　　　　　　　　3リ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 ゲ
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図9　マンセルデータベースによって最適化した4つのフィルタ関数

射光強度は、フィルタ関数と物体の分光反射率の内積曜τになっている。

実現する光は、図9に光源のスペクトル強度を掛けたものである。図10の点線は実現し

た光のスペクトル分布を測定したもの、実線は目標とする分布、図11は光源のスペクト

ル強度である。No．4のフィルタでは、強度が低いところで誤差がでたが、全体的にほぽ

目標を実現しているといえる。

　　　　　　　「一一｝　　　l　　　　　　　　　　　　　　　　　　　　r
　　　　　　　　　　　l’　　　探　　　l　　　J

　　。　。　駅　一　一　一　σ　．　．　富　膨　”　＝　　　　6　鳳　爾　一　。　聖　　罵　6　噂　蹴　i’ビ『㌔　　　　　　　　　　　止一描　謄　甲　　　」
　　　脚鱈　　　　　　　　　　　　　　　騨叫　　　　　　　　　　　　　　　　馳■剛既圃　　　　　　　　　　　　　　　脚尻　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　軸繭｝1“

図10　目標とする光強度（実線）および実現した光強度（点線）　図11　光源の分光強度

次に、このようにして実現した光で物体を照明した。観察物体はイチゴとミカンで、背景

に青、緑、黄、赤の短冊を立てた。スペクトル合成光源からの4っの光で照明したときの

像をモノクロCCDカメラで撮像した像を園12に示す。

　　　nLTERI　　　　　　　　FILTER2　　　　　　　　FILTER3　　　　　　　　FILTER4

図12　合成光で照射した物体の像
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これ らび、・画像データの各点について、（4）式でスベクトル再生を行った。その結果をRGB

カラー表示した、、比較のために、同じ物体を可視域（波長400nm～700nm）を幅10nm

の帯域で31に分割して得た31枚の画像を通して観察したスペクトル分布をカラー表

示した。それらの結果を図13に示す。

（a）最適化フィルタ画像4枚による　　（b）狭帯域フィルタ画像31枚による

　　　　　　　　図13　スペクトル画像からRGB画像への変換

3．2　パッシブ型（1）液晶空問光変調器を用いた書き換え自在フィルタ16，17）

　白色光で照射された物体を、最適化された透過率分布を持つフィルタを通して観察すれ

ば、像強度はフィルタ関数と物体の分光反射率の内積隅になる。この場合、透過率を

自在に書き替えることのできるフィルタが必要になってくる。図14は筆者らが考案した

簡単なシステムである。フィルタ部は液晶パネル（LC）とリニアヴァリアブルフィルタ

（LVF）を貼り合わせたものをリニアステージ上に固定したものである。液晶パネルに

は所望のフィルタ関数に対応する透過率分布を持たせ、フレームの露光時間内に開口の直

前を一定速度で掃引する。
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図14　パッシブ型広帯域フィルタシステム
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図15　リニアバリアブルフィルタ

LVFは図15に示すように、ガラス基板上に薄膜を蒸着した素子で、透過波長が下図に示

すように、位置の関数として線形的に変化する特性を持っている。LCパネルに実現しよ

うとする波長分布を書き込み、CCDカメラのデータ取り込み時間の間に開口部を・一一定速

度で掃引すると、その間の積分強度は、ちょうどLCパネルに書き込んだフィノレタを通し

たことと等価になるであろう。
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図16　パッシブ型最適化フィルタによる太陽光照明下の草花の観察

　パッシブ型の特徴は、物体照明光は広帯域に分布するものであれば何でもよいことであ

る。ここでは、太陽光照明下にある草花の観測を行った実験の一例を示す16）。フィルタ

関数は図9を用いた。これはマンセル色標1269色の反射強度データから求めたものであ

り、自然物を観察する場合のデータベースとして相応しいものであるか否かの吟味は必要

であろう。この点に関しては、以前の研究でマンセルデータベースが自然物をある程度反

映しているとの結論を実験的に得ている9）。今回は近似的な意味合いでこのフィルタ関数

を使うことにした。実験系の概略を図16に示す。広帯域フィルタシステムの液晶パネル

（LCSLM）には図9のフィルタ関数を順次書き込み、そのつどLCSLMとLVFのジョイ

ントを一定速度で動かし、モノクロCCDカメラで記録した。この際、太陽光の輝度は時

間的に変動するので、広帯域フィルタシステムで対象物体の画像を取り込む作業と平行し

て、太陽光照明下にある標準白色版（BaSO4）を分光放射計（オプトリサーチ社製、

MSR－7000）により観察し太陽光スペクトルをモニターした。
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図17 4枚の広帯域フィルタによる画像からのスペクトル再生および、

　31枚の狭帯域フィルタによるスペクトルの測定値
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4．環境モニタリングヘの応用

　近年、さまざまな環境汚染が報告される中で、それらが植物に及ぼす被害を把握する

ことの重要性は高まってきている。このような問題に対して、グローバルな観察は、衛

星からのリモートセンシングによって定常的に行われている。より身近な植生の環境影

響について、分光学的手法による評価についても近年さまざまな角度から研究がなされ

ている。樹葉の分光反射率データに主成分分析を適用し、樹種、季節による変化、大気

汚染の影響を詳細に判定できるとの報告もある20，29。本研究では植物の葉の分光反射

率を測定することに　より、その活性状態をモニターすることを試みた22〉。埼玉県南

部地域は、夏期にオキシダント濃度が高くなり、光化学スモッグ注意報が出される目が

しばしばある。このような大気環境下では、草本類の葉に白斑などの可視被害が現れる

ことが知られている。図22は、夏期のこのような目常の大気中で育てたハツカダイコ

ンと、オキシダントを浄化するフィルタを通した雰囲気中で育てたハツカダイコンの白

斑のない葉の分光反射率を測定した結果である。ごくわずかであるが波長900nm付近な

どに変化が見られる。このようなデータに対して、主成分分析によってストレスの有無

の判別を行うことができた。図23はフォックスグローブアプリコットを約0。3pp磁の

オゾンを流した雰囲気中に1時問暴露し、ストレスを与えた後の反尉率の経時変化であ

る。近赤外域で激しい吸収帯の変化が見られ、徐々に回復していく様子がわかる。

　本研究では、このような対象にたいして、前節までに述べた広帯域分光フィルタシス

テムを用いた解析を行うまでには至っていないが、今後の課題としたい。
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図21　オゾン浄化および非浄化雰囲気

中で生育したハツカダイコンの葉の分光

反射率

図22　フォックスグローブアプリコット

のオゾン暴露実験、暴露前、暴露直後およ

び暴露後1日の分光反射率変化

5．まとめと今後の課題

　本研究は主として可視域におけるカラー画像の理解について、膨大な量の分光画像

データを多変量解析法によって解析するだけでなく、ニューラルネットワークによる

データ圧縮法を検討し、それを物理的なフィルタとして実現する方法を提案し、アク

ティブ型とパッシブ型について、計3種類の広帯域フィルタシステムのプロトタイプ

を試作した。

　（1）アクティブ型スペクトル合成光源
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　（2）パッシブ型広帯域フィルタシステム

　　　　・液晶空間光変調器とリニアバリアブルフィルタを用いたシステム

　　　　・液晶チューナブルフィルタを用いたシステム

　試作システムにおいては、基本的な性能を示すために、マンセル色標を標準的な色

のサンプルとして用いた。すなわち、マンセル色票の分光反射率データベースで学習

し、フィルタ関数を決定した。試作システムによって、4枚のフィルタ関数を数％の

誤差範囲内でフィルタを実現することができた。このようにして実現したシステムに

よってカラー物体の観察を行った。システムの評価法として、提案したシステムで撮

像された4枚の画像から一般逆行列を用いてスペクトル分布の再生を行い、31枚の

狭帯域フィルタを通して計測したスペクトル分布と比較した。色差のよる評価では、

△Eが10を超えるものもあり、スペクトル再生精度については問題が残った。この誤

差の原因を考察する。

　（1）　マンセルデータベースによって作成したフィルタ関数を用いて学習データ

　　　　　以外の対象物を観察したこと。

　（2）　SOMで最適化したフィルタ関数について、一般逆行列を用いてスペクトル

　　　　　再生を行った。この際、変換行列が特異値近傍にある場合は、大きな誤差

　　　　　を生じるおそれがある。

　（3）　試作システムは、液晶素子、偏向板等の光吸収の大きい素子の利用を裂け

　　　　　ることができず、画像のSN比を大きくすることができなかった。

　これらの問題に対して、今後の検討課題を以下にのべる。

　本研究の当初の目的である環境センシングにおいては、観察対象は分光学的に限ら

れた特性を持っているものであり、フィルタ関数を最適化するための学習データは当

然観察対象それ自身から採取するべきものである。本研究期間にも、樹葉および草本

にっいてのデータ収集を行ってきており、今後はそれらのデータを学習データとして

採用した最適化を行う予定である。

　　一般逆行列を用いたスペクトル再生には特異値の問題があるが、本研究の本来の

目的はスペクトルの再生ではなく、観察対象物の分光学的理解である。その意咲では、

上記の学習用データベースの選択の問題とあわせて試作システムによる対象物のク

ラスタリングやパラメータ推定などを今後志向していきたい。また、本研究では最適

化手法としてニューラルネットワークの一種であるSOMを用いたが、独立成分分析

（ICA）についても今後の検討課題としたい23）。4節でのべたようなスペクトル分布

の変化が特定の原因によるものの場合には有効であると考えられる。

本研究においては、可視域においてのみ議論してきた。これは、実験のしやすさと、

従来のこの分野における研究結果との対比が容易であることなどによる。しかし、色

画像ではなく、分光画像として取り扱うことのもう一つの利点は、帯域が可視域に限

定されないことである。今後の課題であるが、非可視域を含む、計測対象に最も相応

しい帯域に、本研究で提案したフィルタ最適化を行うことにより、対象物体に固有の

感度特性を有する知的な分光画像認識システムが可能になるであろう。
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Optimal Filters Design for Measuring Colors Using 

Unsupervised Neural Network 

Wenjun WANG, Markku HAUTA KASARI and Satoru TOYOOKA 

In order to measure spectra of colors in an image by a few of filters which have continuous spectral 

transmittance, an unsupervised neural network is proposed to design non-negative filter functions_ 

The learning algorithm of this neural network is instar algorithm with competition transfer function. 

Munsell color database is chosen as learning data. Spectra of unknown color were reconstructed by 

using designed filter functions. Resultant spectral distribut,ions almost coincide with that obtained by a 

subspace designed by K-L expansion The average reconstructing error of original colors by using the 

filter functions is O 070/, and the biggest error is 2 6'/,. This method was also applied t,o designing filter 

functions for estimating optical path difference(OPD) in ~vhite light interferometry. The OPD values 

were succesafully estimated 

1. Introduction 

Color image analysis is very important in many fields, such as pattern recognition. 

Usually three-dimensional color space like CIE XYZ or Lab systems are used to 
distinguish different colors. Three-dimensional methods are corresponding to human 

visual system and they can not represent spectral distribution, i.e. sometimes 
different spectral distributions will result in the same values. The phenomenon is 

known as metamerism. On the other hand, in some application the spectral 
distribution is just what we want to analyze. In this case, multi-spectral methods to 

use a set of narrow band filters are required. If spectral data are sampled in visual 

wavelength range from 400nm to 700nm with an interval of 10nm, we need 3 1 filters. 

Isn't it possible to use fewer filters to find spectral distribution of colors? Subspace 

method [1]has been successfully used to represent spectral distribution with a few of 

basis vectors. But because of the orthogonality of the basis vectors, they contain 

negative values and can not be implemented as real filters. We propose a neural 

network method to find the optimal filter functions having only non-negative 
elements. At flrst we try to make optimal filter functions based on the Munsell color 

data base[2], because Munsell color base contains almost every color in nature and 

have very general meaning in the color science. Next we apply the method to measure 

interference color and to estimate the optical path difference(OPD) in white light 

interferometry. 

2. Design of Neural¥Network 

The idea of d~signing of filters comes from the subspace method. The filters 

- 7 -



designed by the neural network win be used as basis vectors. So the filter functions, 

i.e. basis vectors, should be as independent to each other as possible. Therefore, the 

set of vectors should satisfy following conditions: 

(1) they shouJd span a subspace lhcludfng all the coJor spectra h2 color da ta base. 

(2) these vectors should be separated as long as possjble to each other. 

I~p~t hy'* ~""~~= t*an=fo** fu*ct*.n C~tput l*y** The structure of this neural 

network is show in Fig. 1. The learning 

data of spectral distributions are fed to 

the input layer p6) which is connected 

pG) " * to neurons inputs through the weight 
matrix W(1;J). The neurons has a sum 

that gathers its weighted inputs and 

send the summation of its weighted 
in p uts to the transfer function 
connected to its output.. 

Fig. I Structure ofneural network. 

