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中文摘要 
 

隨著無線區域網路的普及，影響了人們對無線網路服務與應用的需求，其中位置衍

生(location-based)的服務與應用是最為重要的網路服務之一。在本計畫中，我們分別設

計了(1)定位技術(2)位置閘道器(3)地理位置資訊 (4)位置追踪服務等四個模組來提供位

置追踪服務應用系統。所開發的系統具有相容性、擴充性、模組化及不限使用環境的特

性。 
 

 
關鍵詞：無線區域網路、位置閘道器、位置追踪服務 
 
 
Abstract 
 

With the development of Wireless Local Area Networks (WLANs), people are interested 
in developing the location-based services for WLAN users. In this project, we design and 
integrate a location-based service system with four modules: location determination 
technologies, location gateway, geographic location provisioning and location tracking 
service, to provide a location tracking service and application. This system has the ability of 
compatibility, extensibility, module, and unlimited circumstance. 
 
Keywords: Wireless local area networks, Location gateway, Location tracking service 



 III

目錄 
 

一、前言……………………………………………………………………1 
二、研究目的………………………………………………………………1 
三、文獻探討………………………………………………………………2 
四、研究方法………………………………………………………………3 
五、結果與討論……………………………………………………………7 
六、參考文獻……………………………………………………………...12 
附件一 
附件二 
附件三 
附件四 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 

一、前言 
 

隨著無線網路的發展及手持式設備成本的降低，不論是機場、學校、咖啡店、速食

店等公共場所亦或是個人的家中都有採用無線網路，如此普及的無線區域網路也促使了

中小型的設備，如筆記型電腦、個人數位助理器、手機，甚至是資訊家電等都具備無線

網路傳輸功能。尤其是小型的手持式設備，可以讓使用者攜帶在身邊隨時使用而不受限

制的在任何場所、地點及時間。正由於其可移動、方便攜帶及無線上網的特性，衍生出

許多的應用，如旅遊資訊導覽[1]、行車導航[2]及路況資訊的提供、緊急救援服務[3]等，

而這麼多應用服務(application services)的開發其背後均需要位置資訊的提供才能完成該

服務，然而所提供的位置資訊是否正確，精確度是否適合，都會影響著應用程式的服務

品質及正確性。因此，位置資訊的研究便成了開發以位置資訊為導向(Location-based 
Services)應用程式的重要技術。 

在提供位置資訊技術的研究方面，已有不少的研究結果可供參考，然而這些技術都

有其適用的範及使用限制，例如全球衛星定位技術(Global Positioning System) [4, 5]，是

在行動裝置上加裝接收器來達成高定位精確度，而其最大的缺點在於室內的環境中無法

接收到訊號，而喪失定位功能；反之，也有只適用於室內的定位技術，如訊號特徵(signal 
fingerprinting)[6]定位方法，須事先在室內環境內量測訊號特徵值，並儲存於資料庫中，

但在室外環境下，由於量測區域龐大，此一定位方法就顯得不適用。除了上述兩種定位

系統外，尚有 DV-Hop[7]、質心定位法[8]、可移動參考點[9]、訊號到達基地台的夾角

(Angle of Arrival, AOA) )[10,11]、訊號到達基地台的時間差(Time Difference of Arrival, 
TDOA)[10,11]、輔助全球衛星定位系統(Assisted-GPS) [12, 13]、細胞識別定位系統等，

這些常見的方法將在文獻探討中加以詳細說明。因此，由上述可知發展一個可用於室內

及室外的定位技術是一個值得深入探討的研究課題。 
另外，要發展一個適合室內及室外的定位技術要考慮的因素很多，影響定位系統準

確度的變因也很多，想要將這樣的系統設計得完善是很不容易，以目前所有已經提出的

定位技術中並沒有這樣的定位系統。所以，本計畫將考量各種定位技術、優缺點及其限

制條件後，開發新的定位技術，來達成能在室內及室內環境下都具有定位功能的系統，

並以此定位系統為基礎實作一個位置資訊為導向的應用程式，以驗證理論的可行性，及

分析實際定位系統的準確度。 
 
 
二、研究目的 
 

定位技術的重要性已成為無線網路研究的重要項目之一，以目前定位技術的發展狀

況，使用者在不同的環境下，所能使用的定位技術也有所不同，這是由於定位技術的適

用範圍及其精確度的影響所致。然而這樣的差異對於開發位置資訊為導向應用程式的人

員會造成很大的困擾，需要額外的花費來偵測目前使用者環境的是否變化，程式開發的

複雜度也因此大大的升高。若程式開發者要求使用者自行設定其所在的環境，則會造成

使用者的不便，使用者必須明確知道其所在的環境，當其變換了所處的環境就要更動設

定。因此，為了降低開發位置資訊為導向應用程式的複雜度及提升使用者的便利性，發

展出適用於室內及室外的定位系統是必要的。本計畫的目標在發展一個適用於室內及室

外的定位系統。 
然而直接發展一個適用於室內及室外的定位系統困難度及系統複雜度非常的高，因

此，利用適當的決策模組來整合現有的室內及室外的定位技術是一個有彈性且具模組化 

的可行方法。具有彈性的優點是在於可以整合各種定位系統，或開發出新的定位技術後

可以加以替換而不需更動已開發完成的應用程式及定位系統。具有模組化的優點是能讓
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程式開發者專注於應用程式的領域來發展所需的位置資訊為導向應用程式，而不必再額

外考慮使用者所在的環境，有助於降低位置資訊為導向應用程式發展的複雜度及困難

度，也可讓專門研究定位技術的人員，針對其專長設計或改良出較好的室內或室外的定

位方法後，就可輕易的合併、替換或整合到此定位系統內。 
然而在整合室內及室外的定位技術中，對於定位技術的切換時機及無接縫切換的問

題必需加以探討，因為若是切換時機不對或切換而造成長時間的延遲，都會造成位置資

訊的誤差、延遲(delay)或中斷。因此，定位技術的切換時機與無接縫切換的問題也是我

們在發展整合室內及室外的定位系統必需加以考量的重要因素。 
綜合上述的各項因素，我們在本計畫中發展出一個整合室內及室外的無接縫定位系

統，並以此系統為基礎，再建立所需的地理資訊系統，如此便可發展成一個位置追踪服

務的應用系統，實作此位置追踪服務的應用系統所產生雛型系統可提供將來研究位置資

訊為導向的服務來參考。 
 
 

三、文獻探討 
 

目前已有多種的定位技術及其應用被提出來，我們將其簡單分成三大類，分述如下： 
1. 自行定位系統(Self-positioning system)：行動裝置能透過接收來自特定裝置所發送出

來的位置相關訊號，自行收集、處理後可獲得自身的位置資訊。 
 DV-Hop[7]：利用計算從開始的節點至目的節點的 Hop 數目，並收集參考點的

位置資訊，來估計節點的位置。 
 質心定位法[8]：利用參考點的涵蓋區域重疊的特性，若使用者在某一涵蓋的重

疊區域內，則計算此區域的質心位置來當成使用者的位置。 
 全球衛星定位系統(Global Positioning System, GPS)[4, 5]：利用環繞地球的 24

顆衛星，將衛星精確的速度、高度、經度、緯度傳送到使用者的全球衛星定位

系統接收器，然後再由手機自行計算自己的位置。 
 可移動參考點[9]：利用數個可移動且週期性散佈其位置資訊的參考點，使用者

可以收集參考點的位置並加以分析，以獲得使用者的位置資訊。 
2. 遠端定位系統(Remote positioning system)：在網路設備中加裝特別的無線電頻率功

能的裝置，經由測量訊號來源的方向或訊號來源的時間差。這此的量測資訊由中央

伺服器負責收集，並計算出位置資訊。 
 訊號到達基地台的夾角(Angle of Arrival, AOA)[10, 11]：基地台需額外建置一個

能辨別訊號送至基地台時的角度的天線，利用使用者與其所有相臨的基地台的

訊號夾角，再利用三角測量來獲得使用者的位置資訊。 
 訊號到達基地台的時間差(Time Difference of Arrival, TDOA)[10,11]：基地台需

額外建置一個設備，它能辨別訊號送至基地台時的時間差，利用使用者與其所

有相臨的基地台的訊號時間差，來獲得使用者的位置資訊。 
3. 間接定位系統(Indirect positioning system)：此定位系統是整合自行定位系統與遠端

定位系統。欲定位的裝置先自行量測訊號資料，然後再將訊號資料送至遠端定位系

統。遠端定位系統收集這些量測的訊號資料及處理位置資訊的偏差值，便能計算出

位置資訊。 
 輔助全球衛星定位系統(Assisted-GPS) [12, 13]：方法頪似全球衛星定位系統，但

在網路端加入一個位置修正伺服器。因為衛星傳送的資訊會因為地表空氣的折射

干擾而產生誤差，故透過此位置修正伺服器將所計算出的位置資訊加以修正，以

獲得較精確的位置資訊，並節省手機的電力消耗。 
 訊號特徵(signal fingerprinting)[6]定位技術，利用已存在的網路架構，事先量測訊
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號強度的特徵值，並分析儲存至資料庫中，啟動此定位後，使用者只需傳回其目

前所接收到的訊號特徵給位置伺服器，位置伺服器便能依據事先定義的規則從資

料庫中取出其所對映的位置資訊。最著名的應用即為利用無線網路來定位的

RARDAR[14]系統。 
 細胞識別定位系統：利用基地台發出個別的識別記號(Cell ID)，根據使用者接收

到不同的識別記號群組，並透過網路的中央位置伺服器來決定其所在的位置，例

如以細胞格為主的定位方法(cell-based position method)[15, 16]。 
 
  在愈來愈多的研究定位的方法被提出來，提升了定位系統的準確度，有了適當的定

位系統，便可以發展位置衍生的服務與應用： 如 Active Badge[17]的辦公室人員電話轉

接系統，每個人員配帶一個小型的發射器，每個發射器能發出一個唯一的識別碼，在辦

公室內裝設適當的接收器，來判別使用者目前所在的地點，當有電話進來時，若人不在

坐位上，便可以此系統找到人員所在位置，並將電話轉接到距其最近的話機，以方便人

員接聽；利用無線電訊號強度的特性所發展的定位系統，如：RADAR[14]、SpotON[18]，
其中 RADAR 是應用在二維平面的室內定位，而 SpotON[18]則可用在三維平面的室內定

位；Cricket[19]定位系統是在室內的適當位置放置超音波發射器，使用者端安裝接收器，

使用者就能根據所接收到不同的超音波發射器所發出的資料來決定位置資訊；同樣採用

超音波發射器及接收器的原理，也發展出智慧家庭的居家老人追踪系統[20]，以監控其

是否需要即時的照顧或是協助；旅遊導覽系統[1]的應用，則是讓遊客手持一個具有網路

存取功能的數位助理器，將遊客目前所在位置周圍的特殊景點顯示在數位助理器上供遊

客參考，可以再點選選項以提供詳細解說。 
 
 
四、研究方法 
 

本計畫將整合已發展的定位系統、位置閘道器及地理資訊系統來發展位置追踪服

務，基本架構如圖一所示，共可分為四個主要的模組，(1)定位技術(Location Determination 
Technologies) (2)位置閘道器(Location Gateway) (3)地理位置資訊(Geographic Location 
Provisioning)(4)位置追踪服務 (Location tracking service)，各區塊內基本功能概述如下： 
1. 定位技術(Location Determination Technologies)模組：負責接收位置資訊的需求，並根