The transfer function of this network is competition function which selects its 

biggest input, i.e. output of neurons as winner and makes its corresponding output l, 

while all the other outputs are made O. The learning algorithm is so-called instar 

algorithm which was invented by Grossberg[3]. The algorithm can be expressed as 
followin g: 

AW,, (j, j) = r * a(j) * (p(j) - W~(i, j)) (3) 

W..~(i, j) = W~(i, j) + AW~(i, j) 

where r is the learning rate which takes value, for example 0.1, a(i) is the output of 

the network, W~(i, j) is the weight matrix at the iterative step n . The weight matrix 

W(1~J) is the filter functions we try to design. Munsell color data base is used as 

learning data which contains 1269 colors, each of them is sampled in the wavelength 

range from 400nm to 700nm with an interval of 5nm. Then the input layer has 6 1 
units. The output units are 8 since we try to use 8 filters to represent Munsell colors. 

Figure 2 shows the first 4 filter functions designed by neural network. 
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Figure 3 shows the orthogonalized functions from the filter functions in Fig.2 using 

Singular Value Decomposition(SVD) algorithm. For comparison other basis vectors 

were calculated by K-L expansion, which is shown in Fig.4. We find that the basis 

vectors in Fig.4 are almost similar to the orthogonalized functions in Fig.3 except 

signs of some vectors are inverted. These results mean that the filters designed by 

neural network are successfully optimal ones. 
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Fig4 Eigenvectors calculated from K-L expansion. Fig.5 Spectral recovering errors. 

Figure 5 shows the recovering error when 8 filters are used to recover the original 

colors by linear combination of the filters. The average. recovering error of original colors is 

0.070/0. Ev6n the biggest error is less than 2.60/0. 

3. Application to White Light Interferomeory 

In our second experiment, filter functions corresponding to different optical path 

different(OPD) were designed. The learning database is the set of 101 spectral 
distribution of interference colors of the OPD values between Onm to 1000nm. Figure 

6 shows the resultant filter functions. The 101 spectral data make a color scale on the 

subspace spanned by the filter functions as shown in Fig.7. 
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Fig7 . Color scale made from filter 

functions. 
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Fig．80rthogona漉e（丑color　scale． Fig．9Estimated　OPD．

　　The　unknown　inte漉reHce　color　is　projected　on　the　subspace　and　an　OPD　v認ue　of

the　unknown　color覇皿be　determined　on　this　color　scale．But　we　can　see　thati且Fig．7，

some　points　on　scale　are　very　near　to　each　other，almGst　overlapped，this　makes　it

雌cult　to　decide　OPD　values　correctly．To　solve　this　problem　tlle　subspace　was

Hnearly　transfbrmed　to　another　subspace　spanned　by　orthogonalized　set　of　filter

func廿ons．The　new　color　scale　is　shown　in　figure8．OPD　values　of　inte㎡erence　colors

can　be　aecided　on　this　new　color　scale．Fig皿e9shows　the　estimated　OPD　values　of　a

set　of　test　samples．Most　of　the　OPD　value　were　correctly　estimated　except　a　fbw

samples　ofsman　OPD　value．
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液晶素子と線形波長可変フィルタを用いた透過型広帯域フィルタ

　　　　○宮澤佳苗（D，マルック・ハウタカサリ（2），豊岡　了（ρ

　　　　　　　（D埼玉大学，（2）ラッペーンランタ工科大学
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　LST22－18

　　　　　　　Transparent　B：road　Ban（1Filters

using　Liquid　Crystal　Device　and　Linear　Variable　Filter

Kanae　Miyazawa（1），MarkkuHauta・Kasa士i（2），and　SatoruToyooka（1）

　　　（董）Graduate　School　of　Science　an（1Engineering，Saitama　University

　　　　　　255Shimo－okubo，Urawa，Saitama338・8570，JAPAN
　　　　　　　　　　Email：kanae＠mech．saitama・u．ac，jp

（2）Department　of　In£ormation　Technology，Lappeenranta　University　ofTechnology

　　　　　　　P．0．Box20，FIN。53851Lappee血ranta，FINLAND

　　　　　　　　　　　　　　　　　Abstract

Spectra1（listribution　of　an　object　color　can　be　represente（l　by　a　set　of　inner　pro（lucts

between　optimize（l　filter　functions　and　the　spectral　distribution　of　a　sample．In　this　stu（ly，

we　propose　an　optical　transparent　broad・banαfilter　system　whic｝1can　implement　arbitrary

filter　functions．In　our　system，a　test　image　is　observed　through　the　filter　part　consists　ofa

liquid　crysもal　spatial　hght　mo（iulator（LCSLM）an（i　a　Iinear　variable　filter（LVF）attached

together．The（lesigne（l　filter　pattem　is　written1n　the　LCSLM。The　intensity　image　of　a

sample　is　taken　while　thejoint　device（LCSLM　and　LVF）is　mov｝ngjust　in　front　ofthe　lens

aperture　of　the　CCD・camera．The　spectral　distribution　of　the　intensity　image　through　the

proposed　filter　almost　coinci（led　with　the　expecte＆filter　functions。From　the　detected

intensity　images　of　the　sample，we　also　reconsもructe（l　the　spectral　image　using’f
generalizedinverse　matrix，

L　はじめに

　我々人間の目は、外界のモノを色と形の情報か

ら認識する。特に色はモノの組成の分光反射率を

反映するため、より質的な情報を含んでいるとい

える。人間の目はR．G　Bの3値で色を知覚するた

め情報の欠落が生じる。ところが3値ではなく分

光反射率として情報をとらえれぱ、1っの色に対

して分光反射率は1つに決まり、かつ測定対象に

応じて観測波長域を広げることが出来る。本研究

では人間の目では判別不可能な、モノの分光反射

率の微妙な違いから、それを識別・分類すること

を目的としている。特にそれを画像として取り扱

うこと、また実験室内に限らず屋外でも測定可能

であること、データ量をなるべく小さくすること

を目標としている。

　モノの分光反射率は、数枚のフィルタ関数で展

開できる。言い換えれば数枚のフィルタ関数とモ

ノとの間の内積値が求まれば、元の分光反射率が

再構築できる。これまでに、主成分分析によって

上位の基底関数に対応するフィルタ関数を求め、

それを通して撮像した数枚の画像から、部分空問

連絡先：豊岡了　埼玉大学大学院理工学研究科環境制御工学専攻　〒338－8570浦和市下大久保255

　　　　　　　TEL＆FAX　O48－858－3459　Ema且：toyooka＠mech、saitama－u．acjp

　　　　　　　　　　　　　　　　　　　－39一
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法1）によりモノの識別・分類あるいは分光反射率の

再構築が行われた2）3〉。しかし部分空間法で求めた

フィルタ関数は、互いに直交する性質を持っため

必ず負の値を含む。そのためフィルタ関数を直接

光学系に導入することが困難であった。Hauta－

Kasariら4）は、教師無しニューラルネットワーク

を用いることにより、負の値を持たないフィルタ

関数を設計した。これによりフィルタ関数を直接

光学系に組み込むことが容易となった。

　フィルタ関数とモノとの間の内積値を求める方

法は、2つ考えられる。第1の方法は、フィルタ

関数に相当するフィルタを物理的に作製し、それ

を通してモノを撮像することである。しかし本研

究で用いるフィルタ関数は対象に応じて設計する

ため、それに応じて透過率分布を任意に変化させ

る必要がある。しかしそのようなフィルタを物理

的に作製することは難しい。そのため第1の方法

を実現することは困難であると考えられてきた。

第2の方法は、フィルタ関数に相当する波長分布

を持っ光を作製し、その光に照射されたモノを撮

像することである3）5）。この方法は実験室内では

有効であるが、作製した光源をモノに照射しなけ

ればならないという制限から、屋外での測定には

不向きである。

　そこで本研究では、任意の光源で照射されたモ

ノの測定を可能にする第一の方法の実現を試みた。

ここでキーデバイスとなるのが液晶素子と線形波長

可変フィルタである。特に線形波長可変フィルタが、

本方法の実現に大きく寄与したと言える。

2．最適化フィノレタ

2ユ最適化フィルタの設計

　本研究では、対象物体に応じてフィルタを設計す

る。フィルタの設計方法として、教師無しニューラ

ルネットワークを用いた4）。今回は、1269色の

マンセルカラーチップ6）の分光反射率をデータベー

スとして、それをもとに最適化フィルタを設計した。

フィルタの数はニューラルネットワークの性質上、

何枚にでも設定できるため、ここでは例として4枚

に設計した（Fig．1）。この4っのフィルタ関数を

用いれば、少なくとも全てのマンセルカラーの分光

反射率を再構築できることを意味している。もっと

一般化して言うならば、マンセルカラーチップが自

然界のあらゆる色を網羅したデータベースであると

仮定すれば、この4つのフィルタ関数から自然界の

あらゆる色が再構築できるということになる5〉。そ

こで本研究で提案するシステムの有用性を確かめる

ため、まず4つのフィルタの物理的作製を行い、次

に4つのフィルタを通して撮像した4枚の白黒画像

から、元の分光反射率を再構築することを試みた。
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Figure3Characteristlcsof

t｝1e　Linear　Variable　Filter

2．2最適化フィルタによる分光反射率の再構築

　教師無しニューラルネットワークで求めたフィ

ルタ関数は、部分空間法で求めたそれとは異なり

直交化しないため、元の分光反射率Sを再構築す

るには一般化逆行列を用いる必要がある。

S’＝W（WTW）4WTs （1）

ここでWはフィルタ関数である。W（WTW）一1は既

知の値、WTSはフイルタと被測定物体の分光反射

率との内積値であり実験から得られる値なので、

再構築した分光反射率S’が求まる。

S　LMには最適化されたフィルタ関数に応じた濃淡パ

ターンを256階調で書き込む。LCSLMとLVF

は互いに密着させ、LVFの長軸方向が1軸移動ステ

ージの移動方向と一致するようにステージ上に取り付

ける。被測定物体の強度画像は、フィルタ部（LCS

LMとLVF）を通して白黒CCDカメラで撮像され

る。CCDカメラのシャッターは、フィルタ部が移動

ステージによってCCDカメラのレンズ開口前をちょ

うど横切る間、開かれている。したがって撮像された

強度画像は、フィルタ部がCCDカメラ前を横切って

いる間の積分画像となる。

3．実験

3．1透過型広帯域フィルタシステム

Figure2に実験装置を示す。本装置のフィルタ部は、

液晶空間光変調素子（LC　S　LM）と線形波長可変フ

ィルタ（LVF）から構成されている。LVFはサイ

ズが60×20×5t［㎜1の干渉フィルタであり、長

軸方向の位置に対応して透過波長が400～700

［㎜1まで線形に変化するものである（Fig．3）。LC

3．2作製フィルタの検証

　本装置により撮像した強度画像が、望むフィルタ

を通した画像になっているか確かめる実験を行った。

Figu；re2に示される被測定物体には標準白色版（B

a　SO4）を用い、ハロゲンランプで照射した。LC
　　　　　　　　　　
S　LMに書き込む濃淡パターンを固定したままで・C

CDカメラのレンズ適前に400～700［nmlまで1

0［n司おきに31枚の狭帯域干渉フィルタを挿入し、

移動ステージをそのつど動かし、31枚の強度画像を
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取り込んだ。1枚の強度画像につき10×10ピクセ

ルのウィンドウ内で平均強度を計算し、分光反射率分

布を求めた。ここでは4つのフィルタ関数に対して4

種類の濃淡パターンをLC　S　LMに順次書き込み、そ

れぞれについて分光反射率分布を求めた。Figure4

に結果を示す。実線は、Fig．1で示した望むフィルタ

関数に光源の波長分布をかけ合わせたもの、破線は実

験で測定したフィルタの分光反射率分布である。どの

フィルタもよく一致しており、最大誤差は6．4％、

平均誤差は5．8％であった。

3．3分光反射率の再構築

　マンセルカラーチップをデータベースとして作

製したこの4つのフィルタ関数から自然界のあら

ゆる色が再構築できると仮定し、マンセルカラー

チップには無い、赤、黄、緑、青の計4枚のカラ’