據位置閘道器的協助來決定所需啟動的定位技術，並參考資料庫內所存之無線網路存

取器(Access point)的位置資訊及網路環境來計算位置資訊，並回傳其結果。而本模組

內包含室內定位技術子模組與室外定位技術子模組，透過此二子模組的運作可以使此

定位技術模組能應用在各種不同的環境。 
2. 位置閘道器(Location Gateway)模組：負責接收位置追踪服務的位置要求(location 

request)並轉送給定位技術模組。在轉送位置要求前會先啟動一個決策子模組，它會根

據網路系統的狀況及使用者的裝置來通知定位技術模組所需的適當定位技術，當定位

技術模組回傳位置資訊後，本模組會將此結果回傳給位置追踪服務模組。 
3. 地理位置資訊(Geographic Location Provisioning)模組：提供位置追踪模組所須之地理

位置資訊，如地圖、座標、相對位置或經緯度等資訊。 
4. 位置追踪服務 (Location tracking service)模組：在行動裝置上開發位置追踪服務應用

程式，向位置閘道器提出位置資訊之需求，取得後再依位置資訊向地理位置資訊模組

取得對應的地理位置資訊。 
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圖一：本計畫基本架構圖 

 

本計畫根據所提之計畫書內容逐步完成上述各模組，並加以整合各模組之功能，完

成位置追踪服務的應用系統，本系統架構的優點如下： 
1. 本架構的模組化設計，讓各種不同功能的模組能獨立開發互不干擾，使得研發人員可

以專心針對特定的模組研究，而所開發的模組之間又能相互溝通傳遞訊息，協力完成

定位目標。 
2. 位置閘道器內的決策子模組能根據位置追踪服務所提供的有限資訊來決定使用者目

前所在的環境，讓使用者不必理會其所在環境都能獲得其位置資訊。 
3. 定位技術模組包含有室內及室外的定位技術，使得本系統能在大部分的環境下正常運

作。另外，藉由位置閘道器的協助，本模組可以輕易加入各種已開發或新開發的定位

技術而不會影響整個系統的運作，相容及擴充性頗高。 
本系統整合地理位置資訊，所呈現的位置資訊可讀性高，配合使用者的程式介面，

讓位置追踪的操作更便利。 
 
本計畫之系統開發將針對(1)定位技術(Location Determination Technologies) (2)位置

閘道器(Location Gateway) (3)地理位置資訊(Geographic Location Provisioning)(4)位置追

踪服務等四個模組的開發分別說明如下： 
1. 定位技術模組：本模組包含四種定位技術 

(1) 我們針對以細胞格為主的定位方法(cell-based positioning method)[15,16]研究、分析

及改進，將訊號重疊的區域與面積的質心理論相結合，原本的定位精確度以訊號

重疊區域的表示方式，改由該區域的質心來表示(如圖二所示)，並探討精確度的變

化及系統的效能。另外，將原本集中式細胞格為主定位方法（位置資訊傳至位置

伺服器處理）經由我們設計的訊框格式(beacon frame)夾帶位置訊息的方式，使得

每個使用者可以利用本身的裝置，藉由簡單的數學運算即可自行定位，完成分散

式的定位技術。然而，由於多階訊號強度的特性在細胞格為主的定位方法下可以

提升定位的準確度(如圖三所示)，因此我們也在本模組內加以考量； 
(2) 權重式多角定位(multilateration) [21]的方法，分成兩個階段：第一階段是以節點的

DV-hop的方式計算出初始的位置;第二階段則利用節點的鄰居位置與距離，反覆地

更新與交換資訊，並根據資訊的可靠程度給予不同權重來進行多角定位； 

 地理位置 

資訊系統 

Location data 

Location request 
Latitude 
Longitude 

Subscriber 
information

Map data 
changes

Location request 

位置追踪 

服務 

定位技術 
 室內定位 
 室外定位

位置閘道器 
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(3) 訊號特徵(signal fingerprinting)定位方法，是根據訊號在不同的位置會有不同的訊

號強度，因此藉由事先量測訊號強度並記錄在資料庫中，便可利用訊號比對的方

式來完成定位； 
(4) 全球衛星定位系統(Global Positioning System)是利用環繞地球的24顆人造衛發射

其位置訊號，使用者接收此訊號並加以處理便能獲得其位置資訊。 
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圖二：(a)重疊區域(b)轉換成質心的表示方式 

 

 
圖三：多階訊號強度所形成之區域 
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2. 位置閘道器模組：本模組主要的功能是整合不同性質定位方法，利用我們所設計的一

個決策子模組，它會根據現行網路的環境及使用者的裝置來通知定位技術模組所需的

適當定位技術，當定位技術模組回傳位置資訊後，本模組會將此結果回傳給位置追踪

服務模組。 
在此我們先討論兩種常見的定位方式來實做整合，一個是室外的全球衛星定位(GPS)
技術；另一個則是室內的訊號特徵(signal fingerprinting)定位技術，這是因為室外的全

球衛星定位(GPS)技術，若使用在室內的環境下會完全失效，反之，室內的訊號特徵

定位技術若使用在室外會因為沒有事先建立資料庫來比對而失效，藉由這兩個較特殊

的定位技術來驗證系統的靈敏度及準確度。也因此，我們將提供一個無接縫的位置換

手模式，使得當使用者所在的位置(室內或室外)改變時，系統能作適當的轉換並讓使

用者不會感覺有任何異狀，即系統不因環境的改變而使其定位應用程式中斷服務。無

接縫換手(seamless handoff)定位系統整體架構如圖四所示。 
此系統是一個主從式(client-server)的架構，每個部分由數個模組所組成，在客戶端

(client)的主要工作：(1)進行環境的偵測及收集有關的位置訊息，並將此位置訊息送至

伺服端(server)；(2)將使用者的位置呈現在網頁上。而伺服端(server)的主要工作也有兩

項：(1)將客戶端送來的位置訊息配合定位的技術來估計使用者目前所在的位置，並將

此位置資訊儲存在資料庫中；(2)查詢資料庫來取得使用者的位置資料，並將其回傳給

使用者，讓使用者端能以網頁的方式呈現位置資訊。 
3. 地理位置資訊模組：本模組內容為地理位置的資訊，我們將實作環境下的地圖資訊（交

通大學校園地形圖）以經緯度均分的方式將其切割成數個小區域圖，並分別儲存在資

料庫中，當位置追踪服務模獲得其位置資訊（室內參考位置或室外的經緯度資料）後，

便以此向地理位置資訊模組要求適當的地圖資訊，並以網頁的方式呈現地圖結合使用

者位置。 
4. 位置追踪服務模組：使用者透過網路存取的方式與位置追踪服務模組溝通，以取得位

置追踪服務。使用者依其權限成功的登入本模組後，管理者權限的使用者可以進入監

控畫面，監控(追踪)本系統上所有使用者的位置資訊，而一般權限的使用者僅能看到

個人位置資訊的畫面。所有的畫面呈現都會根據使用者的位置改變來動態的調整使用

者目前所在的位置。 
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圖四：整合室內及室外的無接縫換手(seamless handoff)定位系統之架構圖。 

 

 

五、結果與討論(含結論與建議) 
 

本年度計畫所完成的工作項目除了根據所提之計畫書內容逐步整合各模組之功

能，完成位置追踪服務的應用系統外，也持續針對定位的方法加以研究、改進，我們觀

察出多階訊號強度的特性應用在細胞格為主的定位方法下可以提升定位的準確度，因此

我們作了相關的研究（如表一及表二）。根據模擬的結果顯示（表一），多階訊號強度

在 10% (20%)的參考點損壞情況下, 平均位置估計誤差只有 11.92%R (18.48%R)，其中 R
為參考點訊號涵蓋範圍的半徑。另外，多階訊號強度在 20%的訊框遺失率情況下, 平均

位置估計誤差只有 10.65%R（請參考表二）。 
 

表一：在不同比率的參考點損壞情況下，平均位置誤差 
參考點損壞率 無法定位 平均位置誤差 

0% (Optimal) 0 5.869%R 
1% 2 6.425%R 
5% 66 8.769%R 
10% 280 11.917%R 
20% 1310 18.482%R 

*R 是參考點的訊號涵蓋範圍的半徑 
 



8 

表二：在不同的訊框遺失率下，平均位置誤差 
訊框遺失率 平均位置誤差 

0% (Optimal) 5.869%R 
1% 6.092%R 
5% 6.99%R 
10% 8.161%R 
20% 10.65%R 

*R 是參考點的訊號涵蓋範圍的半徑 
 
實作位置追踪服務的應用系統其顯示介面如圖五～十所示。圖五是位置追踪服務系

統主畫面，當管理者登入本系統後，就可以看到此一畫面（系統設定登入後顯示室內的

人員追踪），可由左方的選項選擇位置資訊的呈現（如圖六所示）亦或是室外位置資訊

的呈現（如圖七所示）。其中室外的定位呈現方式是將大地圖按其經緯度分割，不會因

為大地圖的關係而造成人員追踪時無法適時的反應其位置變化的結果。 
另外，我們將此實作的系統搭配特殊設計的自走車及系館所提供的網路監控影像，

除了可以達成位置追踪的功能外，也可以利用自走車移動至指定的地點並傳回影像。此

特殊設計的自走車是結合無線網路模組[22]、無線攝影機模組、RS232/UART 轉換介面

模組以及 8051 單晶片自走車。我們利用 C 語言和 C++寫作 Socket 網路程式，在無線網

路模組與監控者間建立伺服器端(Server)與使用者端(Client)的連線。而 8051 單晶片是利

用組合語言來直接控制自走車的行進。藉由整合這兩者的功能，使得監控者能夠遠端遙

控自走車，並透過無線網路即時回傳現在環境影像給監控者。 
圖八是利用交通大學工程三館四樓之網路攝影機所監控的畫面。而圖九是我們特殊

設計的自走車實物，該自走車與使用者連線後，配合使用者介面的控制便可以直接利用

無線網路加以控制其行進方向（前進、左轉及右轉），亦可同時傳回自走車前方影像，

傳回之即時影像監控畫面如圖十所示。 
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圖五：系統主畫面 

 
 

 
圖六：室內位置資訊的呈現 
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圖七：室外位置資訊的呈現 

 
 

 
圖八：交通大學工程三館四樓網路攝影機之監控畫面 
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圖九  無線監控自走車實物 

 
 

 
圖十：即時影像監控畫面 

 
 

無線網路攝影機 RS232/UART 轉換介面 
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Abstract

Wireless local area networks (WLAN) and General Packet Ratio Service (GPRS) networks are two of the most widely used wireless

network systems. In this paper, we propose a mobility support for mobile host roaming between WLAN and GPRS networks. In addition, a

handoff decision model is presented to reduce the latency of the handoff procedure. The experimental results, including throughput, packet

delay and handoff latency are given to show the performance of our approach.

q 2005 Published by Elsevier B.V.