一シートを被測定物体として使用した。Figure4

に示す4枚のフィルタを通して、カラーシートの

強度画像をC　C　Dカメラで取り込んだ。得られた

4枚の強度画像から、　（1）式に示す一般化逆行

列を用いて、画像のピクセルごとの分光反射率を

再構築した。比較のため、400～700［nm］まで

10［nm］おきに31枚の狭帯域干渉フィルタをC　C

Dカメラのレンズ直前に入れ、31枚の強度画像を

取り込み、分光反射率を求めた。Figure5に結果を

示す。実線は31枚の狭帯域干渉フィルタで測定した

分光反射率、破線は本システムを用いて求めた4枚の

強度画像から再構築した分光反射率である。カラーシ

ートの映っている場所の中から代表的なピクセル4点

を選んで表示した。左から赤、黄、緑、’青の結果であ

る。まだ誤差は大きいが、大まかな色味は再現されて

いる。
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Figu良）5　The　Spect■a　at　f麦）ur（漁rent　l㏄ations　of　the　spectral㎞age．Soh（i㎞es　coαespond．to
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dashed　Hnes　correspond　to　the　spectrahmage　measured　by　the　transparent　broad　band蝕er

system　usin94f皿ters．

4．まとめ

　教師無しニューラルネットワークを用い、12

69色のマンセルカラーチップの分光反射率をデ

ータベースに設計した4枚の最適化フィルタの光

学的実現を行った。液晶空間光変調素子と線形波長

可変フィルタをキーデバイスとして用いた、透過型広

帯域フィルタシステムを提案した。本システムにより

4枚の最適化フィルタを物理的に作製した結果、その

誤差は6％程度に抑えられた。これより、任意の波長

透過率分布をもつ透過型広帯域フィルタが実現できる

ことが示された。また液晶空間光変調素子への濃淡パ

ターンを書き換えることにより、異なる波長透過率分

布を持っフィルタを順次作製することができた。

　本システムの有用性を確かめるため、4枚の最適

化フィルタを通して撮像した4枚の強度画像から、も

との分光反射率の再構築を試みた。その結果、誤差は

大きいが大まかな色味は再現された。今回はフィルタ

の数を4枚に設定したが、フィルタの枚数を最適化す

ることで、精度が向上するものと予想される。本手法

で扱うデータ量は、31枚の狭帯域干渉フィルタを通

して画像を得る方法と比較すれば、単純計算して8分

の1程度であり、少ないデータ量から望む情報が得ら

れることが利点である。また、今回は実験室内で試験

的に計測を行ったが、本システムは光源を選ぱないた

め、屋外での計測も考えられる。
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Spectral Vision System for Color Image Analysis 
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Abstract. In this study we present a spectral vision system, which can be used to acquire a color 

spectrum and two-dixnensional spectral images. First we designed a low-dimensional color filter set 

by the unsupervised neural network. Then we constructed a compact size optical setup for the 

- pectral synthesizer, which syuthesizes the light corresponding to the spectral characteristics of the 

color filter. The sa!nple was illuminated by tbe synthesized lights and the intensity imagcs, which 

correspond to the inner products between the color filter set-and the sa:nple's spectra were detected 

by the CCD-camera Firom the detected inner products the sample's color spectra were reoonstructed 

by the use of generalized inverse matrix. The experimental results of acqtiiriug a single color spectrum 

and natural spectral images are presented. 

l. Introduction 

Multispectral imaging has received a great deal of attention recently. Spectral measurements are used for 

e:caxnple in the field of remote sensing, computer vision and industrial applications. Due to the high accuracy 

of the spectral information, it has become an important quality fattor in many industrial processes. Wheu the 

multispectral imaging system measures the visible light, then the measured image represents a high quality 

color image, where every pixel contains a color spectrum. In this paper we propose a spectral vision system to 

acquire color spectra and two-dimensional spectral images. 

2. Spectral Vision System 

-In our previous study [1] we designed a low-dimensional color filter set by the unshpervised neural network for 

the color spectra database measured from the Munsell Book of Color. Desigued cclor flters are used in our 

spectral vision system, where the sample is illuminated by the light, which has the spectral characteristics of 

the designed color filter. To synthesize the light, we constructed a optical setup for the spectral synthesizer 

shown in Fig. I a) . The color filters were implemented optically by the use of liquid crystal (LC) spatial 

light modulator [2]. The experimental setup for the spectral vision system is shown in Fig. I b): A sample is 

illuminated by the synthesized lights and the intensity images corresponding to the inner products between the 

color filter and the sample are detected by the CCD-camera. Sample's color spectrum st is then reconstructed 

by the use of generalizod inveise matrk 8' = ,W(WTW)-lWTs, where W is the filter set and WTS contains 

optically calculated inner products. 

1
 

i'It-
c~-'~1 ta-~ 

･･･-t~ A '~~~ - 
~
I
 

II'8-d 
,.rt'~. t~ *'. ----'-~~~,, w~ h~::::::f;:::-.---- . ~'~-~ . P,_,a a""t "-
co-' 

t-' 

u~l'- ~ ~wl'l( 
Figure 1: a) Optical setup for the spectral synthesizer. b) Experimental setup for the spec~ral vision system. 

3. Expenments 

We investig8ted the optitnal dimension for the filter set experimentally. The samples were transparent color 

slides made from Munsell color chips aud we acquired the spectra by the filter sets of 3,4,5 and 6 filters. Iri the 

series of experiment8 using difi;erent number of filters, four filters gave best results, which w8s selected as the 
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dirnension of our model. Next we acquired a two-dirnensional spectral image. A real world object was a set-up 

of a strawberry and an orange lying in the front of a colored panel. The sample was llluminated by four filters 

shown in Fig. 2 a) and the intensity irnages shown In Fig. 2 b) were detected by the CCD-carnera. From the 

intensity irnages the spectral irnage was reconstructed by the use of generalized inverse matrix. To cornpare the 

results, we measured the same image by the use of CCD-camera with 31 narrow band interference filters. Fig. 3 

shows the results at the wavelength range from 430nrn to 650nm at 20nm intervals. 
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Figure 2: a) Filter set of 4 filters. Solid lines are designed filters and dashed lines are optically implemented 

filters. b) Detected intensity images from the filtering process. 
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Figure 3: a) Spectral image acqulred by our spectral vision system using 4 filters. b) Spectral image 

measured by the use of CCD-camera with 31 narrow band interference filters. 

4. Conclusions 

Our spectral vision system can be used to acquire a single color spectrum and tw(>dimensional spectral images. 

The data obtained by our method is small and therefore convenient for storlng and transmitting spectral images. 

The optical system is used to calculate the optical inner product, and therefore this system can be used in various 

optical pattern recognition tasks, in which the algorithm contains the inner product calculation. 
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Abstract. Spectral distribution of an object color can be represented by a set of inner products 

between optimized filter functions and the spectral distribution of a sample. In this study, we 

propose an optical transparent broad-band filter system which can-implelnent arbitrary filter 

functions. In our system, a test image is observed through the filter part consistsf of a liquid 

crystal spatial light modulator (LCSLM) and a linear varia:ble filter (lNF)-attached together. 

The designed filter pattem is written in the LCSLM. The intensity image of a sample is taken 

while the joint device (LCSLM: and LVF) is moving just in front of the lens aperture of the 

CCD-camera. The spectral distribution of the intensity image through the proposed filter 

almost coincided with the expected filter functions. 

1. Introduction 

Spectral based analysis of color is important in many fields such as computer vision and inspection of 

industrial products. Spectral distribution of ari object color can be expanded by a set of filter functions 

designed by the unsupervised neural network[1], so it can be represented by,a set of inner products 

between the spectral distribution of a sample and the color filters cQrrespondin~ to the filter functions. 

In our previous method[2], the inner products were obtained by taking intensity images of a sample 

illuminated by the synthesized lights corresponding to the spectral characteristics of the optimized 

color filters. But it is difGrcult to apply for measuring the ~amples illuminated by an arbitrary light 

source like the sun. In this paper, we propose a new system to implement optical transparent broad-

band filters which can be renewed arbitrarily. 

2. Optical Transparent Broad-Band Filter System 

An experimental setup for a proposed transparent 

broad-band filter system is shown in Fig. 1. The 

filter part of this system consists of a liquid crystal 

spatial light modulator (LCSLM) and a linear 

variable filter (lNF). Both colnponents are 

attached each other and mounted on a linear stage. 

The transmitting wavelength of the LVF is linearly 

varied depending on the position parallel to the 

moving direction of the stage. The designed filter 

pattems corresponding to the optimized color 

filters are written on the LCSLM. The intensity 

image of a sample is taken by a CCD･camera 
through the joint device Q~CSLM and LVF). 

sample LVF LCSLM 

stage 

 

Whfte Ught source 

Fig. I Experimental setup 

- 7 -



The shutter of the CCD-camera is opened for a period while the joint device is moving just in front of the 

lens aperture of the CCD-camera. 

3. Experiments 

To investigate the validity of this system, the intensity images for the spectral distribution were 

measured through 31 narrow band interference filters from 400nm to 700nm at 10nm intervals. In 

experiments, a standard white board of BaS04 illuminated by a halogen lamp was observed through the 

proposed filter system. Four filter functions[1] were used as the optimized color filters. The average 

intensity inside the window of 10x 10 pixels was calculated to obtain the spectral distribution. Figure 2 

shows the experimental results. Solid Ines are expected filter functions which is the product between the 

optimized four filter functions and a light source spectrum, and dashed lines are the spectral 

distributions of the opticauy implemented filters. Both distributions almost coincide. The maximum 

error is 8, l'/, and average error is 5.7'/,. 
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Fig.2 Experimental results. Solid lines are expected filter functions and dashed lines are optically 

implemented filters. 

4. Conclusions 

We proposed the optical transparent broad-band filters, in which the transmittance can be changed 

arbitrarily. The spectral distribution of the intensity image through the proposed filter alnrost coincided 

with the expected filter functions. This system can be used for two-dimensional spectral image analysis 

under arbitrary illuminating conditions. 
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ABSTRACT 
In this study, we propose an optical transparent broad-band filter system which can be used to measure a color spectrum and 

two~imensional spectral images. The filter function of this system can be changed and rewritten arbitrarily. Spectral 

distribution of an object color can be represented by a set of inner products between optimized filter ftinaions and the spectral 

distribution of a sample, In our system, a test image is observed through the filter part consists of a liquid crystal spatial light 

modulator (LCSLM) and a linear variable filter (LW) attached together. The intensity image of a sample is taken while the 

joint device (LCSLM and LW) is moving just in front of the lens aperture of the CCD~amera. The spectral dislribution of 

the intensity image through the proposed filter almost coincided with the expected filter functions. From the detected intensity 

images correspond to the inner products between the color filters and a sample, the color spectra of the sample were 

reconstructed by the use of inverse matri)~ The data obtained from the filtering process is only four monochrome irnagcs. It is 

convenient for storing and transmitting the spectral image. The experimental results of measuring a color spectrum and two-

dimensional spectral irnages are presented. 

Keywords: Broad-band filter, color, color filter, color spectra, spectral image, Iinear variable filter (LVF), Iiquid 

crystal spatial light modulator (LCSLM). 

1. INTRODUCTION 
Spectral based analysis of color is important in many fields such as machine vision and inspection of industrial 

products. Spectral distribution of an object color can be expanded by a set of filter fuirctions, so it can be represented 

by a set of imler products between the spectral distribution of a sample and the color filters corresponding to the filter 

functions. Subspace methodl which is based on KL-expansion has been successfully used to represent the spectral 

distribution with a few of basis vectors.2.3 However, due to the orthogonality of the eigenvectors, the corresponding 

color filters usually contain negative coefficients and camot be implemented in opticai components directiy. 

Hauta-Kasari et al.4 proposed desigil of a iow-dimensional color filter set which is contain only positive coefCircient 

by the unsupervised neural network. The positive color filters span the color space very similar to the color space 

spanned by the eigenvectors of the subspace method. The color filters with positive coeffrcients can be directly used in 

opticai implementations. 

There are two ways to obtain inner products between the spectrai disttibution of a sample and the color filters 

corresponding to the filter functions. One approach is to take intensity irnages of a sample illuntinated by the synthesized 

lights corresponding to the spectral characteristics of the optimized color filters.2~,5 This method is useful for indoor 

measuremen~ but it is diificult to apply for measurixrg sanrples illuminated by an arbitrary light source like the sun. This 

problem can be overcome by another method i,e, takng intensity irnages of a sample through the color filters. 

Further author inforrnation: Kanae Mlyazawa: E-mail: kanae@mech,saitama-u,acjp; Telephone & Fax: +8 1 ~8-858-3459; Markku 
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In this paper, we propose a new system to implement optical transparent broad-band filters whose transmittance can be 

changed and rewritten arbitrarily. We applied this system to acquire a color spectrum and two-dimensional spectral images. 

2. OPTIMIZED COLOR FILTERS 
lil this study, we used the optimized color filter set with positive coefficients designed by the unsupervised neural network4 

for the 1269 Munsell6 spectra. The color filters are used to reconstruct the spectrum. Figure I shows the four filter functions 

used as the optimized color filters in this study. 
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Figure 1. Designed filter functions 

Becaus_ e of the designed filter set is non-onhogonal, the reconstructed spectrum s' is obtained by the inverse matrix: 

s' = W(wTw)-lWTs , (1) 
where W is the filter set In the optical implementation, the inner products Wrs between the filter set W and the sample's 

spectrum s can be determined optically and W(wrW)~1 is knowa. 