Keywords: Wireless LAN; GPRS; Seamless hand-off

1. Introduction

Over the past decade, Internet use has exploded with

people gaining rich information from the World Wide Web.

Meanwhile, technology has made wireless devices smaller,

less expensive and more powerful. Wireless networks have

become increasingly popular for accessing the Internet

because they enhance mobility. People can connect to the

Internet and remain on-line while roaming.

Wireless local area networks (WLAN) are the most

widely-used local wireless network system in schools,

offices, airports, etc. Some organizations provide free

WLAN service for their members. Although the data rate

for WLAN can run up to 54 Mbit/s based on the IEEE

802.11a standard, its coverage area, known as its hot spot, is

too small. There is noWLAN service outside of the hot spot.

Thus, users cannot leave the hot spot until all transmissions

are complete. On the other hand, General Packet Ratio

Service (GPRS), based on the GSM system, provides high

mobility and ‘always on’ connectivity for mobile users.

However, the GPRS data rate is only up to 115 Kbit/s, and

the cost of data transmission is much greater than that for

WLANs. Therefore, mobile users like to have the two

systems in their mobile hosts (MH). This lets people use the

WLAN to access the Internet wherever it is available, yet

switch to a GPRS network when they leave the hot spot.

A procedure that enables roaming between GPRS

network and WLAN is known as vertical handoff. In order

to achieve vertical handoff, several issues, such as handoff

decision making, authentication, and mobility management,

have to be addressed.

Some work on handoff decision making for

WLAN/GPRS integrated networks has been reported in

the literature. In [1], the physical layer parameters, such as

received signal strength and signal decay, are used as

decision criteria to trigger the handoff. In [2], they present a

roaming scheme based on the relative bandwidth of WLAN

and GPRS. In addition to physical layer parameters and

network bandwidth, the network conditions, such as user

preference, packet delay and packet loss, may also be the

criteria for handoff decision.

After vertical handoff decision is made, we face the

authentication issue. The authentication for WLAN/GPRS

integrated networks can be divided into two approaches,

SIM-based and WLAN-based. In SIM-based authentication,

the roaming users are authenticated and charged using GSM

Subscriber Identity Module (SIM) [3]. The SIM-based
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authentication works well if the WLAN system is owned by

the GPRS operator. In [4], a WLAN-based authentication is

proposed for the WLAN/GPRS integrated networks in

which WLAN and GPRS networks can be owned by

different service providers or operators. In WLAN-based

authentication approach, an Authentication, Authorization,

and Accounting (AAA) server, which is installed in both

WLAN and GPRS networks, is required.

Next, the mobility management scheme that maintains a

connection’s continuity should be considered during

vertical handoff. Two major theories for mobility support

have been proposed: routing-based approach and pure-end

system approach.

In the routing-based approach, the home network has an

agent responsible for transferring packets between the

correspondent node (CN) and the MH. Mobile IP [5], a

standard of mobility support for IPv4 [6] that was drawn up

by the Internet Engineer Task Force (IETF), is the most

common solution for offering roaming in IP networks. Many

studies [7–9] are based on mobile IP to support the host’s

mobility. This approach does not require modifying the

correspondent nodes or its applications. However, mobile IP

does have some problems. First, an inefficient data flow,

called a triangular routing problem, exists in this kind of

approach. Second, mobile IP may not cooperate with

network address translation (NAT) protocol because the

IP address information was encapsulated in its registration

packet. In [10], a number of network-layer (IP-layer)

handoff optimization techniques, such as fast router

advertisement, fast router caching, and soft handoff, that

can improve handoff performance WLAN/GPRS integrated

networks are proposed. In [11], a UDP tunneling method is

presented to solve the NAT problem for Mobile IP.

In the pure-end system approach, the current TCP/IP

structure should be modified to support host mobility. The

Migrate Internet Mobility Project [12] is one of this studies

proposed by the Laboratory for Computer Science at MIT.

By modifying the transport layer and its applications at the

end users, no agent to transfer the data is needed and better

performance is achieved, compared to the routing-based

approach. Clearly, the pure-end system approach is not

compatible with the current network environment and is

difficult to promote.

The paper applies a routing-based approach to integrate

WLAN and GPRS networks to provide roaming service.

The proposed method can be simply applied to the current

network system without updating hardware or software.

Thus, the method can be promoted easily. The architecture

of our proposed system differs from the standard mobile IP.

We use a virtual network interface card (virtual NIC)

instead of a foreign agent. Since IP address starvation is a

serious problem, NAT protocol [13] is used widely. In order

to inter-operate with NAT, the UDP tunneling method is

applied in this system.

A handoff decision model which is designed to reduce

the packet loss rate and increasing throughput is also

proposed in this paper. By properly setting, both the

threshold and hysteresis, the MH can handoff before leaving

the hot spot, thus avoiding the so-called ping-pong effect. A

pre-handoff mechanism is proposed to place the GPRS in a

ready state before handoff occurs.

The remainder of this paper is organized as follows. In

Section 2, we describe our system architecture, the message

flow chart, and handoff decision model. Section 3 discusses

the implementation and performance of the proposed

method, and a conclusion is given in Section 4.

2. System architecture

In this section, we describe the proposed seamless

service framework including system architecture, the

functionality of each component, and the message sequence

chart of the process.

2.1. Seamless handoff agent and proxy

Note that a host can be reached by other hosts on the

Internet, depending on its IP address. If all hosts are fixed on

the Internet, the packets can be routed to their destinations

by examining the prefix of the destination IP address at each

router. However, this mechanism limits the host’s mobility.

For example, once an MH with a home IP address visits a

foreign network, two problems will occur. One, there is no

node in the home network to deal with packets destined to

the MH. And two, no node in the home network knows

where the MH is. One way to make the MH reachable is to

give the MH a new IP address with the foreign network’s

prefix. However, all previous connections are broken.

In order to provide mobility support for the MH, as

shown Fig. 1, a seamless handoff proxy (SH proxy) server is

added to the home network for forwarding the packets

destined to the MH. In addition, a software agent, called as

seamless handoff agent (SH agent), is installed in the MH

for tunneling mechanism and handoff management.

Now, follows a brief description of the system’s

operation. As shown in Fig. 2, let H address denote the

home IP address of the MH. SH agent binds H address to a

virtual NIC. Note that the MH has two physical NICs, the

WLAN NIC and the GPRS NIC. When MH moves to

WLAN, it receives a new IP address, denoted as W address,

from the foreign network. SH agent binds W address to the

WLAN NIC and registers address pair (H,W) to the SH

proxy. Similarly, when the mobile host moves to the GPRS

network, it registers address pair (H,G) to the SH proxy

where address G represents the new IP address received

from GPRS.

The applications in the MH use H address as the source

address to send the packet. The virtual NIC in the SH agent

accepts the packet and then the SH agent tunnels the packet

to the SH proxy. The SH proxy decapsulates the packet and

transfers it to the CN. If CN has a packet ready to send to
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MH, it uses H address as the destination address. The packet

will be delivered to the home network. The SH proxy

intercepts the packet destined to the H address and checks

the address binding table to see if the MH is connecting to

the WLAN or the GPRS. If the MH is connecting to WLAN,

then the SH proxy tunnels the packet with the W address as

the destination address to MH. After the MH receives the

packet, the SH agent decapsulates the packet and forwards

to the application via the virtual NIC.

In the following, we give a detailed description of the SH

agent and SH proxy.

2.1.1. SH agent

The functions of the SH agent can be divided into five

modules: the virtual NIC, sending module, receiving

module, control module, and user interface. Each module

is a thread independently operating in the system. Fig. 3

depicts the relationships of modules in the SH agent.

Descriptions of the modules are given as follows:

1. The virtual NIC is software that simulates a physical

network adapter. The MH’s home IP address is bound

with this virtual NIC. The connections established by

applications in MH use this virtual adapter to commu-

nicate with other nodes. The existing connections will

not be broken while roaming because the virtual NIC

would never change its IP address.

2. The sending module is responsible for transmitting

packets to the SH proxy. It catches packets from the

virtual NIC sent by applications, and then encapsulates

the packets as payload for new UDP packets (known as

UDP tunneling). Finally, it sends those tunneling packets

to the SH proxy with port number 5150 via physical

network adapters using existing routing rules set by the

control module.

Mobile Host

Application
SH

Agent
SH

Proxy CN

W

G

H

Fig. 2. Brief account of the system operation.

INTERNET

Mobile Host

SH Proxy

CN

GGSN SGSN

BSSVLR HLR Base Station

GPRS Network

Home Network

Mobile Host

WLAN

Access Point

Fig. 1. System architecture.
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3. The receiving module is responsible for receiving

packets from the SH proxy. It receives tunneling packets

with port number 5051 from the SH proxy, and then

performs UDP decapsulation to get original packets.

Finally, it forwards the packets to the virtual NIC; after

that, the packets can be received by the corresponding

application.

4. The control module is responsible to monitor all states of

NICs, to select the working NIC and to execute

corresponding procedures such as registration, handoff,

and pre-handoff procedures. After the SH agent starts

operation, the control module initializes the routing table

and ARP cache. The routing table is modified according

to the NICs’ priority provided by the user. The WLAN or

GPRS NIC is assigned as the working NIC for the

tunneling packet. The control module also keeps an eye

on each NIC’s connection state until the SH agent stops

the service. If the working NIC is disconnected, the

control module should find another connectable NIC to

communicate with the SH proxy. If a NIC with a higher

priority than the current working NIC becomes con-

nectable, the control module should switch to the NIC

with the higher priority. The control module sends

control messages using the UDP channel established by

the receiving module. Thus, the SH proxy can collect

both the IP address and port number from the receiving

channel when the registration request or handoff request

arrives. Even if the IP address or port number is changed

by the NAT gateway, the SH proxy can still get a

routable address to tunnel packets back to the SH agent.

5. Finally, a user interface lets the user assign some system

parameters, such as the SH proxy IP address, home IP

address, priority of each NIC, and so on. The user

interface also shows the states of the system.

To manage all available NICs in MH, we built a table to

record necessary information for each NIC. Each entry in

the table includes the following fields: the NIC’s name,

description, current IP address of the NIC, gateway

information, connection type, priority of the NIC, current

state, and its index in the operating system. Note that the

connection type and priority of the NIC should be provided

by the user; this helps one to adopt a proper handoff policy,

and other information can be collected by the SH agent

itself.

2.1.2. SH proxy

Similarly, functions of the SH proxy can be divided into

four modules as given below and each module is a thread

operating independently in the system (see Fig. 4).

1. The ‘FromSHAgenttoCN’ module receives tunneling

packets from the SH agent, decapsulates those packets,

and sends the original packets to their target CNs.