3 EXPERIMENTS AND RESULTS 
3.1 Broad-bandfilter system 

An experimental setup for a proposed transparent broad-band filter system is shown in Fig.2. The filter part of this system 

consists of a liqlrid crystal spatial light modulator (LCSLM) and a linear vaJiable filter (LVF), The LVF is a kind of 

interference filter whose wavelength range is ffom 400um to 700um. Figure 3 shows the relationship between the transmitting 

center wavelength of the LW and its position. Tue transrnitting wavelength of the LVF is iinearly varied depending on the 

position parallel to the moving direction of the stage. The designed filter patterns corresponding to the optimized color filters 

are written on the LCSLI~~ Both components are attached each other and mounted on a linear stage. The intensity image of a 

sample is taken by a CCDHcamera througll the joint device (LCSLM and LVF). The shutter of the CCD-camera is opened for 

a period while the joint device is moving just in front of the lens aperture of the CCD-camera, In this systen~ we can make 

any color filters only by changilrg the input pattem on the LCSLM. 
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To investigate the validity of this system, the intensity images for the spectral distribution were measured through 

3 1 narrow band interference filters from 400nm to 700nm at lOnm intervals. In this experiments, a standard white 

board of BaS04 illuminated by a halogen lamp was observed through the proposed filter system. The average 

intensity inside the window of 10 X 10 pixels was caiculated to obtain the spectral distribution. Figure 4 shows the 

experimental results. Solid lines aie the expected filter functions which is the product between the optimized four 

filter functions and a light source spectrum, and dashed lines are the spectral distributions of the optically 

implemented filters. Both distd:butions almost coincide within average error of 5.4o/o. 
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3.2 Spectrum reconstruction 

We applied this system to acquire the spectral image of a real world object. A strawbeny, a kamquat (a fruit like an 

orange) and four color sheets (Blue, Green, Yellow, Red) were used as the tested samples in the one image. From the 

detected intensity images of the sample through the proposed four filters shown in Fig.4, we reconstructed the spectral 

image by the use of inverse matrix in Eq. (1). To compare the results, we measured the same spectral image by the 

CCD-camera with 3 1 narrow band interference filters. Figure 5 shows the reconstructed spectra at the diiferent 

10cations of the spectral image. The spectra at the upper part of the figure are from left to right: painted blue color 

shee~ painted green color sheet and glossy yellow color sheet. The spectra at the lower part of the figure are from left 

to right: glossy red color shee~ strawbeny and kamquat. 
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4。　CONC】LUSIONS

Weproposedtheop紅cal哲ansparentbroad－band五lter　systemwhich　canbeusedto　measure　a　colorspec血mand　two－

dimensional　spec翻images、The　transmittance　of　the　filter　fhnction　could　be　ckanged　andτewhtten　arbitrah正y　only

by　cha皿ging　the　input　pa甘em　on　the　LCSLM、The　spec窪al　dis面bution　ofthe　intensity　image　throu帥the　proposed

filter　a㎞ost　coincided　with　the　expected　f瓶eτf血ctions、From　the　detected　intens孟ty重mages，we　acquired　the　coloτ

spectra　ofa　sample　by　the　use　ofinverse　matrix、丁短s　ac吼曲ed　spectla　were　compared　to　t血e　spectm　measured　by血e

CCDのcamera　wi画31瓜mrow　ba皿d　mters。The　spectla　obtained　by　the　both　metho（I　co貰elated　we1豆．The　data　obta血ed

丘om　the　filte血g　process　is　only　four　mo皿ockome　hnages．It　is　convenient　fbr　storing　and　trξmsmitting　the　spectml

image．This　system　canbeusedunder　arbitrary　illumina血g　conditions．
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AB S TRACT 
In this work we propose a prototype of the spectral vision system, which can be used to measure a color spectrum and 

two-dimensional spectral images. We first designed a low-dimensional broad band color filter set with a constraint 

of positive spectral values by the unsupervised neural network. Then we constructed a compact size optical setup 

for the spectral synthesizer, which can be used to synthesize the light corresponding to the spectral characteristics 

of the color filter. In the optical setup we implemented the color filters by the use of the liquid crystal spatial light 

modulator (LCSLM). In our experiments we illuminated a sample of a real world scene by the synthesized lights 

and detected the intensity images of the filtering process by the CCD-camera. The intensity images correspond to 

the optically calculated inner products between the color filters and a sample. The data obtained from the filtering 

process is only a few monochrome images and therefore convenient for storing and transmitting spectral images. 

From the detected inner products we reconstructed the sample's color spectra by the use of inverse matrix. We 

present experimental results of measuring a single color spectrum and two-dimensional spectral images. 

Keywords: Spectral image, spectral imaging, color, color filter, color spectra, optical pattern recognition 

1. INTRODUCTION 
The use of spectral imaging in industrial machine vision applications has received a great deal of attention recently. 

Since the first prototype for the multispectral imaging instrument proposed in the beginning of 1970's, the spectral 

imaging has been mainly used in the field of remote sensing. However, due to the recent technological development 

in optics and computers, the spectral imaging is becoming an important tool in the quality control of industrial 

products. Currently in industrial use there are two basic approaches to measure two-dimensional spectral images. 

One approach is based on the acquisition of a two-dimensional image at different wavelengths at different times, for 

example by the use of a CCD-camera with a set of narrow band Interference filters, which are placed on a rotating 

filter wheel.1 Another approach is based on the acquisition of line images with a simultaneous measurement of 

spectra at different wavelengths by scanning the camera or an object along the spatial axis.2 

From the spectral measurements a large amount of data has to be stored or transmitted. One approach to 
compress spectra is to have the measured spectra and compress them by software.3~5 Another approach is to 

design the low-dimensional multispectral imaging system so that we already acquire the optimal component images 
for spectral reconstruction.6,7 

In this paper we propose a low-dimensional multispectral imaging system, which can be used to measure a color 

spectrum and two-dimensional spectral color images. The proposed method is fast and the data obtained from the 

filtering process is smail, and therefore convenient for storing and transmitting a spectral image. 

The paper i~ organized as follows. In Section 2 we briefly review the color filter design from our previous study. 

Then in Section 3 we introduce the optical setup for the spectral synthesizer and the experimental setup for the 

spectral vision system. Finally in Section 4 we show the experimental results of our measurements and in Section 5 

we give a diseussion. 
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2. COLOR FILTERS 
In our previous study (see Ref. 8) we designed a low-dimensional color filter set with a constraint of positive spectral 

values by the unsupervised neural network for the 126g Munsell9 spectra. The competitive learning algorithm was 

based on the Instar-algorithm by Grossberg,lo which was incorporated by Kohonen'sll self-organizing map (SOM) 

with the winner take all (WTA) Iayer. The neural network clusters the color spectra, and after learning the centers 

of the clusters are used as color filters. The detailed description of the competitive learning and self-organization can 

be found in Refs. IC~l2. In Ref. 8 we showed that the Munsell spectral database was reconstructed with a suf~cient 

accuracy by the designed color filters and the reconstruction accuracy was comparable to the Karhunen-L0~ve 
transform based subspace method. Fig. I shows the filter set of 4 fllters used in this study. 
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Figure I . Filter set of 4 Iearned filters used in proposed spectral vision system. 

Designed color filter set is non-orthogonal and to use it to reconstruct a spectrum s, an inverse matrix can be 

used: 

sl = W(WTW)-lWTs, (1) 
where W is the filter set. In the optical implementation W(WTW)-1 is known and the inner products WTS between 

the filter set W and the sample's spectrum s are determined experimentally. The filter effect on the sample can be 
produced either by filtering a reflecting or transmitting light of the sanrplel3 or by illuminating the sample by the 

synthesized light, which has the spectral characteristics of the color filter. 

3. SPECTRAL VISION SYSTEM 
The inner products WTS in Eq. (1) between a broad band color filter set W and a sample s can be calculated 
optically by the use of the liquid crystal panel.6,14 If the sample is illuminated by the synthesized light, which has 

the spectral characteristics of the color iilter Wi, then the detected intensity of the sam:ple corresponds to the inner 

product WiTs. To synthesize the light corresponding to the color filter, we constructed the optical setup shown in 

Fig. 2 a) . The experimental setup for the spectral vision system is shown in Fig. 2 b). 
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4. EXPERIMENTS 
We acquired the spectral image from a real world object by our spectral vision system. As a real world scene 

shown in Fig. 3 a) we used a setup of a strawberry aud a mandarln lying on a table in front of a colored panel. We 

illuminated the sample by 4 synthesized lights corresponding to the color filters shown in Fig. I and the reflected 

intensity images shown in Fig. 3 b) were detected by the CCD-camera. 

From the detected intensity images we reconstructed the spectral image in the wavelength range from_ 400nm 

to 700nm at 10nm intervals by the use of inverse matrix in Eq. (1). To compare the results, we measured the same 

spectral image by the CCD-camera with 31 narrow band interference filters covering the wavelength range from 

400nm to 700nm, at lOnm intervals. Fig. 4 shows examples of the spectra at the different locations of the spectral 

image. The spectra at the upper part of the figure are from left to right: painted blue color sheet, painted green 

color sheet and glossy yellow color sheet. The spectra at the lower part of the figure are from left to right: glossy 

red color sheet, strawberry and mandarin. 
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Figure 3 . a) Sample as a gray level image, illuminated by the halogen lamp. b) Detected intensity images of the 

sample, illuminated by the synthesized lights, which correspond to the 4 color filters. 
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5. DISCUSSION 
We presented a prototype of the spectral vision system, which can be used to measure a color spectrum and tw(~ 

dimensional spectral images. The data obtained by our method is small and therefore convenient for storing and 

transmitting spectral images. There are still some open questions in our system to be investigated, for example the 

choice of the color filter set, possible system noise, near singularity of the inverse matrix and the size of the light 

area to be illuminated. The main result of this paper is a prototype of the spectral vision system, which can be 

developed further to be more accurate in its color representation. The optical system can be used to calculate the 

optical inner product, and the. refore this system can be used in various optical pattern recognition tasks, in which 

the algorithm contains the inner product calculation. 
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Abstract 

Low-dimensional subspace constructed by learning algorithms is optically 

implemented as optimized broad-band filter functions. Two types of the 

system will be presented: (1) active-type system or spectral synthesizer in 

which spectral intensity of illuminating light is controlled by an optical system 

including a liquid crystal spatial light modulator (LCSLM), (2) passive type 

system in which rewritable filters having spectral transmittances of the 

optimized filter functions are implemented by a device coupled of an LCSLM 

and a linear variable filter. Experiments of spectral estimation of a color image 

with four filter functions optimized by Munsell color database will be shown. 

Introduction 

Spectral image analysis has recently been progressed more and more. It is used in many 

fields of science and engineering fo.r machine vision, telemedicine, agrobiology, art painting 

reproductiou~ and so on. Spectral images can be obtained, for example, with a CCD camera 
through narrow-band interference filtersl, an acousto-optical tunable filte~, a liquid crystal 

tunable filtef, a prism-grating-prism based line cameraf, or Fourier-transform-based methods . 

In these multispectral methods, spectral images are measured precisely for each wavelength 

range. In any case, however, huge multi-images have to be taken serially. Any a kind of 

scanning mechanism is required. After multi-spectral image data are acquired, necessary 

information will be extracted by analyiical or statistical methods. 

Most of the multispectral image analysis is finally used to distinguish the obj ect under 

pertinent rules or criteria and is not necessary to know low data of spectral distribution. In 

many cases, statistical characteristics of the objective spectral database can be known 

experientially in advance. If we can construct a subspace which reflects spectral 
characteristics of the object and implemented by something like a set of small number of filters, 

only inner products bctween filter functions and the object spectrum will give important 

information which is enough to classify of parametalize the object in expected spectral bands. 

Parallel and fast data acquisition become possible if the number of filters are few enough. Our 

final goal is to establish such an intelligent eye. 
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　㎞this　paper，we　want　to　introduce（1）a　subspace　method　and痘lter　opt㎞ization　method　to

reduce　degree　ofmultiplexofspectral　dataoftheM㎜se11colordatabase，（2）㎞plementation
offiker　flmctions，and（3）spectral　estimation　ofo句ects　bythe　propose（l　system．

Designofbroad－ba皿dco置ormters

　v¢ctor　subspace　method　based　on　p血cipal　compohent　analysis6is　one　ofthe　promised　way

to　reduce　degree　ofmultiplex　ofspectral　data。A　spect㎜is　expanded　on　a　low－dimensional

subspace　spamed　by　orthogonalized　basis　ftmcdons　calculated　ftom　a　correlation　matrix　ofthe

database　containing　o句ective　color　samples先8．In　our　previous　work，color　spectra　measured

丘omMunsellbookofcolorgcanberepresentedaccuratelyby3－8basisvectorsproducedbythe
subspace　method．Due　to　the　orthogonality　of　basis　vectors，however，they　contain　both

positive　and　negative　elements。It　is　di伍cult　to　implemサntthese　v㏄tors　in　optical　components

d三rect1》へ　On　the　other　hand，filter　f㎞ctions　w1践ch　contain　o血y　positive　elements　can　be

designedbyanoptimizati・ntec㎞iquel曜usingan㎜supervisedne貰alnetw・rkinstead・fa
subspace　method．The　neural　network　ch熔ters　color　spectra　in　a　database　into　some　discrete

number　ofgroups．

　　　A食er　leaming，the　vectors　corresponding　to　the　centers　ofthe　clusters　are　used　as　coIor

filter　fhnctions．　Four　color　filter　set　was　desig鉄ed　over　the血supervised　neural　network　fbr

dle　database　of1269　雑unse11spec血・　The　number　of　color　負1te！3　is　detennined　by出e

requked　accuracy　in　each　application。Theoretically，the　more　filters　are　used，the　more

accurate　the　spectral　estimation　becomes．　In　practice，hlcrease　in　the　number　of　fiIters　does

not　always　lead　experimenta11yto　improvethe　estimatio羅accuracジ亀13　The　opt㎞al　numberof

飢ters　was　dete血ned　experimentally12．　It　is　also㎞por㎞t　what　kind　ofdatabase　we　should

use　fbrfilterdesign．Thedatabase　ofthe1269Munsell　spectracoversthe　colorspa㏄widel》㌧
and　we　consider　thatthe　fi童ter　set　desig蹴ed　fbr　the　da』tabase　can　be　used　to　est㎞ate　not　only　the

Munsell　spectra　but　also　spectra　of　natural　o句ects。17Therefbre，we　used　the　database　of　the

1269MunseH　spec柱a．Note　that　if　spectra　ofo句ects　whose　colors　cover　a　narrower　color

space　are　est㎞ated，廿1e　unsupervised　neural　ne伽ork　should　be　re甑ne（1藪｝r　other　database

wh｝ch　covers　the　corresponding　color　space　hlstead　ofthe　MunseII　database。It　is　easy　to

retrainnew　mters　by出e　u】㎎upelvised　ne皿al　network

　　Figure　l　shows　a　set　ofthe　fbur　filter　f㎞ctions　wh孟ch　we　used．The　fi豆ter　fhnction（a）is

almost　average　curve　ofthe　database　ofthe1269Munsell　spec往a．Each　filter血mction　of（b）

to（d）has、a　gentle　peak　in　a　dif驚rent　wavelength　range．It　means　that　each　filter㎞ction　is

independentofeachotheL㎞ordertoobtain㎞erproductsbetweenaspectrumofano句ect
and　designed　broad－band　color　filter　fimctions　optical1》㌧there　are　two　ways　as　is　shown　in　Fig。

2：（a）active航）e　an（1（う）passive碗）e．　hl　the　active碗）e，intensi取images　of　an　o域ect

illuminatedbysynthesized盤g益tshavingspec惚ofdesigned丘lter㎞ctions膿takenwitha
CCD　camera．18－20This　metkod　is　usefヒl　fbr　indoor　measurement　such　as　micrographs，but　it　is

not　easy　to　apply　it　to　measuring　samples　illuminated　by　an　arbitrary　light　source　such　as　the

sunlight　inoutdoormeasurement．h　such　acase，apassivetype　shown　inFig．2（b）is　required．

In　this　method，intensity　images　ofano句ect　are　taken　thlou幽broad－band　filters　corresponding

to　the　designed　filter　fhnctions．In　this　papeちwe　introduce　how　to㎞plement（1）spectral

synthesizer　fbr　activeりpe　system　and（2）rew点table　transparent　fikers　fbr　passive　t》pe　system．

Spectral　estimationresultswillbe　shownfbrtkepassive一りΦe　sys重em。

　　The　set　of　color　filter㎞ctions　is簸on－or出ogonal　and血e　spec回est㎞ation　is　done　by

using　apseudoinverse　matdx：
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where s is a spectrum of an object and W is the matrix of the color filter set. In optical 

implementation, the inner products WTS are determined experirnentally 

Active-type system --- spectral synthesizer 

In the active-type system, an obj ect to be observed is illuninated by the light which has a 

spectral characteristics of the color filter Wi. Then the detected intensity of the sample 
corresponds to the inner product Wi Ts. To synthesize the light corresponding to the color filter, 

we constructed the optical setup for the spectral synthesizer shown in Fig.3. The white-light 

source is a halogen lamp. The light is introduced to a slit by a fiber light guide, which is mixed 

in the figure and then is reflected by a mirror and is incident on a coneave grating. On the 

dispersion plane there are a rectangular window, a cylindrical lens, and a liquid-crystal panel. 

The transmittance of the LC panel along the wavelength axis is controlled by a computer through 

a monochrome image board and an LC driver. The light passing through the LC panel is finally 

mixed by the second concave grating. Mixed light from the second grating is directed to the 

measuring plane by a mirror. 

In our experiments we controlled the speetral intensity of the synthesized light from 400nm to 

700um. Transmittance pattems eorresponding to the four filter'functions in Fig. I are written on 

the LC panel. These pattems were programmed one by one to the LC panel, and the output 

spectra were measured by the CCD camera with 3 1 narrow-band filters. Figure 4 shows the 

results of the measurements of the spectra of the synthesized lights compared with that of the 

designed light. The solid curves are the designed filter set multiplied by the light-source 

spectrurn and the dotted curves are the measured output spectra which this light source is used. 

It can be seen that the system can synthesize the illumination corresponding to each color filter 

with sufficient accuraey. 

Passive-type system --- rewritable broadband transparent filter 

In the passive-type system, intensity images of an object are taken through broad-band filters 

corresponding to the designed filter functions. An experimental setup for a proposed 

rewritable broad-band color filter system is shown in Fig. 5. An intensity image of an object 

illuminated by a white light source is taken with a CCD camera through a filter part. The filter 

part consists of an LC panel and a linear variable filter (LVF), and both components were 

attached together. The LVF is a kind of interference filter in which the central wavelength of 

transmitting light varies 400 to 700 nm linearly depending on the position of the plate. A 

spatial filter pattern which eorresponds to a designed color filter function is written on the LC 

panel along the wavelength axis of the LVF. The key device of this system, that is, the 

combined filter part of the LVF and the LC panel was mounted on a linear stage placed right in 

front of the lens aperture of the CCD camera. The combined filter part was set as close as 

possible to the lens. The wavelength axis of the LVF is parallel to the moving direction ofthe 

linear stage. 

A spatial filter pattern which corresponds to a designed color filter fimction was written on 

the LC panel. The filter system was operated to implement four filter functions. The 

resultant intensities through the filter system were taken with the CCD camera through 3 1 

narrow-band filters ranging 400 to 700 um at 10-nm intervals. Figure 6 shows the 
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experimental results. Solid lines are the normalized spectral intensity of the light through the 

implemented filters. Dashed lines are the normalized expected curves which are the products 

between the four color filter fimctions in Fig. I and the spectral intensity of the white light 

source. Implemented spectral intensities almost coincided with expected ones. 

To evaluate the accuracy of this system, we calculated three error pararneters, which are 

norm errors, CIE xy errors, and AE* values for CIE L*a*b* errors. Averaged norm error, 

averaged CIE xy error and averaged l¥ E* value of four filters were also calculated and shown 

at the bottom ofTable I . The maximum AE* value is below 5.0 and averaged AE* value is 

below 2.5. The results show that the proposed filter system works well as a broad-band color 

filter and the implemented color filters have sufficient accuracy. 

Table I Comparison of the norm error, the CIExy error, and the CIE L*a*b* error for four 

samples for the expected filters and the spectral intensities of the light through the 

implemented filters. 

norm CIE xy CIE L*a*b* 

Sample 

Number 

Error p(x) 

p(y) 

o(x) 

o(y) 

Ax 

Ay 

Error p(L*) 

p(a* ) 

p(b. *) 

o(L*) 

o(a*) 

o(b*) 

A L* 

A a* 

A b* 

Error ( A E*) 

l
 

2
 

3
 

4
 

Average 

4.38 

5.55 

4.23 

7.29 

5.36 

0.3275 

0.4092 

0.2629 

0.4134 

0.3815 

0.4832 

0.4136 

0.3923 

0.3319 

0.4091 

0.2634 

0.4158 

0.3820 

0.4759 

0.4259 

0.3857 

0.0044 0.0023 55.68 

0.0001 -17.17 
19.85 

0.0005 O OO 1 5 54.00 

0.0025 -37.80 
12.53 

0.0005 O 0039 57.40 

0.0073 - 1 8.95 
46.04 

0.0 1 23 O 0095 52.66 

0.0066 l0.43 
27.35 

0.0043 

55.63 

-15.84 

20.39 

54.15 

-38.22 

13.11 

57.23 

- 

44.2 l 

5 1 .80 

l 5 .OO 

27.40 

0.05 

l .33 

0.54 

0.15 

O .42 

0.58 

0.17 

l .69 

1 .83 

0.86 

4.57 

0.05 

l .44 

0.73 

2.49 

4.65 

2.33 

- 9 -



Spectral estimation by the passive･type system 

The proposed system was applied to estimate spectra of natural objects in a two-
dimensional image. Experiments of spectral estimation were done for the active- and passive 

system. Here only a result of the passive-system to observe an image of grasses under sunlight 

illumination is shown. To monitor the spectrum of the sunligh~ reflected light of a standard 

white board of BaS04 Which was placed near the object scene was measured by spectral 

radiometer. 

Figure 7 shows four intensity images of the scene, which were taken through the four 

implemented color filters, respectively From a set of the four intensity images, a spectrum in 

the two-dimensional image was .estimated for each pixel on the wavelength range of 400 to 700 

um at I O-nm intervals using a pseudoinverse matrix in Eq. (1). The estimated spectrurn in the 

two-dimensional image was compared with that measured by the conventional multispectral 

imaging method. For this purpose, 3 1 intensity images ofthe test scene were taken through 3 1 

narrow-band filters ranging 400 to 700 um at I O-nm intervals under the transparent condition of 

the system where all the input level to the LC panel was set to 255. 

Figure 8 shows four results of the spectra at different locations in the scene. Dashed 

curves are estimated spectra from a set of the four intensity images obtained in the proposed 

system, and solid eurves are spectra measured by the multispectral method with 3 1 narrow-band 

filters. 

In these results, shapes of the estimated spectral are correlated to those obtained by the 

multispectral method. However, we were faced with problems that the estimated spectra 

fiuctuated widely and had unreasonable negative elements in some parts. The problem is 

considered to be caused by calculation of the pseudoinverse matrk applied to the optically 

calculated inner products. The inverse matrix in Eq. (1) sometimes becomes near singular, 

then a very small error between the optically calculated imer product and the expected inner 

product causes large estimation errors. 

Conclusions 

We proposed low-dimensional multispectral image analyzing system with optimized broad-

band filters which were implemented as the active-type and passive-type systems. The 

proposed filter system implemented color filters with expected accuracy. However, we cannot 

say that the spectral estimation was done with sufficient accuracy. We consider that the error 

for spectral estimation was caused by the calculation of a pseudoinverse matrix to the inner 

product optically obtained. One possibility to overcome the problem is to apply basis vectors 

designed by subspace method to our optical system. In this case positive and negative parts of 

inner products have to be taken separately and difference of two inner products should be 

calculatedl4 

But our final goal is not for spectral estimation but for intelligent classification of spectra as 

described in the first chapter. Intelligent classifer requires to obtain inner produpts between 

filter functions and the object spectrum accurately. The experiments seems to satisfy this 

condition. The shape of filter fimctions or sensitivity of the photoreceptors of the intelligent 

eye can be changed according to our purposes by selecting spectr.al database. 
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Fig. 7. Four intensity images taken through the four implemented color filters. 
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皿y　S剛d醐㎝ofanぬ【aloolorsamplecan㎏騨n観bya

頭of㎞P燃b㈹b醐oo1α租け㎞㎝sandlhe
騨蝋㎝ofa蜘a】h町蜘a鳳㎞age丞贈α1
㎞㎎k出c懲er卸；㏄鵬廊ofaHq“idα卿1脚囲盤εhtmα！ul衡

（LCSUゆ㎝dabnear舳ble租賃（LW）甑h（xlt㎎紬砥丁紅e蜘

㎞ageofasa町）Ie楓aken棚1elheoomb血α！device（LCSLMandL〉F）

おmo煽㎎j鳳in㎞tof曲lens卿of㎞m㎝㏄hromeCC1》
cam（皿F㎜廿1e（㎞㎞ty　k【㎎es（x脚d血g　to　t五e㎞er

螂，宙eoo1αr卿of出e㎜pb職融紀d面㎎ap瓢一
do血w…鵬n血The（協ob⑳ed㎞曲趾蜘9P灘蛤Gnly　fbur

m㎝od㎞me血㎎e賦臨Oαuvenient飯曲薩㎎and舳㎜it巨㎎the

蜘k㎎亀糀田SOゆ趾磁曲瞬mtDO面OQrm㎝m㎝tun甜
曲ゆt搬舳漉α肱伽麟e貸回剛魯・f棚㎏ac・1・r騨・

tmma丘dtw⑩mensiαna1蜘醜esa詣e騨

1．　㎜ODUCTION
S蜘1㎞age　analysisisb㏄oming　mo憩e㎞por囲inthe丘eld　of

envimnmental　mon㎞dn＆12th口s　the　n㏄d　of　outdoor　mea膿一

mentis㎞c嚇g　Speαmofnatul囲oolorsampIes　such　as　leaves

Imda帥cul賦証pmd幡㎞esmoo山曲pew1亘chs霞onglyoo卜

鵡㎞each面e【亀4S醐血励面onof甜chano切eα㎝be

e麟dbya誠ofbmad・bandcoIor釦ter㎞αions，90霊tα粗be

卿劇edbya甑of㎞erp鵬sb獣enthe蜘磁s・
励面on・fthe醐戯a曲he，oolor伍te聡o・噸n血1gt・dle

bK綴伽［oolor丘1にr蝕KガOIls．

　SUb職mαh（xi5曲ich蛤㎞on臨x御on眺b㏄n

SU㏄醐y岬b即鯉舳e騨雌あ面・nwi血漁W
ofb凶sve（詫Ols　expertmcn面1y氏7Howeve勾dueto廿1e　orthogona1－

i妙o価eeigenveαo凪由eco嘩皿d血gcolor飢te薦醐y

＊Co卿onden（カ：E－ma辻k翻ゆech．面talna－u．acjp；

　　　　　　Tヒ1ephone＆Fax：＋8148名58－3459こ

con面n　ne脚ve　e星emen鱈and　camot　be㎞P星emen麺ed　in　optical．

c・mp・ne贈血σ巳ン翫曲・翻et泌．8四繍d繭帥・fa

lowく五men証o副b㎜d－bandoolor伽r戯面㎎theunsuper剛

舳㎝組nαwo！kT紅eoolor肋600n面nonlyp面伽eelemen魑

andαmbe血㏄皿yusedinqpdα猛㎞plemen励on

　Thαe　a！℃榊o　w町s　to　ob㎞㎞er　p團ud除be伽een出e堪c一

回d㎞）ution　of　a　sanΨ正e　and　bK渤d伽d　color　f皿t（コr㎞ctions．

One騨h鱈basedona蜘syn｛h醜rmαhodwhichαm
be　used　to1盛e血tensity㎞ges　ofa　sanψ星e　iHu伽塾ed　by　syn血e一