2. The ‘FromCNtoSHAgent’ module catches packets

destined to the MH that has registered to the SH proxy,

and it also encapsulates these packets and tunnels them

back to the corresponding SH agent.

3. The control module deals with control messages like

registration or handoff requests. It collects necessary

WLAN

GPRS

Virtual NIC

ARP Cache

Routing
Table

Sending
 Module

Receiving
Module

Control
Module

User Interface

APP1 APP2 APP 3

SH
Proxy

CN

SH Agent

Information

Mobile Host

Control  flow

Packet flow

Tunneling

Fig. 3. Modules in SH agent.
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information to update SH agent information, and sends

corresponding messages back to SH agent. The SH proxy

stores information for registered SH agents in a table

called ‘SH agent information’. Each entry in the table

contains the registered SH agent’s Home IP address,

current IP address, and port number. Note that the current

IP address and port number are obtained from the header

of registration request or handoff request by the SH

proxy itself. The packet does not carry this information

in its payload.

4. The system administrator can configure the SH proxy by

user interface, and it also shows internal information like

the states of currently registered SH agents.

2.2. Packet structure

The packet format for the proposed method is introduced

as follows. As shown in Fig. 5, four fields, the type, ID,

code, and flag are defined. The type field gives the

indication of packet types. The packet types and related

information are summarized in Table 1. The ID field

contains the SH agent’s home IP address. We use this field

to identify the source node for the packet. The code field

records the SH proxy’s reply. The default value is zero.

The fourth field is reserved now. Depending on different

packet types, some extension is attached to the packet.

2.3. Handoff decision model

The Handoff Decision Model is designed in the control

modular of the SH agent. The goal of this model is to decide

when to handoff so as to improve system performance. We

assume the following: One, that GPRS is always available

anywhere. And two, if WLAN is available, WLAN is

chosen as the access network, because it has both a higher

data rate and lower cost.

The received signal strength (RSS) of WLAN varies with

many factors, including landforms, obstacles, power

strength of access point, etc. In general, RSS is related to

the distance between the transmitter and the receiver.

Table 1

Packet types

Packet name Type Code Extension

Tunneling packet 0 0 Original packet

Registration request 1 0

Registration reply 2 1Zaccept

2Zreject

MAC address

of gateway

Pre-handoff request 3 0

Pre-handoff reply 4 1

Handoff request 5 0

Handoff reply 6 1

SH agent deregistration 7 0

SH proxy stop 8 1

IDUDP
header

IP header ExtensionType Code Flags

Fig. 5. Packet fields.

SH
Agent

CN

Control  flow
Packet flow

Tunneling

FromSHAgenttoCN
 Module

FromCNtoSHAgent
 Module Module

Control
Module

User Interface

Information

APP

SH Proxy

Fig. 4. Modules in SH proxy.
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According to [20], the following signal propagation model

may hold:

PðrÞZPðr0ÞK10a logðr=r0Þ (1)

where P(r) is signal power, in dbm, received by a given MH

whose distance to the transmitter is r meters; P(r0) is the

signal power at a reference point whose distance to

transmitter is r0; the parameter a called the exponent

value, indicates the rate of path loss.

As shown in Fig. 6, suppose that an MH moves out from

the access point, and if the RSS is lower than threshold Tc,

the MH should perform handoff from WLAN to GPRS. In a

GPRS network, if MH requests to be active, then SGSN

moves the MH from standby to ready state. In ready state,

the MH is attached to GPRS mobility management (GMM)

and thus MH can receive and send data for all relevant

service types. Thus, before the RSS decreases to Tc in the

WLAN, MH should send a request to GPRS for activating.

Otherwise, the MH must wait until SGSN moves it from

standby state to ready state. This causes both longer packet

delay and packet loss.

In our decision model, prior to data transmission handoff

from the WLAN to the GPRS networks, the SH agent sends

a pre-handoff request to the SH proxy via the GPRS

network. This causes the SGSN to move the MH from

standby to ready state. We call this procedure ‘pre-handoff.’

Suppose that (1) when MH reaches point B (see Fig. 6), it

sends a pre-handoff packet, and (2) when MH reaches point

C, a handoff occurs (i.e. the RSS is Tc). The distance Dbc

between points B and C can by determined by:

Dbc Z th!vh

where vh is the moving speed of MH and th is the time for

performing the pre-handoff mechanism. A reference point A

with distance Da to the access point is selected to measure

the RSS in WLAN, say, Ta. One can then estimate the

distance Dc between AP and the point C by applying (1) as

follows.

Dc ZDa10
ð1=10aÞðTaKTcÞ:

Similarly, one can apply (1) to find RSS Tb for the point

B by:

Tb Z Tc C10a logðDc=ðDb KDbcÞÞ

Therefore, when MH is moving and measures the RSS

of AP, if the RSS decreases to Tb, the pre-handoff

request should be sent periodically. This keeps GPRS

NIC and the state of HM in SGSN in a ready state.

When the RSS decreases to Tc, every thing is ready for

handoff. This way, one can reduce both the packet delay

and packet loss.

2.4. Message sequence chart

Below is an example to illustrate all of the message

sequences in this current approach. As shown in Fig. 7, the

IP address of the home network is 140.113.167.0. The two

visited networks are the WLAN network with an address of

Distance
[m]

AP

Use WLAN Network

Border Area

Use GPRS Network

RSS of
WLAN
[dbm]

ABC

MaxTaTbTc0

Fig. 6. Variables in decision model.
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140.113.27.0 and the GPRS network with 211.79.33.0.

All IP addresses for MH are given by the dynamic host

configuration protocol (DHCP) servers. Assume that MH

starts from the GPRS network, moves to the WLAN

network and finally returns to the GPRS network. All

messages in this approach are listed below:

1. When the SH proxy starts service in the home network,

it sends an ARP request to get the gateway’s MAC

address. Then, two UDP channels are opened for the SH

agent. Ports 5150 and 5151 are assigned to receive

tunneling packets and control packets, respectively.

Note that the SH proxy also uses port 5151 to send

tunneling packets back to the SH agent.

2. The MH starts at the GPRS network and its SH agent

sends registration request to the SH proxy. If the SH

proxy accepts the request, it creates a new entry in the

‘SH agent information’ table to record related infor-

mation. The SH proxy then sends proxy ARP to inform

other nodes of the substitution for this MH, and sends

the registration reply to the SH agent.

3. After a successful registration, the application in MH

can communicate to CN. The application uses virtual

NIC to send packets. Thus, the source IP address of the

packets is 140.113.167.*. Next, the sending module of

the SH agent encapsulates the packets into a UDP

tunneling packet with a source IP address of

211.79.33.* and destination port 5150, and sends

Mobile Host

Registration

Tunneling

Pre-Handoff

SH Agent off-line

SH Proxy stop

Application SH Agent
SH Proxy CN

encapsulation

decapsulation

encapsulation

decapsulation

 record data
send proxy ARP

start service

Port 5151

Port 5151

Port 5150

Port 5151

Port 5151

Port 5151

Port 5151

Port 5151

1

2

3

4

5

6

8

10

11

registraton request

registration reply

tunneling packet

tunneling packet

pre-handoff
request

pre-handoff
reply

SP Agent stop

SP Proxy stop

Handoff
 update data

Port 5151

Port 5151

9

handoff request

handoff reply

Handoff
Port 5151

Port 5151

7

handoff request

handoff reply
RSS>T.p

From GPRS to WLAN

RSS < T.p

RSS < T.h
From WLAN to GPRS

Start in GPRS

Mobile host IP :211.79.33.*

Mobile host IP :140.113.24.*

Mobile host IP:211.79.33.*

Repeat 3~6

Repeat 3~6

 Stop Proxy ARP

 update data

Fig. 7. Message sequence chart.
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the tunneling packets to SH proxy via GPRS NIC. After

tunneling packets are received by the SH proxy, the

‘FromSHAgenttoCN’ module decapsulates the packets.

Then, the original packets are transmitted to their

destination using normal routing method.

4. CN receives the packets and transmits them back to the

MH.

5. The SH proxy collects the packets that destined to the

MH. By checking the IP address, the SH proxy finds the

corresponding entry in the ‘SH agent information’ table

and retrieves the current IP address for the MH. The

‘FromCNtoSHAgent’ module encapsulates these pack-

ets with a destination IP address of 211.79.33.* and

sends the tunneling packets to the SH agent via the

established UDP channel.

6. When the tunneling packets arrive at the SH agent, the

receiving module decapsulates these packets and then

delivers them to applications via virtual NIC.

7. If the control module decides to perform a handoff from

GPRS to WLAN, it changes the routing table and sends

a handoff request via WLAN NIC to the SH proxy. This

way, the SH proxy can update the IP address and port

number. After the handoff is complete, the SH agent

uses WLAN network for transmission.

8. When the RSS of WLAN is lower than Tb, the control

module decides to start the pre-handoff mechanism.

Thus, the SH agent sends the per-handoff message to

the SH proxy via GPRS NIC to prepare handoff. The SH

proxy simply returns this message to the sender. Note

that the pre-handoff mechanism is done to change the

MH state in the GPRS network from standby to ready.

9. The control module performs a handoff from WLAN to

GPRS if RSS of WLAN is lower than Tc. After a

successful handoff, the SH agent uses GPRS NIC to

send packets.

10. If the SH agent decides to go off-line, it sends an ‘SH

agent stop’ message to the SH proxy. Then, the

SH proxy removes the entry of the SH agent from

the ‘SH agent information’ table.

11. If the SH proxy wants to stop the service, it sends an

‘SH proxy stop’ message to all registered SH agents.

3. Implementation and evaluation

The following section describes the developing environ-

ment, test bed and performance evaluation for the proposed

system.

3.1. Developing environment

A laptop PC with two physical NICs, an Audiovox RTM

8000 GPRS card and a Lucent Orinoco volt 3.3 802.11b

WLAN card, were used as the MH. An SH agent was

developed in this PC. The operating system in the MH

was Microsoft windows XP professional. We used a desktop

PC as the SH proxy. The operating system in the SH proxy

was NT4.0. The CN was a desktop PC with some endpoint

testing software.

The IP address of the home network was 140.113.167.0.

The SH proxy’s IP address was 140.113.167.205 and the

mobile host’s home address was 140.113.167.242. Two

networks visited were the WLAN network with an address

of 140.113.27.0 and the GPRS network with 211.79.33.0,

respectively. The MH’s IP address in the visiting network

was automatically assigned by the DHCP server. The

operator of the GPRS network was Chunghwa Telecom, is

the largest telecommunications company in Taiwan. Note

that the ready timer of the GPRS mobility management

system expired after the MH idled more than 44 s, and the

transit time from standby to ready was 1–2 s. The CN was at

National Central University, ChungLi City, Taiwan, with an

IP address of 140.115.83.240. The distance between the MH

and CN was 40 km.

3.2. Performance analysis

The following experiment shows the packet delay, the

amount of packet loss caused by handoff latency, and

the benefit of the handoff decision model. In addition,

the compatibility of this approach with existing applications

is examined.

3.2.1. Packet delay

The packet delay of this method is caused mainly by the

tunneling mechanism. Since our method is based on the

routing-based approach, the triangular routing problem

exists. The round trip time (RTT) between the MH and CN

was measured in the experiment. The RTT was composed of

the packet transmitting time between the NH and SH proxy,

the time of performing encapsulation/decapsulation mech-

anism, and the RTT of the connection between the SH proxy

and CN. Both the quality of access network and the CPU

load significantly influences the RTT.

Figs. 8 and 9 show the RTTs of our method from the MH

to CN using the WLAN and GPRS networks, respectively.

When the MH was in the WLAN, the RTT varied from 109

to 1999 ms, with an average RTT of 595 ms. (The one-way

average was 297.5 ms.) When the MH was in the GPRS, the

RTT varied from 992 to 11571 ms, with an average RTT of

2330.7 ms and a one-way average of 1165.4 ms. Compared

to the system without mobility support, the one-way delays

caused by the mobility support mechanism were 280.5 ms

for WLAN and 615.44 ms for GPRS. Table 2 lists the one-

way packet delays for the systems with/without mobility

support.

3.2.2. Handoff latency

Handoff latency is the latency caused by the handoff

procedure. Comparing the handoff latencies between GPRS

and WLAN, the latency for a handoff from a WLAN to
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a GPRS network is longer. This is because (1) the transition

time from standby to ready in GPRS should be considered;

(2) the bandwidth of WLAN is much higher than that of

GPRS, and (3) the handoff procedure via WLAN is faster

than that of GPRS. In the experiment, the MH sent ICMP

echo request messages (ping packets) to the CN every

4096 ms.

Three methods for handoffs from WLAN to GPRS

network are compared below. Method 1 has a handoff

procedure that does not start until the WLAN is unavailable.

In Method 2, if the RSS of the WLAN is lower than a given

threshold, the handoff procedure starts. Method 3, our

proposed method uses a handoff-decision model.

Figs. 10–12 show the average numbers of packets lost for

methods 1, 2 and 3, respectively, during the handoff

procedures. Table 3 summarizes the average number of

packets lost and handoff latencies for three methods. Packet

loss is serious in Method 1 (see Fig. 10), with an average of

3.1818. In stark contrast, however, the average packet loss

for Method 3 was a scant 0.1391. The average handoff

delays for Methods 1–3 were 13032.9, 4542.3 and 570.1 ms,

respectively. Clearly, Method 3, the proposed pre-handoff

method promises far better performance.

3.2.3. Throughput evaluation

The throughput of the system is affected by the network

bandwidth, the performance of the NIC and the MH CPU.

We used ‘Qcheck’ software to generate UDP streams with
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Fig. 10. Average packet lost with no decision model.

Table 2

Packet delays for the systems with and without mobility support

Type System without mobility

support

System with mobility

support

WLAN 10–20 ms 297.5 ms

GPRS 550–600 ms 1165.4 ms
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Fig. 8. RTT in WLAN.
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600 kbps in WLAN and 50 kbps in GPRS. The average

throughput of WLAN was 481.14 kbps, and in GPRS

networks, the average throughput was 16.82 kbps.

3.2.4. Compatibility test

Finally, we tested the compatibility of our system. Most

of the applications worked normally in our system. Due to

the high packet delays in GPRS networks, however, real-

time application such as VoIP, did not work well. We hope

such delays can be reduced in the future.

4. Conclusion

This paper presents a mobility support method to

integrate WLAN and GPRS networks. This approach

contains an SH proxy in a home network and an SH agent

installed in the MH. A handoff decision model is designed to

improve overall performance.

From the operator’s point of view, our approach

reduces the need to modify the existing environment, and

the decision model also reduces the handoff latency from

the WLAN to GPRS networks. Hence, operators can

simply use this approach to provide roaming services for

the integrated networks. From the user’s point of view,

only an SH agent is needed to install in his or her own

mobile equipment, and all existing applications can still

be run.

Looking ahead, developing both a security mechanism

and billing system for integrated WLAN and GPRS

networks might be interesting future work.
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Table 3

Packet loss and handoff latency for methods 1—3

Avg. number of packet loss Handoff latency

Method 1 3.1818 13032.9 ms

Method 2 1.1089 4542.3 ms

Method 3 0.1391 570.1 ms
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11 Abstract

12 This paper considers Web content adaptation with a bandwidth constraint for server-based adaptive Web systems.
13 The problem can be stated as follows: Given a Web page P consisting of n component items d1, d2, . . . ,dn and each of
14 the component items di having Ji versions di1 ; di2 ; . . . ; diJi

, for each component item di select one of its versions to com-
15 pose the Web page such that the fidelity function is maximized subject to the bandwidth constraint. We formulate this
16 problem as a linear multi-choice knapsack problem (LMCKP). This paper transforms the LMCKP into a knapsack
17 problem (KP) and then presents a dynamic programming method to solve the KP. A numerical example illustrates this
18 method and shows its effectiveness.
19 � 2005 Published by Elsevier B.V.

20 Keywords: Content transcoding; Knapsack problem; Dynamic programming

21

221. Introduction

23Over the past decade, Internet use has exploded
24with people gaining rich information from the
25World Wide Web (WWW). With traditional
26wired-line Internet, users can only access the Inter-
27net in fixed places. Recently, however, due to the
28technology explosion in wireless communication
29and portable communication devices, e.g., cellular
30phones, personal digital assistants, and pagers, it
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31 has become possible for people to connect to the
32 Internet and remain on-line while roaming.
33 However, these portable communication de-
34 vices are very different from the typical personal
35 computers (PC). They vary widely in their screen
36 size, resolution, color depth, computing power,
37 and memory. From notebook PCs to cellular
38 phones, the diversity of these devices makes it dif-
39 ficult and expensive to offer contents separately for
40 each type of device. Many generic WWW servers
41 lack the ability to adapt to the greatly varying
42 bandwidths or to the heterogeneity of client de-
43 vices. Therefore, the technologies that adapt the
44 Web content to diverse portable communication
45 devices will become very important in the future.
46 Many content adaptation technologies have
47 been proposed for theWWW [1–10]. These adapta-
48 tion methods can be divided into three categories:
49 client-based, proxy-based and server-based adapta-
50 tions. In client-based adaptations [7], the client
51 transforms the original Web pages to the proper
52 presentation according to its capability. However,
53 this method does not work well for mobile devices
54 because mobile devices have lower computing
55 power. In proxy-based adaptations [4,8,9], the
56 proxy intercepts the requested Web pages, per-
57 forms the adaptation, and then sends the trans-
58 formed content to the client. But this method
59 requires huge calculations when transforming mul-

60ti-media data. In contract, server-based adapta-
61tions [1,5,10] offer key advantages. Specifically,
62the server constructs Web pages in accordance to
63the users� device capabilities and network band-
64widths. Repositing multi-versions of Web pages
65on Web servers in advance not only accelerates re-
66sponse time but also reduces network traffic.
67In this paper, we consider a server-based adap-
68tive Web system as shown Fig. 1. Clients can ac-
69cess the Internet via local area networks (LAN),
70wireless LAN, dial up, or GPRS networks. The
71Web server contains a set of multi-media Web
72pages. A multi-media Web page is composed of a
73number of component items. The clients browse
74Web pages by sending http requests with capabil-
75ity and preference information [11–13] to the
76Web server. The Web server parses the requests
77to learn the capabilities of the clients and probes
78the network to determine the bandwidth of the
79connection. Based on clients� capabilities and the
80bandwidth of the connection, the Web server gen-
81erate an optimal version of the requested Web
82page and returns it to the clients.
83This paper studies how to generate an optimal
84version of a Web page with a bandwidth constraint
85for the server-based adaptive Web system. For-
86mally, the problem, denoted as a Web content
87selection problem, can be stated as follows: Given
88a Web page P consisting of n component items

Fig. 1. An adaptive Web system architecture.
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89 d1, d2, . . . ,dn and each of the component items di
90 having Ji versions di1 ; di2 ; . . . ; diJi

, for each compo-
91 nent item di select one of the versions to compose
92 the Web page such that the fidelity function is max-
93 imized subject to the bandwidth constraint. We for-
94 mulate the Web content selection problem as a
95 linear multi-choice knapsack problem (LMCKP)
96 [14]. This paper transforms the LMCKP into a 0/
97 1 knapsack problem (KP)[15,16]. The 0/1 KP prob-
98 lem is a well-known problem in combinatorial opti-
99 mization. The problem has a large range of
100 applications: capital budgeting, cargo loading, cut-
101 ting stock, and so on. It can be solved by dynamic
102 programming [17,18], branch and bound [19–21],
103 and greedy methods. This paper presents a dy-
104 namic programming method for solving the 0/1
105 KP because dynamic programming can be easily
106 extended to solve parametric LMCKP problem
107 with different resources. This avoids having to
108 solve the problem anew and slashes the computa-
109 tions needed.

110The remainder of this paper is organized as fol-
111lows. In Section 2, we formulate the Web content
112selection problem as an optimization problem.
113Section 3 discusses the solution method, and
114experimental results are given in Section 4.

1152. Statement of the problem

116Consider an adaptive Web server having three
117major modules: content analysis and transcoding,
118capability and preference information (CPI) filter,
119and content selection. The architecture of the adap-
120tive server is based on [1]. Fig. 2 illustrates the con-
121tent adapting process in the adaptive server. In the
122content analysis and transcoding module, the Web
123contents are analyzed and transformed into differ-
124ent versions. They are then organized into a content
125pyramid. The content is prepared in XML, which is
126converted to HTML prior to delivery. If the server
127receives an http request from a client, the CPI filter

CPI Parser

Content Selection

Content
Source

Content Pyramid

Content Analysis
(Text/Image/......)

Rendering  Module
(Rendering to
HTML/WML)

Image

Text

Request with CPI Response

Text Image

v1

v2

v3

... ...

v1

v2

v3

Vn Vm

Bandwidth
Estimator

Objective
Function

Transcoding
Modules

CPI Filter

Content Selection

Content Analysis
and Transcoding

Fig. 2. Server-based content adaptation system architecture.
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128 module processes the capabilities of the request and
129 forwards the results to the content selection mod-
130 ule. The content selection module selects a set of
131 feasible versions from the content pyramid and
132 calls on the bandwidth probing engine [22,23] to
133 find the bottleneck bandwidth between the client
134 and server. With the client�s capabilities and band-
135 width information, the content selection module
136 determines an appropriate version for each compo-
137 nent item. Based on the appropriate versions, the
138 rendering module tailors a style sheet represented
139 by XML style-sheet language (SML), generates
140 an adaptive content and replies to the client.
141 Note that a multi-media Web page is composed
142 of a number of component items. For example, the
143 document shown in Fig. 3 consists of five compo-
144 nent items. These include four image component
145 items and one text component item. Usually, the
146 image component item can be described at multiple
147 resolutions, called versions. The versions can be
148 transformed from raw data at different resolutions.
149 The different version of the component item has a
150 different data size. Suppose a multi-media Web
151 page, P, consists of a number of component items
152 di where P = d1, d2, . . . ,dn. A component item di
153 can be computed by transcoding into versions,
154 di1; di2; . . . ; diJi with different resolutions and
155 modalities. Let wij be the data size of version dij.