甑dHεh鱈co噸ndingto徴e蜘d㎜αe圃α30fthe
oo星or皿te蕊G79魅me血od雌use飼fbr血doorm制emenちbut

it　is　d皿α11t　to　appIy　it　fbr　me棚ng　samples　illuminated　by　Im

紐b重㎜yゆtsou鵬雌ke伍e皿Ano由erapPPoach“oねke
㎞ens重す㎞ges　of　a　sample　t㎞ugk　optica星nan脚nt　b㎜（1－

band　oolor五重te鱈　Ooτ脚ond血9応o　the　b姻一band　color　且lter

魚nσ匠oas。This　methodおs噂le　and（2n　be　used　fbr　outdoor

mea鷲me鑓t　But　ac繊11X　it　is　di伍㎝lt　to　make　optiα掻卿r。

ent　b1て〕ad－ban（i　oolor創teIs　whose　Uansl1廿血g　wavelength　can　be

lew面enco邸pondingtothedesignedb㎜d－bandcolor租ter
血nctions．

　R㏄endysome　methods　of職al　e甜madQnus㎞gb頚oad－band

錐te偲have　been　pK）pose（11ひ！4Howeve馬α塾ese　bmad－ban（H聾te熔

蹴RGB－type　or　Gaussian一鯉pe　k1曲ape　and“1e　t聡nsmit血1g

wavelen蜜hs　ale　fixed．Tllese㎞d　ofbmadもand且lters　can　not　be

usedfbrourmeth（x正

　T≧）oveI℃01ne畦血P【obleτ馬血征豆s　pape鶏～vc　p【opose　a　nc、v

sys〔em　to㎞plem㎝t爬w嬢able　optiα罎瞬n重bmad－band

oolor　fU蓮錨．鞭apP盤ed雌s蝉em　to　aα1曲e　a　color脚nm

andtwαdhnenslon紐騨圃hnages。

2．　COLOR　F嚢LTER　FUNCTIONS

Wヒ㍑d出ebmad舳・doolor倒terset、舳posidvee蓋eIne漉

d㏄ignedby01e皿馴peMsedneumh・e“vo鵡・wl豆chda訟嘘of

the1269MunseH15脚rawas　used　h柚e　leamhlg口眠．数1d猛s

朗ywe圃血e飢terset・f魚皿飢te聡・η1ede副edd㏄ωpd・11、

of証1e　color且Iter　desigll　can　be長）㎜d血Ref8．
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Figure 1. Broad-bandcolorfilterset . 

allel to the movingdir~ionof the linear sta~e. Spatial filterpatem 

oonespondingtothebroad!band colorfilterfilnaionwaswrit~en 

on the rc~panel along to the wavelengll axis of tbe LW. Both 

components were attached each other and mounted on a luear 

stage. The shutterof the monochrome CCD~me!a is qpened for a 

periodwhiletheoombined(levice(LCSLMandLVE) is moving 

just in fiont ofthe lens aperture of the monochrome CCD~mela 

Inthis system~ we can make any color filters only by changing the 

input pattem on the LCSIJM~ 

Filter N0.1 Flter N0.2 0.4 >0.4 :
~
 ,,, 

c .3 e
 ~ 
10 G.2 
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~ e･1 
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:~ 

Figure I shows the colorfilter setusedin this study. The color 

filter set is non~rthogoltal and the ~~trum s' is reconstructed by 

using a pseudoinverse matrix: 

s' = W(WTW)~lWTs , (1) 

where W is the color fflter set and W(WTW)~1 is known In the 

opP'cal irnplementatiol~ the inner products WTS bctween the color 

filterset W and the sample's ~trum s canbe detennined opti-

cany. 
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3 EXPERIMENTS AND RESULTS 
3.1 Broad-band filter system 

Figure 2 shows an experimentai setup for an opticai transparent 

broad-band filter sv. stelrL In this experixnen~ the sv_ stem was tested 

in a darkroom An intensity irnage of a sample illuntinated by a 

white light source is takenby a monochrome CCD~mera thlOugh 

a filter palt The filter part consists of a liquid crystal spatial light 

modulator (LCSLM) and a linear variable filter (IJVF). The LVF is 

a kind of interference filter whose transmitting wavelength is line-

ariyvaried fiom 400nm to 700nmdependiugon the position par-

Sarrple LVF LCSLM 

S
t
a
g
e
l
 

Wlite ught Source 

Figure 2. Experimental setup for indoor measurement 

4OO 50e 60o 7OO 
Wavebngth bm] 

Figure 3. Expelinlental results. Solid lines are tbe expoted 

filter funaions and dashed lines are the optically irtplemalJed 

filters. 

To investigate the validity of this sy. stem, the intensity im-

ages for the spectral distribution were measured through 3 l 

narrow band interference filters from 400nm to 700nm at 

lOnm intervals, In this experiments, a standard white board of 

BaS04 illuminated by a halogen lamp was observed through 

the proposed filter sv_ stem. The average intensity inside the 

window of 10 x 10 pixels was calculated to obtain the spectral 

distribution. Figure 3 shows the experimental results. Solid 

lines are the expected filter functions which is the product 

between the four filter functions and a light source spectrun~ 

and dashed lines are the spectral distributions of the optically 

implemented filters. Both distributions almost coincide within 

average error of 5.4~/.. 

3.2 Spectrum reconstruction (Ihdoor measurement) 

We applied this system to reconstruct q~tral irnages. Real worid 

objec~ Ivhich is a stralVberry, a kamquat (a fillit like an orange) and 

four color sheets (blue, greerL yellow, red) were used: as test sam-

ples in one irnage. The test samples were set in darkroom and 

illuntinated bv. the halogen lamp. The intensity irnages ofthe sam-

ple through the oolor filter set of four filters were obtained by the 

monocluome CCD~mela From the four intensity images. the 

- 5 --
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㎞96．（a）B星ue　coloτ曲eet（b）G聯R　oolor　sheet（c）Red　oolor由eet

（d）Stla贈】簿．

　Fmmtheob臨ediburint姻1y㎞agest㎞uεh｛heplPPo蜘

fbur血織｛he脚㎞agesweI駅co醜臓dsameasSec－

don32，and曲oo㎎d幟h伍e脚aob伽edbythemono－
chmmo　CCD伽ela　wi出31㎜w－band　in緬㎝ce蝕αs．

Both　d㎞ibu錘ons　were（鰍ded句each藍幽寧ou1㏄ゆ

Fi即6曲ows由・oの町）1銘・f聯飢雌㎜tl㏄ぬ6ns・f

the㈱㎞agαFig6（a）お｛he騨nmofano㎜gem頒gold

pet母an（i　Fig。6（b）蛤血e蜘ofa畑且oweL　Sohd㎞es　a爬

themea賦d脚awith31㎜w－band血er色懸ce飾e鳳and

伽hed㎞es蹴the㎜醜u髄ed蜘肋mfburin毫en舘y㎞一
ages　obta血ed　by　the　pmpo蜘sy鏡enエ
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a
）

（
b
）

3．3Sp㏄tnlmrecon舘ruction（Outdoormeas皿ement）

Ihthene殴e聯丘me風鴨apPHα！曲騨emtooutdoormα熔一

騰me飢mde櫓mHεht遡um㎞do瓜Anexper㎞㎝姻卿P蝕
outdoorm㈹ement蛤showninFig5．Someplan的wid1且oweお

遡皿血atedby軸帥twe爬usedassampleshlone㎞agolhthis

e姻r㎞賦thesunH帥t覇mm幡monitoredwhiledle1nten一

吻㎞9㏄ofthesampl㏄we爬ob曲α！1㎞ugh血e飾ur租te偲by

thepoDposed騨e肌丁赴e蜘di面budonofa舳dw1畑
㎞ofBaSO4whichwas　semearthe　samples　was　mea膿d　by

覇m面omeにLThem蹴d覇mmwasusedfbr脚mm
㎝ns㎞σ巨on。

　Because　itねkes　about20s㏄onds　both　to　m猷the　s田壷幽

鋼1umbythe騨m舳ometer　f致》m400nm　to700m、alld　to

ob⑳鉛肛血te面ty㎞ag㏄ofa㎜がeby出epm圃sy飢e雌

血ee聯血・㎝thavet・㎏d・newhile血e㎜ゆ㎞e面取d螂

notc㎞郎畿1倣允r209ec・n也舗theexpe貞ment幡donein
day㎞e　under　clear糊出（コr輌dlout　a　c豆oud　and　a血d．
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F申℃6　The聯at出e（眠紀nt　Iocations　of出e騨

㎞age，（a）anorangemarigoldpeta1（b）ared且ower

4．　D夏SαJSSION　AND　CONCLUSI　ONS

We　proposed廿1e　opdc謡transparent　broad－band飾er　system

w1廿chαm　be　used　to　estimate　a　color　sp㏄tmm　and　two－

dimensional　sp㏄t謡images．The　proposed　systeIn　could　be

realizedbyusing征1eco111binationof山eLCSLMalld出eLVF．

The　t㎜smi廿an㏄of　the　fiker　fbnct孟on　of　t1並s　system　can　be

rewri従en　afbl剛y　only　by　cllang舜ng　the　Input　pattem　on“1e

LCSLM．

一86一一一



　InSec丘on2，webde且yexplaine（1thecolor創もer魚no巨ons

we　used　and　how　to就onstm（オ事pe（畑（五sαibu丘ons．In　Sec・

哲on3．10ur　expe点mental　setup職inαodu㏄d．We　inves巨一　3．

gated重he　vali亟ty　of　this　syste皿The鯵cむ面di面bu亘on　of

血e盤1tensiす㎞ge血ou帥血e　proposed五1ter　sy鎌em　a㎞ost

coinddαi幅htheexpected飼terf㎞面ons．Tkea㎜cyof　4．
this　systemis　compalable　tQtheミpecむ闇synthesizersystem　kl

Ref9．h　Secdon3．2，we　applied　this　system　fbr　a　real　world

o切eαltorecon叙mα聯σはalimages丘omob面nedfburlnten－　5．

sity　i㎜ges　using　a　pseudohwe㈱ma甑．h1面s　exper㎞enち

the　system　was　tested　in　dafkroom　and　the　samples　were　illu－　　6．

minatedby　the　halogen㎞p．The　acqu廊d　specαa　were　com－

pared　to重he即㏄tm　measured　by　tぬe　monoc㎞）me　CCD－

camela輌th31㎜ow－b㎜d 丘1te欝，丁巨espec飴ob重ainedby

the　both　method　co錨elated　we1監．This鵬ults　show　that血e　　7。

spe（泊runl　of翻world　otject　color　can　be祀consαucte（l　by

our剛stem．In　Section』3．3，血is　system　was　app星ied　to　outdoor

measurementunders｛mhghtmumina丘o几lh面smeasuremenち

the　sun！ight叩㏄tRlm　was　monitored　by　spec趣omdiometer　　8．

andusedfbrspec蜘r㏄on甜ucロon．Thespec副血nages
we「e「ecgnstmcted　same　as　S㏄tion3．2．The　ac亘u並ed　spectm

were　compared　to　the　specUa　measured、by　the　mon㏄hrome

CC工）一canle！a　vdU131na1To～v－band　filters．！Uso㎞血e　case　of

outdoor　measuremenちthe　spectねobtained　by　the　both

me山od　coπelatαlwell．　　　　　　　　　　　　　　　　　　　　　9．

聴αmsay曲toursy鎌emαmbeu蜘under田bi血y曲mi・
舳g　con（五tions　such　as　sunhg虹t　The鶴おa　po面b韮ity蝕d血

sy就emcanbeapP猛edtOremotesen…血9．ln曲pa卿，｛heamount

of　data　obね血ed　fk）m　the創重e血g　pr鰯s　is　olUy長）ur　lnono－

clHて）me　hnages．Itおconvenient盆）r　stor血g　and　tmnsmit血g　the

鵬al血nage．
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Abstract 

We present a prototype of the spectral vi-

sion system that can be used to measure a c()-

lor spectrum and two-dimensional spectral ima-

ges. First we designed a low-dimensional broad 

band color filter set with a constraint of posi-

tive spectral values by a computational tech-

nique based on an unsupervised neural network. 