156For each version dij, we can assign a measure of
157fidelity, called value vij. Value vij can be defined as
158follows:

vij ¼
perceived value of transcoded version dij

perceived value of original di1
;

161where 0 6 vij 6 1.
162With value vij, we can then compare different
163component items that are in different versions.
164The perceived value may either be assigned by
165the author for each version, or determined by a
166function of data size. In this paper, we assume
167vij = f(wij) that captures the general trend of fidel-
168ity in value. f(wij) may be a concave, convex/non-
169concave or discrete function of wij. In this paper,
170we define1

f ðwijÞ ¼
ffiffiffiffiffiffi
wij

wi1

r
;

173where wi1 is the data size of item di with the origi-
174nal version (see Fig. 4). However, the Web content

Fig. 3. An example of multi-media Web page.

1 This paper is not to suggest that there actually exists a
simple function for assigning values to vij. This is because
measuring perceived quality of an image is not easy. Our
optimization model allows one to assign arbitrary value to vij
for Web content adaptation problem, by assuming f(wij).
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175 creator can define his own f(wij), say f(wij) = wij/wi1

176 or f(wij) = lnwij/lnwi1.
177 Thus, the Web server can be designed to select
178 the best versions of content items from the Web
179 document sets to meet the client resources while
180 delivering the largest total value of fidelity. Usu-
181 ally, clients do not have the patience to wait for
182 a long time for a Web page. One may expect to re-
183 ceive a Web page in a reasonable waiting time Tto-
184 tal, say 15 s. The next problem for the Web server is

185 to determine the data size W (maximum) for trans-
186 mission so as to fall within the expected waiting
187 time.
188 Fig. 5 illustrates the browsing procedure. The
189 total waiting time for the user is

T total ¼ T prop þ T probe þ T proc þ T trans þ T prop;

192 where Ttotal = total time to wait for eachWeb page;
193 Tprop = propagation time = T1 � T0 = T5 � T4;
194 Tprobe = time to probe bandwidth = T3 � T1;
195 Tproc = time to process Web content selec-
196 tion = T4 � T3; Ttrans = time to transmit Web
197 content = T6 � T5.
198 Here we assume for simplicity that Tprop, Tprobe,
199 and Tproc are constants. Then data size W = b ·
200 t = b · (Ttotal�2Tprop � Tprobe � Tproc) where b is
201 the bottleneck bandwidth and t = Ttrans. For
202 example, if Ttotal = 15, 2Tprop + Tprobe + Tproc =
203 4, and b = 10 Kbps, then the Web server will send
204 a Web page with size not greater than
205 W = (15 � 4) · 10 = 110 KB.
206 Therefore, the Web content adaptation can be
207 mathematically stated as follows.

208Problem LMCKP:

Maximize
Xn

i¼1

XJi
j¼1

vijxij ð1Þ

Subject to
Xn

i¼1

XJi
j¼1

wijxij 6 W ; ð2Þ

XJi
j¼1

xij ¼ 1; 1 6 i 6 n; ð3Þ

xij ¼ 0 or 1; for all i; j;

212where vij and wij are the measures of fidelity and
213data size of version dij, respectively.W is the max-
214imum payload. xij is the decision variable where
215xij = 1 indicates version j is selected for item i;
216otherwise, xij = 0. Constraint (2) ensures that the
217size of the Web page is not greater than Web page
218W = b · t. Constraint (3) limits our choice for each
219item to be one of its versions.
220Note that this problem is known as the linear
221multiple choice knapsack problem (LMCKP).
222We can apply the dynamic programming method
223to find the optimal solution for problem LMCKP.
224An appropriate content can be determined by solv-
225ing the LMCKP problem.

2263. The solution method

227The LMCKP is a well-known problem. Many
228solution methods that have been presented for
229solving it. This section transforms the LMCKP
230into a 0/1 KP and apply the dynamic program-
231ming method to solve the 0/1 KP.

Fig. 4. An example of versions for an image item.
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232 3.1. Transformation of the problem

233 At first, we define a knapsack problem, which is
234 equivalent to LMCKP, as follows.
235 For each i, let

yi1 ¼ xi1;
yi2 ¼ xi1 þ xi2;
� � �
yiJ i�1 ¼ xi1 þ xi2 þ � � � þ xiJ i�1;
yiJ i ¼ xi1 þ xi2 þ � � � þ xiJ i ¼ 1.

238 Then, we can rewrite the objective function (1) as
239 in the following:

Xn

i¼1

XJi
j¼1

vijxij ¼
Xn

i¼1
vi1yi1þ vi2ðyi2� yi1Þþ �� �

þ viJi�1ðyiJ i�1� yiJ i�2Þþ viJiðyiJ i � yiJ i�1Þ

¼
Xn

i¼1
ðvi1� vi2Þyi1þðvi2�vi3Þyi2þ�� �

þðviJi�1� viJiÞyiJ i�1þ viJi yiJ i

¼
Xn

i¼1

XJ i�1
j¼1

ðvij� vijþ1Þyijþ viJ i yiJ i

" #

¼
Xn

i¼1

XJ i�1
j¼1

ðvij� vijþ1Þyijþ
Xn

i¼1
viJi .

244Similarly, the constraint (2) can be rewritten as

Xn

i¼1

XJ i�1
j¼1

ðwij � wijþ1Þyij þ
Xn

i¼1
wiJi 6 W .

247Note that
Pn

i¼1viJ i and
Pn

i¼1wiJi are constants. Let
248eij = vij � vij+1, dij = wij � wij+1 and W 0 ¼ W�
249

Pn
i¼1wiJi . Then, the problem LMCKP (Eqs. (1)–

250(3)) is equivalent to the following KP:

Maximize
Xn

i¼1

XJ i�1
j¼1

eijyij ð4Þ

Subject to
Xn

i¼1

XJ i�1
j¼1

dijyij 6 W 0; ð5Þ

Client

Probe
Bandwidth

Processing
Time

Transporting
Time

Waiting
Time

Request

Probe Bandwidth

Response of Probe Bandwidth

Transport Web Content

T0

T1

T2

T3

T4

T5

T6

Web Server

Fig. 5. Event timing for browsing an adaptive Web page.
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yij ¼ 0 or 1; yi1 6 � � � 6 yiJ i ; 1 6 i 6 n;

1 6 j 6 J i � 1. ð6Þ

254 Note that the above problem can be rewritten
255 as a precedence constraint 0/1 KP [24,25] as
256 follows.
257 Problem KP:

Maximize
Xm
i¼1

pizi ð7Þ

Subject to
Xm
i¼1

dizi 6 M ; ð8Þ

zi ¼ 0 or 1; zh 6 zk; ðh; kÞ 2 Ai;

1 6 i 6 m;

260 where m ¼
Pn

i¼1
PJ i�1

j¼1 1;M ¼ W 0 and Ai is the pre-
261 cedence constraint as described in (6).

262 3.2. Dynamic programming method

263 The precedence constraint 0/1 knapsack prob-
264 lem can be solved by dynamic programming meth-
265 od as that for the ordinary 0/1 knapsack problem
266 with slight modification. We may make a decision
267 on z1 first, then on z2, then on z3, etc. The solution
268 to the 0/1 KP problem can be viewed as the result
269 of a sequence of decisions. An optimal sequence of
270 z1, z2, . . . ,zk will maximize the objective function
271 and satisfy the constraint. Moreover, we can apply
272 dynamic programming to solve the parametric pre-
273 cedence constraint 0/1 KP problem with right-hand
274 side M 2 [a, b].
275 Let KP(j, S) denote the problem

Maximize
Xj

i¼1
pizi

Subject to
Xj

i¼1
dizi 6 S;

zi ¼ 0 or 1; zh 6 zk; ðh; kÞ 2 Ai;

1 6 i 6 j;

278 where 1 6 j 6 n and 0 6 S 6M. Note that
279 KP(j, S) is a sub-problem of Problem KP with
280 variables z1, z2, . . . ,zj and right-hand side S. Prob-
281 lem KP is KP(n,M). Let fk(s) be the value of an
282 optimal solution to KP(k, s). From the principle
283 of optimality it follows that:

fkðsÞ ¼ maxffk�1ðsÞ; fk�1ðs� dkÞ
þ pk; subject to precedence constraintsg.

ð9Þ
287Clearly, fn(M) is the value of an optimal solu-
288tion to KP(n,M). fn(M) can be solved by begin-
289ning with f0(s) = 0 for all s > 0 and f0(s) = �1,
290s < 0. Then f1, f2, . . . , fn can be successively com-
291puted using Eq. (9). Notice that fk(s) is an ascend-
292ing step function; i.e., there are a finite number of
293s, s1 < s2 < � � � < st, such that fk(s1) 6 fk(s2) 6
294� � � 6 fk(st). For the parametric precedence con-
295straint 0/1 KP problem, we solved the problem
296KP(n,M) for each M 2 [a, b] at the last stage.

2973.3. A numerical example

298Consider an example of a Web page with three
299image items (i.e., P = d1, d2, d3). Each item has
300three versions. The right-hand sideW 2 [6.7,30.8].
301The data sizes wij and the values vij, i, j = 1,2,3, are

½wij
 ¼
9.0 4.4 1.3

10.8 4.6 1.0

11.0 5.4 1.3

2
4

3
5;

½vij
 ¼
ffiffiffiffiffiffi
wij

wi1

r� �
¼

1.0 0.7 0.4

1.0 0.7 0.3

1.0 0.7 0.3

2
4

3
5.

304The content selection problem can be formulated
305as follows:

Maximize v0 ¼
X3
i¼1

X3
j¼1

vijxij

Subject to
X3
i¼1

X3
j¼1

wijxij 6 W ; W 2 ½6.7; 30.8
;

X3
j¼1

xij ¼ 1; 1 6 i 6 3;

xij ¼ 0 or 1; 1 6 i 6 3; 1 6 j 6 3.

3083.3.1. Transformation of the problem

309For i = 1,2,3, let yi1 = xi1, yi2 = xi1 + xi2, and
310yi3 = xi1 + xi2 + xi3 = 1. Then, the problem can
311be transformed as follows:

Maximize 0.3y11þ0.3y12þ0.3y21þ0.4y22
þ0.3y31þ0.4y32þ1
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Subject to 4.6y11þ3.1y12þ6.2y21þ3.6y22
þ5.6y31þ4.1y32þ3.6
6W ; W 2 ½6.7;30.8
;
y116 y12; y216 y22; y316 y32;

y11;y12;y21;y22;y31;y32¼ 0 or 1.