Then we constructed a compact size optical 
setup for the spectral synthcsizer, which can 

be used to synthesize the light corrcsponding 
to the spectral characteristics of the color fil-

ter. We implemented the color filters optically 

using a liquid crystal spatial light modulator 

(LCSLM). In our experiments we illuminated a 

sample of a real world scene by the synthcsized 

lights and detected the optically calculated in-

ner products by a CCD-camera. The amount of 
data obtained from the filtering process is only 

a few monochrome images, which can be used to 

store and_transmit a spectral image convenient-

ly. From the detected inner product images we 

reconstructed the sample's color spectra using 

a pseudoinverse matrix. We present the exper-

imental results of measuring a spectral image 

by our spectral vision system. 

1. INTRODUCTION 
Recently, the use of spectral imaging has been the 

focus of growing interest in the field of high-quality 

color image analysis. The spectral imaging systems 

have application areas such as remote sensing, en-

vironmental monitoring, material analysis, computer 

vision, digital archives, and industrial quality control. 

The spectral based representation of color avoids the 

problem of metamerism,1 which may exist in the 

human color vision system based three-dimensional 

Address correspondence to Markku Hauta-Kasari: E-mail: 
mhkCcs.joensuu.fi; WWW: http://cs,joensuu.fi/-mhk; Tele-
phone: +358 13 251 Ill; Fax: +358 13 251 3290; 

color vision models. When the spectral imaging sys-

tem is tuned to measure the visible light, then the 

measured image represents a high-quality color ima-

ge, in which every pixel contains a color spectrum. 

To measure spectral images, devices such as a 
CCD-camera with narrow band interference filters,2 

an acoust(>0ptical tunable filter (AOTF),3 Fouri-

er transform based interferometric imaging system,4 

a liquid crystal tunable filter (LCTF)5 or a prism-

grating-prism (PGP) based line scanning camera6 
can be used. Currently there are two basic approaches 

to measure spectral images. One approach is based 

on the acquisition of a two-dimensional image at 
different wavelengths at different times.2,5 Another 

approach is based on the acquisition of line images 

with a simultaneous measurement of spectra at dif-
ferent wavelengths by scanning a camera or an object 

along the spatial axis.6 All these systems produce a 

large amount of data to be stored or transmitted. 

It has been shown that the color spectra can be 

reproduced accurately from a low-dimensional repre-
sentation of spectra.7~9 One approach to compress 

spectra is to have measured spectra and compress 
them by software.ro,ll Another approach is to de-

sign the low-dimensional spectral imaging system so 

that only a few optical color filters are used to acquire 

the optimal component image set for the spectral re-

construction 12-14 The low-dimensional component 

image set can be directly used to store and transmit 

spectral images effectively, and it can be also directly 

used in pattern recognition tasks. 

Recently, we proposed two prototypes of the low-
dimensional spectral imaging system.15,16 The color 

filters in these prototypes are rewritable and the filter 

effect on a sample is produced as follows. The protch 

type presented in this paper is based on the spectral 

synthesizer, which is used to illuminate the object by 

the light, which has the spectral characteristics of the 
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color filter. Another prototypel6 filters the reflecting 

or transmitting light from an object by a combined 
filter part, which consists of a linear variable filter 

(LVF) and a liquid crystal spatial light modulator. 

The paper is organized as follows. In Section 2 we 

briefly review the color filter design from our previous 

study. Then in Section 3 we introduce the experimen-

tal setup for the spectral vision system. In Section 4 

we report the experimental results and in Section 5 

we discuss our results. 

2. COLOR FILTER DESIGN 
The color filter deslgn with a constraint of positive 

spectral values has been under a growing interest re-

cently. The methods for choosing an optimized set 

of a commercially available Kodak Wratten gelatin 

color filter set were proposed in Refs. 17-19 and in 

Refs. 20-23 the positive color filters were designed 

by computational techniques. In Ref. 24 we proposed 

a new computational technique based on an unsu-
pervised neural network to design broad band color 

fllters with a constraint of positive spectral values. 

By our method it is possible to design broad band 
color filters according to an application. Fig. I shows 

the filter set Qf 4 filters used in this study. The fil-

ter set was designed for the color spectra database 

of 1269 samples measured from the Munsell book of 
color .25 

where W is the filter set. In the optical implementa-

tion, W(WTW)-1 is known and the inner products, 
WTs, betwe~n the filter set W and the sample's spec-

trum s are determined experimentally. 

3. SPECTRAL VISION SYSTEM 
The inner products WTS in Eq. (1) between a broad 

band color filter set W and a sample s can be calcu-

lated optically using the liquid crystal panel.12,26 If 

the sample is illuminated by the synthesized light, 

which has the spectral characteristics of the color 

filter Wi , then the detected intensity of the sample 

corresponds to the inner product WiTs. To synthe-

size the light*- corresponding to the colof filter, we 

constructed the optical setup shown in Fig. 2. The 

experimental setup for the spectral vision system is 

shown in Fig. 3. 
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Figure 2. Optical setup for the spectral synthesizer. 
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Figure 1. Filter set of 4 Iearned filters used in pro-

posed spectral vision system. 

The designed color fllter set is non-orthogonal and 

to use it to reconstruct a spectrum s, a pseudoinverse 

matrix can be used: 