315 Let z1 = y11, z2 = y12, z3 = y21, z4 = y22, z5 = y31,
316 z6 = y32. Clearly, the above problem is equivalent
317 to the following problem, KP(6,M), M 2
318 [3.1,27.2]:

Maximize 0.3z1 þ 0.3z2 þ 0.3z3 þ 0.4z4 þ 0.3z5
þ 0.4z6

Subject to 4.6z1 þ 3.1z2 þ 6.2z3 þ 3.6z4 þ 5.6z5
þ 4.1z6 6 M ; M 2 ½3.1; 27.2
;
z1 6 z2; z3 6 z4; z5
6 z6; zi ¼ 0 or 1; i ¼ 1; . . . ; 6.

3213.3.2. Dynamic programming method

322Let fk(s) be the value of an optimal solution to
323KP(k, s) where s 2 [0, 27.2] and i = 1, . . . , 6.
324Clearly, f6(M) is the value of an optimal solution
325to KP(6,M). Applying Eq. (9), f6(M), M 2 [a, b]
326can be solved by starting with f0(s) = 0 for all
327s > 0. Then f1(s), f2(s), . . . , f6(s), s 2 [0,27.2] can be
328successively found. For example

f4ðsÞ¼max
z4¼0;1

0.4þ f3ðs�3.6Þ; z4¼ 1; sP 3.6;

f2ðs�3.6Þ; z4¼ 0.




331Fig. 6 graphically shows f1(s), f2(s), . . . , f5(s),
332s 2 [0, 27.2], and f6(s), s 2 [3.1,27.2]. Thus, the
333optimal values and the optimal solutions for
334M 2 [3.1,27.2] is summarized as follows.
335For example, the optimal solution to
336KP(6,27.2) is f6(27.2) = 2.0. The optimal solution
337of KP(6,27.2) is: (z1, z2, z3, z4, z5, z6) = (y11, y12,
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Fig. 6. Functions of f1(s), f2(s), f3(s), f4(s), f5(s), and f6(s).
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338 y21, y22, y31, y32) = (1,1,1,1,1,1). Thus, the opti-
339 mal solution for the content selection problem is

ðx11; x12; x13; x21; x22; x23; x31; x32; x33Þ
¼ ð1; 0; 0; 1; 0; 0; 1; 0; 0Þ

342 and the optimal value is 3.0. That is, version 1 is
343 selected for each item.
344 If another request for this page arrives, the
345 adaptive server finds b = 16 Kbps and t = 5 s for
346 this connection. Then, the total data size W that
347 the adaptive server may return to the client is

W ¼ 16� 10
8

¼ 20 Kbps.

350 Note that the adaptive server does not need to
351 solve the problem KP(6,20 � 3.6) anew. The opti-
352 mal solution for KP(6,16.4) can be found in Table
353 1. Since M = 16.4, we look in Table 1 down the
354 M 2 [15.4,21.0) row. We find that the optimal
355 solution for KP(6,16.4) is (y11, y12, y21, y22,
356 y31, y32) = (1,1,0,1,0,1), and the optimal solution
357 for the content selection problem is

ðx11; x12; x13; x21; x22; x23; x31; x32; x33Þ
¼ ð1; 0; 0; 0; 1; 0; 0; 1; 0Þ.

360 That is, the returned Web page is compose of ver-
361 sion 1 for item 1 and version 2 for items 2 and 3.

362 4. Experimental results

363 In order to test our optimization model for Web
364 content adaptation, we built three Web servers:
365 two adaptive and one non-adaptive servers. Both
366 adaptive Web servers consisted of three major

367modules (content analysis and transcoding, CPI
368filter, and content selection) as shown in Fig. 2.
369The difference between them is in the content selec-
370tion module. One, denoted as Sever 1, found opti-
371mal solutions of parametric LMCKP by dynamic
372programming method in advance after the Web
373page was created. When the request arrives, it just
374looks up the optimal solutions table. The other,
375denoted as Sever 2, selects contents by using gree-
376dy algorithm [14] to solve LMCKP whenever the
377request arrives. The non-adaptive server is denoted
378as Sever 3. A Linux operating system and an
379Apache server were selected as developing plat-
380form for three servers. Apache is a well-known,
381open source Web server that performs well. The
382machines for the three servers are the desktop
383computers with AMD K7-850 and 256 MB mem-
384ory. The test Web page, a sub-page of the Univer-
385sity�s Web pages, consists of seven component
386items with 140 KB data size. These include six im-
387age component items and one text item. Each im-
388age item has six versions.
389The Servers 1, 2 and 3 were tested by two cli-
390ents. The clients� browser was modified from Inter-
391net Explorer (IE) so that the users can specify the
392expected time, CPI data, and where the CPI pro-
393files are by URLs (see Fig. 7). Client 1 was a note-
394book PC with Intel P3-650 and 256MB memory,
395using PPP-dialup 56 Kbps (campus dialup service)
396connecting to the campus Internet. The expected
397waiting time was set to 15 s when browsing the
398Servers 1 and 2. For the measurement, the system
399clock of the three servers and two clients was syn-
400chronized using the Network Time Protocol
401(NTP). Client 1 browsed the Web page 10 times.
402We use the t distribution with 9 degrees of freedom

Table 1
Summary of the optimal solutions

Right-hand side f6(M) (y11, y12, y21, y22, y31, y32) v0 (x11, x12, x13, x21, x22, x23, x31, x32, x33)

M 2 [3.1,3.6) 0.3 (0,1,0,0,0,0) 1.3 (0,1,0,0,0,1,0,0,1)
M 2 [3.6,6.7) 0.4 (0,0,0,1,0,0) 1.4 (0,0,1,0,1,0,0,0,1)
M 2 [6.7,7.7) 0.7 (0,1,0,1,0,0) 1.7 (0,1,0,0,1,0,0,0,1)
M 2 [7.7,10.8) 0.8 (0,0,0,1,0,1) 1.8 (0,0,1,0,1,0,0,0,1)
M 2 [10.8,15.4) 1.1 (0,1,0,1,0,1) 2.1 (0,1,0,0,1,0,0,1,0)
M 2 [15.4,21.0) 1.4 (1,1,0,1,0,1) 2.4 (1,0,0,0,1,0,0,1,0)
M 2 [21.0,27.2) 1.7 (1,1,0,1,1,1) 2.7 (1,0,0,0,1,0,1,0,0)
M = 27.2 2 (1,1,1,1,1,1) 3 (1,0,0,1,0,0,1,0,0)
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403 and a 95% confidence interval to estimate the de-
404 lays. The average delays for Client 1 are shown
405 in Table 2a. Table 2b shows the percentage of
406 measured delays out of the total delay. The other
407 client, Client 2 was a Compaq pocket PC using
408 IEEE 802.11b wireless LAN connecting to campus
409 Internet. The results are summarized in Tables 3a
410 and 3b. Our experiments use campus Internet as
411 network testbed. There are many factors, such as
412 irrelevant traffic in the network, buffer sizes, etc.,
413 that may influence (or pollute) the results. Tables
414 2 and 3 are only intended to offer the reader some
415 realistic feeling about the respond time and how
416 the system works. From the theoretical point of
417 view, the time complexity for Server 1 to pick up
418 an optimal solution from the optimal solutions ta-

419ble is O(1) while the time complexity of the greedy
420method for Server 2 is O(n logn) where n is the
421number of variables.
422From Table 2a, note that the total delays for
423browsing the Servers 1 and 2 were 15794 ±
42420 ms and 16443 ± 22 ms, while for browsing the
425Server 3 it was 46386 ± 117 ms. The adaptive serv-
426ers show their benefits. The total delays of Servers
4271 and 2 are controlled and close to the expected
428waiting time 15 s. For processing time Tproc, Server
4291 performs better than Server 2 because Server 1
430finds optimal solutions by dynamic programming
431method in advance and looks up the optimal solu-
432tions table when the request arrives. The advan-
433tage of dynamic programming method is that it

Fig. 7. An example of CC/PP browser.

Table 2a
Results for notebook PC with 56K dialup

2 · Tprop (ms) Tprobe (ms) Tproc (ms) Ttrans (ms) Ttotal (ms) W (KB)

Server 1 179.5 ± 2.0 6000.1 ± 2.0 <0.001 9614.3 ± 20.2 15794 ± 20 28.9
Server 2 173.5 ± 2.8 6123.3 ± 1.8 4.8 ± 0.3 10141.5 ± 23.4 16443 ± 22 30.0
Server 3 180.2 ± 2.0 – – 46205.4 ± 116.9 46386 ± 117 140
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434 can be easily applied to solve the parametric
435 LMCKP with a set of right-hand sides.
436 In Tables 2a and 3a, the values of probing delay
437 Tprobe are very large. This is because the probing
438 method (‘‘pathchar’’ algorithm [23]) sends a few
439 dozen packets with varying sizes, measures their
440 round trip times (RTTs), and then finds the avail-
441 able bandwidth by correlating the RTTs with
442 packet sizes. The RTT depends on traffic load.
443 Thus, the probing delay Tprobe varies as traffic load
444 varies. The traffic load in our campus Internet var-
445 ies dynamically from one instant to another. Con-
446 sequently, the mean probing time may be different
447 for the same mobile device in the case of Server 1
448 and Server 2.
449 Note that if the access network has a higher
450 data rate, the value of Tprobe dominates the value
451 of Ttrans (see Table 3b). That is, the overhead of
452 bandwidth estimation is too large, thus negating
453 the advantage of shorter transmission times. In
454 fact, instead of measuring bandwidth, we can just
455 use predefined classes of data rate r, (say dialup
456 54 Kbps, T1 1.544 Mbps, or WiFi 11 Mbps) and
457 set available bandwidth b = a · r, 0 < a < 1. Note

458that data rate r can be obtained from the CPI pro-
459file. By this way, the overhead of bandwidth esti-
460mation is eliminated and thus the adaptive Web
461server can give a smaller latency.