~;~;;l 
~~~~l] 

Figure 3. Spectral vision system. 

s' = W(WTW)-lWTs, (1) 

4. EXPERIMENTS 
We acquired the spectral image from a real world 
object by our spectral vision system. As a real world 

scene shown in Fig. 4 we used a setup of a strawberry 

and a mandarin lying on a table in front of a colo-

red panel. We illuminated the sample by 4 synthe-

sized lights corresponding to the color filters shown 

in Fig, I and the reflected intensity images shown in 

Fig. 5 were detected by the CCD-camera. 

From the detected intensity images we reconstruct-

ed the spectral image in the wavelength range from 
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Figure 4. Sample as a real size gray level image, 

illuminated by the halogen lamp. 
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Figure 6. Spectra at two different locations of the 

spectral image. Solid lines correspond to the spec-

tral image measured by CCD-camera with 31 narrow 
band filters and dashed lines correspond to the spec-

tral image measured by the spectral vision system 
using 4 filters. 

No. 3 No. 4 

Figure 5. Detected intensity images of the sample, 

when the sample was illuminated by the synthesized 
lights, which correspond to 4 ~color filters. 

400nm to 700nm at 10nm intervals using the pseu-
doinverse matrix in Eq. (1). To compare the results, 

we measured the same spectral image by the CCD-
camera with 31 narrow band interference filters cove-

ring the wavelength range from 400nm to 700hm, at 

10nm intervals. 

Figure 6 shows two examples of spectra at diffe-

rent locations of the spectral image. The spectrum in 

Figure 6 a) is the spectrum of the glossy yellow color 

sheet and the spectrum of the strawberry is shown in 

Figure 6 b). 

5. DISCUSSION 
We presented a prototype of the spectral vision sys-

tem that can be used to measure a color spectrum 

and two-dimensional spectral images. The rewritable 

broad band color fllters were implemented using the 

LCSLM. We illuminated the sample with synthesized 

light, and therefore our system is limited to indoor 

measurements. The amount of data obtained from 
the filtering process is ~mall and therefore convenient 

for storing and transmitting spectral images. There 

are still soine open questions in our system to be in-

vestigated, for example, the choice of the color filter 

set, possible system noise, near singularity of the in-

verse matrix and the size of the light area to be illu-

minated. The main result of this work is a prototype 

of the spectral vision system, which can be developed 

further to be more accurate in its color representa-

tion. The optical system can be used ~o calculate the~ 

optical inner product, and therefore this system can 

be used in various optical pattern recognition tasks, 

for example in classifiers, where the classification cri-

teria contain the inner product calculation. 
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We propose an optical system to implement rewritable transparent broad-band color filters. The 

filter consists of a linear variable filter and a liquid crystal spatial light modulator in which an 

expected filter function is written. A time-integrated intensity image was taken while the filter 

was passing the lens aperture of a CCD camera. The averaged norm error between the 

implemented and the expected filter functions was about 5.40/0. The system was applied to 

spectral estimation in a two-dimensional color image. 
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1. Introduction 

Color contains important infonnation on materials, and methods for quantification of color 

have been explored. In color researck~ three-dimensional color c.oordinate systems have been 

traditionally used. These systems, however, have a metamerism probleml) in which several 

different spectra result in the same three-dimensional coordinate, On the other han(~ spectra 

which include many components corresponding to each wavelength range are free from the 

metamerism problem, and for this reason accuracy is high. 

Spectral image analysis has recently progressed rapidly, and is now used for maehine vision. 

telemedicme 2) agrobiology 3) art pamtmg reproduction 4~;) and so on. Environmental 

monitoring using remote sensing also has received a great deal of attention,7,8) and requirements 

for outdoor measurement have been increasing. Spectral images can be obtained, for example, 

with a CCD camera through narrow-band interference filters,9) an acousto-optical tunable 

filter,ro) a liquid crystal tunable filter,11) a prism-grating-prism based line camera,12) or Fourier-

transform-based methods,13) In these multispectral methods, spectral images are measured 

precisely for each wavelength range. Whatever technique is used, however, many images 

have to be taken, (lepending on spectral resolution, and copious image data have to be processed 

and stored. 

To compress spectral data, there is a way to design a low-dimensional filter set and obtain 

low-dimensional compressed data that include optimal components for spectral estimation . 

Fortunately, spectral components of natural objects strongly correlate with each other. For this 

reason~ a low-dimensional broad-band filter set instead of a narrow-band filter set is used for 

spectral estimations of natural objects. 

For spectral estimation from low-dimensional data, the vector subspac.e methodl4) or the 
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Wiener method3･5) is used. In the former, based on principal component analysis, a spectrum is 

expanded into a subspace spanned by orthogonalized basis functions calculated from correlation 

matrix of a database containing objective color samples. A spectrunl of an object can be 

represented by a set of inner products between that spectrum and a set of basis functions. 

Parkkinen et al.15) calculated several basis vectors by the subspace method for a spectral 

database containing 1257 samples measured from the Munsell Book of Color.16) These basis 

vectors could describe not only spectra belonging to the database but also those of natural 

objects.17) Instead of implementation of transparent broad-band filters, Jaaskelainen et al.18) 

proposed that lights having the spectra of the basis vectors be synthesized. If the synthesized 

iight illuminates an object, reflected or transmitting light corresponds to an inner product 

between the spectrum of the object and the synthesized light. Hav_ asaka et al. 19) applied the 

spectral synthesizer to micrographs, and estimated transmittance spectra of organs of a mouse 

using seven images of inner products. Hauta-Kasari et al.2c) designed a compact spectral 

synthesizer, and estimated reflectance spectra of fruit in an image using four images of inner 

products. The use of a set of a small number of inner products decreases the amount of data 

considerably. For example, acquiring spectral images ranging 400 to 700 nm at 10 nm 

intervals, only fou~o) to sevenl8.19) images of inner products are required, while 31 images ha~e 

to be measured in conventional multispectral methods. 

There are two ways to obtain inner products optically between a spectrum of an object and 

computationally designed broad-band color filter functions as shown in Fig. I : (a) active type 

and (b) passive type. In the active type, intensity images of an obj ect illurninated by 

synthesized lights having spectra of designed filter functions are taken with a CCD camera.18-20) 

This method is useful for indoor measurement such as micrographs, but it is not easy to apply it 
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to measuring samples illuminated by an arbitrary light source such as the sunlight. For 

outdoor measurement, the passive type shown in Fig. I (b) is required; in this method, intensity 

images of an object are taken through broad-band filters corresponding to the designed filter 

f unctions. 

There are some kinds of optical broad-band color filters, such as comrnercial gelatin broad-

band filters,21,22) a broad-band type liquid crystal tunable filter,23) and a kind of broad-band filters 

using dichroic mirrors.24) Gelatin filters containing a mixture of some kinds of dyes, and a 

combination of some commercial gelatin filters may realize the filters we want. Transmitting 

wavelengths of gelatin filters, however, are fixed, and it is impossible to rewrite filter functions 

flexibly. Other broad-band color filters mentioned above also have little flexibility, making it 

difficult for them to satisfy our present requirements. 

To overcome these problems, we propose a new system to implement rewritable transparent 

broad-band color filters. The system rs the passrve type shown m Frg I (b) and spectral 

transmittance can be changed arbitrarily corresponding to computationally designed filter 

functions. 

The paper is organized as follows: In Section 2 we briefly explain how to prepare broad-

band color filter functions and how to estimate spectra. The main topic of this paper is 

experiments implementing rewritable broad-band color filters in Sections 3 , and 4.1. Spectral 

estimation was done as described in Section 4.2. In Section 5 we give conclusions. 

2. Broad band Color Filter Functrons 

Low-dimensional basis vectors designed 

expansion have been successfully used 

by 

to 

subs pace 

estimate 

method 

original 

based on Karhunen-L0~ve 

spectra.15'17-19) Due to the 
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orthogonality of basis vectors, however, they contain both positive and negative elements and 

cannot be implemented in optical components directly. Two methods can be considered to 

implement such basis vectors in optical components: ( I ) multiplying and adding constant 

values to the basis vectors in order to make every element positive,lg.19) and (2) making two 

filters for positive and negative elements for each filter function and taking their inner products 

independently and calculating their difference.'~526) This, however, Ieads to more complicated 

filtering systems. 

On the other han~ design of broad-band color filter sets which contain only positive 

elements was proposed by Lenz et al. using optimization of an energy function based on 

second and fourth order statistical moments,27) and by Hauta-Kasari et al. using an 

unsupervised neural network~g) instead of a subspace method. The neural network uses a 

competitive learning algorithm based on the INSTAR algorithm of Grossber~g) which was 

mcorporated by Kohonen's30) self orgamzmg map wrth the wumer take all layer. The neural 

network clusters color spectra in a database into a discrete number of groups. After learning, 

the vectors corresponding to the centers of the clusters are used as color filter functions. 

In our previous work,20) a set of broad-band color filter functions was designed over the 

unsupervised neural network for the database of 1 269 Munsell spectra and it was implemented 

in optical components directly in the active type broad-band filter system. It was used to 

estimate the original spectra of natural objects. In computer simulations> the accuracy of the 

filter set for spectral estimation designed over the unsupervised neural network was comparable 

with that of the basis vector set designed by the subspace metho(12g) 

In this paper we used the same filter set as that in Ref. 20, i.e., a four color filter set was 

designed with the help ofaneural network trained on a database of 1 269 Munsell spectra. The 
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number of color filters is determined by the required accuracy in each applicatron. 

Theoretical]y, the larger the nurnber of filters used, the more accurate the spectral est{mation 

becomes. On the other hand, experimentally, increase in the number offilters does not alw'ays 

lead to an improvernent in estimation accuracy.20,2i) The optimal number of filters was 

detennined experimental ly in our previous ¥vork,20) and in this_ paper we used that same number, 

i.e., four. 

Figure 2 shows a set of the four filter functions that we used. Filter function (a) is almost 

the average curve of the database of the 1 269 Munsell spectra. Each filter funetion of (b) to 

(d) has a gentle peak in a different wavelength range, meaning that eaeh function is 

independent. 

The set of color filter functions is non-orthogonal and the spectral estimation is done using a 

pseudoinverse matrix: 

s' = W(WTW)-1 W'rs , - 1) 

where W is the matrix ofthe color filter set and W(wTW)~~Itakes known quantities. In optical 

implementation, the inner product WTS between the color filter set W and the spectrum of an 

object s corresponds to a set of intensity values at a pixel in a set of intensity images of the 

object through the color filter set. 

The inverse matrix in Eq. (1) sometimes becomes nearly singular,2v.31) then a very small error 

between the optically calculated inner product and the expected inner product can cause large 

estimation errors. To decrease the ef~ect of this near singularitv. , a regularization technique 

based on truncated singular value decomposition (SVD) was used. 

3. Experimental Setup 
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An experimental setup for a proposed rewritable broad-band color filter system is shown in 

Fig. 3. An intensity image of an object illuminated by a vvhite light source is taken with a 

monochrome CCD camera (SONY XC-7_~, 768x494 pixels) through a filter. The filter 

consists of a liquid crystal spatial light modulator (LCSLM) (SHARP LQ323Y11 model LC-

projector) and a linear variable flter (LVF) (SCHOTT VERIL S60 type), the two components 

being attached. The LVF is a kind of interference filter measuring 60mm X 25mm in which 

the central wavelength of transmitting light varies 400 to 700 nm linearly depending on the long 

side position as shown in Fig. 4, and the transmittance is almost uniform in every wavelength 

range. The liquid-crystal (LC) panel used as a spatial light modulator was that taken from a 

commercial LC-projector. The screen size of the LC panel was 44.5mm X 61.7mm with 234 

x 3 82 pixels, and the panel was of the active matrix type with thin-film transistors (TFT). A 

spatial filter pattern that corresponds to a designed color filter function was written on the LC 

panel along the wavelength axis of the LVF. The key device of this system, that is, the 

combined filter of the LVF and the LC panel was mounted on a linear stage placed right in front 

of the lens aperture of the CCD camera. The combined filter was set as close as possible to 

the lens, and the wavelength axis of the LVF was parallel to the moving direction ofthe linear 

stage. 

Figure 5 shows a block diagram of the control system for the rewritable broad-band color 

filter system with the nlunbers in operating order. The following numbers correspond to the 

operating order in Fig, 5 . An input pattern that corresponds to a designed color filter function 

is written on the LC panel. The transmittance of the panel is control]ed by the computer 

through a monochrome image board ( I ) and an LC driver (2). The combined filter mounted 

on a linear stage ismoved at a constant speed. The linear stage is controlled by the computer 
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through an I/O board (3) and a linear stage driver (4). The combined filter passes the lens 

aperture of the CCD camera while the shutter of the camera is opened; consequently, a time-

intvgrated intensity image is acquired. The trigger-signal is sent to the shutter of the camera 

by the linear stage driver (5, 6), and the intensity image obtained is stored in the computer 

through a vision freezer (7) and a monochrome image board (8). In this system, only one 

monochrome image board was used both to control the LC panel and to take images. The 

linear stage is moved back to the start position, and the same procedure is repeated with the 

other filter functions. The speed of the linear stage was 50rnm/s and the exposure time was 2 

seconds. Intensity in each pixel corresponds to the inner product WjTs, where Wi is the i-th 

filter function in the color filter set and s is the spectrum ofthe object. 

Input pattems on the LC panel were determined as follows: Two fixed positions on the 

panel which correspond to the transmitting central wavelength of 400 nm and 700 um on the 

LVF ~¥'ere determined as shown in Fig. 6. The LC panel having 234 x 382 pixels was 

controlled by the image board with 5 1 2 x 640 pixels, and the positions of the LC panel were 

assigned , by the pixel number of the image board. In this c.ase, the pixel numbers 

corresponding to the transmitting central wavelength of 400 nm and 700 nm were 97 and 540, 

respectively. A designed color filter function was written on the LC panel between the 

positions of 400 nm and 700 nm by 256-step video signal, and otherwise were at the O Ievel. 

The input level of the direction perpendicular to the wavelength axis was kept constant. 

4. Expenmental Results and Drscussron 

4. I Optica! J,nplementation of Broad-band Color F'ilters 

We first did experiments to implement broad-band color filters. A standard whrte board of 
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BaS04 Was placed on the object plane and it was illuminated by a white light source The 

purpose of this experiment was j ust to compare the measured spectra with expected filter 

functions. Therefore, any kind of white light source having a smoothly varying spectral 

distnbutron could have been used. In this experiment we used a halogen lamp. In order to 

measure spectral intensity of the lamp, 3 1 intensity images of the standard white board were 

taken through 3 1 narrow-band filters ranging 400 to 700 nm at I O-nm intervals. The spectral 

intensity was determined by averaging the intensity inside the window of I O X I O pixels. 

Figure 7 shows the spectral intensity of the white light source through the standard white board 

measured with a CCD camera with narrow-band interference filters. Low intensities in the 

wavelength range near 400 nm and 650 to 700 nm in Fig. 7 are caused by the low sensitivity of 

the CCD camera and the low transmittance of the infrared-cut filter attached to the camera. 

To know the spectral intensity of the light that passes through the proposed filter system, we 

conducted the following experiments: A spatial filter pattern that corresponds to a designed 

color filter function was written on the LC panel. The filter system was operated in order to 

implement four filter functions in Fig, 2. The resultant intensities through the filter system 

were taken with the CCD camera through 3 1 narrow-band filters ranging 400 to 700 nm at I O-

nm intervals, 

Figure 8 shows the experimental results. Solid lines are the normalized spectral intensity of 

the light through the implemented filters. Dotted lines are the normalized expected filter 

functions that are the products bctween the four color filter functions in Fig. 2 and the spectral 

intensity ofthe white light source in Fig. 7. Implemented spectral intensities almost coincided 

with those expected. 

To evaluate the accuracy of this system, we calculated norm errors defined in the following 
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equatron: 

norm error (o/o) s 11 P(). ) - O(~) 11 x loo 

(P(400) O(400))2 +(P(410) O(410)) +.......+(P(700)-O(700))2 xIOO (2) 

where P( ~ ) is the nonnalized expected filter t'unction and O( ~ ) is the normalized spectral 

intensity of the light through the implemented filters depending on the wavelength I . 

Calculated results are shown in Table I . Averaged norm error was about 5.40/0. The results 

show that the proposed filter system works well and the implemented color filters have 

sufflcient accuracv. 

4. 2 Spectra/ Estimation 

The proposed system was applied to estimate spectra of natural ob_jects in a two-dimensional 

image. In an object scene to bc examined, test samples were selected from objects whose 

colors covered the color space widely: a strawbeny and a kumquat (a kind of orange) which 

were placed in front of four colored panels of, Ieft to right, painted blue, painted green, glossy 

2c) yellow, and glossy red. The four colored panels were the same as used in our previous study. 

A gray-level image of the object scene is shown in Fig, 9 which was taken in the proposed 

system under a transparent condition where the input level to the LC panel was set to 255. 

The size of the image is 24 1 x 271 pixels. In Fig, 9, we recognize noisy patterns on the 

strawheny in which arrays of specularly reflected spots appear, They are diffraction pattems 

induced by electrodes whose structure is a matrix on the LC panel. 

Figure I O shows four intensity images of the scene, which we.re taken in our system through 

the four implemented color filters, respectively. From a set of the four intensity images, a 

spectrum in the two-dimensional image was estimated for each pixel on the wavelength range 

of 400 to 700 nm at lO-um intervals using a pseudoinverse matrix in Eq, (1). The estimated 
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spectrum in the two-dimensional image was compared with that measured by the conventional 

multispectral imaging method. For this purpose, 3 1 intensity images of the test scene were 

taken through 3 1 narrow-band filters ranging 400 to 700 nm at I O-nm intervals under the 

transparent condition ofthe system where the overall input level to the LC panel was set to 255. 

Figure 1 1 shows six results ofthe spectra at different locations in the scene. Solid lines are 

estimated spectra from a set of the four intensity images obtained in the proposed system, and 

dotted lines are spectra measured by the multispectral method with 3 1 narrow-band filters. 

The upper three graphs show, Iefi to right, the results of the painted blue panel, the painted 

green panel, and the glossy yellow panel. The lower three graphs show, Iefi to right, the 

glossy red panel, the strawbeny, and the kumquat. 

In the estimated spectra, peak wavelengths almost coincide with those obtained by the 

multispectral method. However, the estimated spectra fluctuated widely and had unreasonable 

negative elements in some parts. Errors are believed to be caused by the problem of near 

singularity that was discussed in our previous work.20) 

In this spectral estimation using a set of lo¥v-dimensional intensity images, the amount of 

data that we handle decreases considerably. Therefore, the processing of copious image data 

is not required. The method is also convenient for storing and transmitting the spectral image. 

5. Conclusions 

We proposed a rewritable transparent broad-band color filter system. The sv_ stem realizes 

optical broad-band color filters whose transmitting wavelengths are rewritten arbitrarily. The 

accuracy of the spectral intensity of the li_ght through the implemented filters bv_ this system was 

the same or higher than that of the spectral intensity of synthesized lights which were 
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implemented by the spectral synthesizer in Ref. 20. 

The proposed filter system implemented color filters with sufflcient accuracy, although we 

cannot say that the results of the spectral estimation in Section 4.2 gave us satisfaction. We 

believe that the error for spectral estimation was caused by the calculation of a pseudoinverse 

matrix that includes the problem of near singularity. One possibility to overcome the problem 

could be use of the Wiener method3･5) for spectral estimation. 

There are more suitable applications of the proposed system, for example, intelligent spectral 

classification and spectral based parameter estimation.32) For these applications, a precise 

spectral estimate is not alwa_vs required. We can easily understand that the system is a kind of 

intelligent eye that has many types of photoreceptors. The spectral sensitivity of the 

photoreceptors can be changed according to our purposes, In this case, a spectral database for 

filter design should be selected according to objective color samples. It is easy to calculate 

new filters by the unsupervised neural network. 
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Fig. 1 1. Six results ofthe spectra at different locations in the scene. Solid 

lines: the estimated spectra from four intensity images obtained in the proposed 

system. Dotted lines: the measured spectra with 3 1 narrow-band filters. 
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Table I . Norm errors over four samples for the normalized expected filters and the norrnalized 

spectral intensities of the light through the implemented filters. 

Sampie num.ber Norm error (o/o) 

Average 5 . 3 6 
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