4625. Conclusion

463This paper formulates a Web content adapta-
464tion problem as a linear multi-choice knapsack
465problem and presents a dynamic programming
466method to solve it. We think that the dynamic pro-
467gramming is very suitable for solving this kind of
468problems because dynamic programming can be
469easily extended to solve parametric LMCKP prob-
470lem with different resources. This avoids having to
471solve the problem anew and slashes the computa-
472tions needed.
473In practical implementation, we can analyze
474and transform the component items of Web page
475into different versions when the Web page is cre-
476ated. Then, dynamic programming is applied to
477solve a parametric LMCKP problem and a bind-
478ing table which binds the optimal solutions to dif-

Table 2b
Percentage of the measured time out of Ttotal for Table 2a

2 · Tprop/Ttotal (%) Tprobe/Ttotal (%) Tproc/Ttotal (%) Ttrans/Ttotal (%)

Server 1 1.14 37.99 0.00 60.87
Server 2 1.05 37.24 0.03 61.68
Server 3 0.39 0.00 0.00 99.61

Table 3a
Results for pocket PC with 802.11b

2 · Tprop (ms) Tprobe (ms) Tproc (ms) Ttrans (ms) Ttotal (ms) W (KB)

Server 1 5.8 ± 0.5 2028.3 ± 23.6 <0.001 118.8 ± 1.9 2153 ± 24 28.9
Server 2 6.5 ± 0.4 2212.6 ± 16.7 4.4 ± 0.4 109.7 ± 1.8 2333 ± 17 28.9
Server 3 6.4 ± 0.4 – – 641.9 ± 6.8 648 ± 7 140

Table 3b
Percentage of the measured time out of Ttotal for Table 3a

2 · Tprop/Ttotal (%) Tprobe/Ttotal (%) Tproc/Ttotal (%) Ttrans/Ttotal (%)

Server 1 0.27 94.21 0.00 5.52
Server 2 0.28 94.83 0.19 4.70
Server 3 0.99 0.00 0.00 99.06
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479 ferent resources can be created. If a request for this
480 page arrives, we just look up the binding table to
481 find the optimal versions of the component items
482 for the request.
483 In this paper, we assumed that the content items
484 are independent of each other. However, this
485 assumption may not hold in some cases. Consider
486 a news story page. If the story has to be discarded
487 due to space limitations, then the pictures for the
488 story has also to be discarded. For such cases,
489 the content creator has to define the dependencies
490 among the items of the Web page. Then, our opti-
491 mization model can be extended by adding the
492 constraint

PJi
j¼1xij 6

PJk
j¼1xkj to Problem LMCKP

493 if item di is dependent on item dk.
494 There also exists coarse-grained approaches for
495 content adaptation. The coarse-grained ap-
496 proaches format the Web content for several
497 well-known kinds of clients to suit everyone. How-
498 ever, we think delivering a customized content is
499 worth for content providers. This paper presents
500 a fine-grained adaptation that selects the best con-
501 tent representation to match the resources and
502 capabilities of individual clients.
503 Looking ahead, integrating both adaptive Web
504 server and transcoding proxy server for wireless
505 Internet access might be interesting future work.
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Abstract

One challenging issue in sensor networks is to determine
where a given sensor node(SN) is physical located. This
problem is especially crucial for very small SNs. In this
paper, we present a GPS-less self-positioning method for
sensor networks. In our method, a set of nodes, called as
reference points (RPs), are deployed in the sensor network
with overlapping regions of coverage. The RP periodically
broadcasts beacon frames which contain localization data.
The SN collects the beacon frames from RPs and processes
the data in the frame, and then it can localize itself simply.
The analysis of positioning accuracy are also given to show
how well a SN can correctly localize itself.

1. Introduction

The fast progress of micro-electro-mechanical systems
(MEMS) technology and wireless communications has en-
abled us to deploy a large number of low-cost, low-power
and networked sensors in wide area. The sensor nodes(SNs)
can collect, store, and process the sensed data, and com-
municate with neighboring nodes to provide observation of
environmental system. This makes us to monitor and con-
trol the physical world more convenient and efficient. In
such sensor network systems, we need SNs to be able to lo-
cate themselves in various environments. The location data
of SNs is useful for the centralized server or the managing
node to analyze their sensing information. Not only SNs but
also other objects which are in the network need to be lo-
cated. For example, the forest fire detection system should
detect exactly where is the scene of a fire. In location-aware
applications, localization enables the intelligent context se-
lection includes tour guide [1], points of interest and so on.

1This work was supported in part by the National Science Council,
Taiwan, ROC, under grants NSC 93-2752-E-009-005-PAE and NSC 93-
2219-E-009-002, respectively, and in part by Intel.

2Corresponding Author. Fax: 886-3-5721490; e-mail: rhjan@cis.
nctu.edu.tw

In ad hoc networks, localization helps the transmitting node
to recognize where the communicating node is and thus re-
duces the power consumption. Hence the localization is im-
portant for many applications of sensor network.

For localization system, Global Positioning System
(GPS) [2] is a good solution in outdoor environment. How-
ever, it is not suitable to use GPS on all SNs in sensor net-
works. This is because SNs have size, cost and power con-
straints. This paper focus on the problem of GPS-less low-
cost localization for wireless sensor networks.

Generally speaking, the localization can be divided into
three major classes, self-positioning, remote positioning,
and indirect positioning. The basic operations of these
classes are summarized in the following:

A. Self-positioning system (SPS)
The positioning receiver receives the appropriate sig-
nal measurements form geographically distributed
transmitters and then uses these measurements to lo-
calize itself. GPS is a typical SPS and several SPSs [3,
4] for sensor networks are presented recently. In [3],
they measure the received signal strength and apply a
triangulation method to localize moving sensors and
handle dynamically changing sensor topologies. In
[4], some fixed reference points (RPs) with overlap-
ping regions of signal coverage are configured. These
RPs transmit periodic beacon signals, and then SNs
can localize themselves based on the received beacons.

B. Remote positioning system (RPS)
A set of nodes with special RF functions are deployed
in some fixed place and measure the direction or the
time delay of a signal which is originating from, or
reflecting off, the transmitter nodes. After that, these
measurements are collected by a centralized location
server to determine the location of transmitter node.
Typical RPSs are Angle of Arrival (AOA) [5] and Time
Difference of Arrival (TDOA) [5]. The AOA collects
the direction of transmitter’s signals and the TDOA
collects the time delay of transmitter’s signals. Such
solutions do not require any modification to the objects



but they have low accuracy and high network costs.

C. Indirect positioning system (IPS)
The IPS combines SPS and RPS. First, the node
measures signal data and transfers to the RPS. Next,
the RPS collects these measurements, processes posi-
tion bias and then determines node’s position. Typ-
ical IPSs are Assisted GPS(AGPS) [6], Differential
GPS(DGPS) [7], and cell-based positioning [8] where
AGPS and DGPS have the highest accuracy.

The cell-based positioning system simply utilizes the char-
acteristic of cell overlapping in geometry. However, it deter-
mines the location in a centralized server. When a SN needs
to localize itself, it sends location request to the location
server. The location server determines the sensor’s location,
and then replies the location to the SN. Communications be-
tween the sensor and location server cost a lot of energy. It
is not suitable for sensor networks. Based on the idea of cell
overlapping, this paper presents a GPS-less self-positioning
method for sensor networks. In the proposed method, a set
of nodes, called as reference points (RPs), are deployed in
the sensor network with overlapping regions of coverage.
The RPs broadcast periodic beacon frames which contain
localization data. The SN in the sensor network receives
the beacon frames from RPs and processes the information
in the frame, and then the localization can be determined by
itself. The proposed method has the distributed and simple
characteristics. The Distributed property means that the lo-
cation can be determined by SN itself without GPS and cen-
tralized server. The simple property means that SNs only
use a simple connectivity metric and localization data in the
beacon frame to calculate their locations. That is, SNs only
take little computation to localize themslves.

2. Cell overlapping model

Consider that a set of RPs are deployed in the sensor
network with overlapping regions of coverage. They are lo-
cated at known positions and form a regular structure. As
shown in Fig. 1(a), these RPs form a hexagonal structure. In
idealized radio model, we assume a perfect spherical radio
propagation and identical transmission range for all RPs.
The area covered by the RP is called a cell and each cell is
circle-shaped. The SN can receive radio signal from the RP
if it is within the signal coverage of that RP. Take Fig. 1(a)
for example, a SN in region �� can listen to signals from
RP ��; in region ��, from RPs �� and ��; and in region
��, from RPs ��, �� and ��. The localization region is de-
fined as the region in which every SN can listen a unique set
of RPs’ signals. The coverage of RP �� has 13 localization
regions, i.e., regions ��� ��� � � � � ��� ��� � � � � �� and ��.
The localization regions in the coverage of a RP can be di-
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Figure 1. The physical layout of reference
points with a hexagonal structure.

vided into three types according to the number of receiving
signals as follows.

� Type 1 region: The region is covered by only one RP’s
signal, e.g., region ��.

� Type 2 region: The region is covered by two RPs’ sig-
nal coverage, e.g., regions ��, where � � � � �.

� Type 3 region: The region is covered by three RPs’
signal coverage, e.g., regions ��, where � � � � �.

Note that the radio coverage of RP is represented as a
circle. By using simple geometry, we can find all the inter-
sections of the circles. For each localization region, we find
the centroid ���� ��� of the region by

���� ��� � �
�� � �� � ���� ��

	
�
�� � �� � ���� ��

	
�

where (��� ��), (��� ��), ..., (��� ��) are the vertices of the
region. If a SN can localize itself in the region, we use
���� ��� to estimate the location of the SN. For example, as
shown in Fig. 1(b), if a SN localizes itself in region ��, the
estimated location of SN is � ������������ � ������������ �.

Given a set of RPs deployed in a hexagonal structure in
which the distance between two neighboring RPs is one unit
and the transmission range of RP is 
 � ����, we find the
centroids for all localization regions. The results are sum-
marized in Table 1.

3 Self-positioning algorithm

As stated in the previous section, we can deploy RPs in
a hexagonal structure and find the localization regions for
each RP. The RP periodically broadcasts the beacon frame



Table 1. The centroids of all regions in the
hexagonal network structure.

Region centroid Region centroid

�� (0, 0) �� (-
�
�
� , �

� )

�� (0, �
� ) �� (

�
�
� , �

� )

�� (
�
�
� , �

� ) �� (
�
�
� , 0)

�� (
�
�
� , - �� ) �� (

�
�
� , - �� )

�� (0, - �� ) �� (-
�
�
� , - �� )

�� (-
�
�
� , - �� ) �� (-

�
�
� , 0)

�� (-
�
�
� , �

� ) - -

to notify all of the SNs staying in its signal coverage area.
We assume that each RP knows all centroids of its localiza-
tion regions. For example, RP �� knows the centroids of 13
localization regions that was computed in the deployment
stage. The beacon format contains the following data:

� � ���� ���� � ����� � ����� � � � � ���� � ������� � � � �
���� � ����� � ����� � � � � ���� � �������

where �� represents the type of RP’s structure, (e.g., �� � �
for hexagonal structure and �� � 	 for meshed structure);
��� represents the type of localization region (e.g., ��� �
��� 	� 
� for hexagonal structure); and ���� � ���� represents
the centroid of the region. Note that the type number of the
region is equal to the number of signals can be received in
that region. Take Fig. 2 for example, the beacon frames of
RP 5 and RP 6 are

�� � ��� ��� �
��� �	� ����� ���� �� ����
�
� ��������� ������

�� � ��� ��� ����� �	� ����� ���� �� � ���
�
� ��� ������ �� ����

where the symbols ���� � � � �� represent the centroids of
localization regions (e.g.,
 � �

�
�
� �

�
� ��� � ��� ��).

Then, the SN collects the beacon signals from the RPs
and determines its location. The operations of SN are given
as follows.

1. Collect and store the beacon signal that it receives.

2. Determine the number of RP, denoted as�, that it can
listen. Then, extract the centroid set with the type �
from the beacon frames , denote as ��. Note that we
can find � different centroid sets. For example, if a
SN can receive beacons from RP 5 and RP 6, it extracts
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Figure 2. An example of localization regions
for hexagonal structure.

the centroid set with type 2 from the received beacon
frames as follows.

��� � ����� ���� �� ��� ��� � ����� ���� �� � ��

3. The SN finds a centroid by intersecting the centroid
sets as its location, i.e., find

�
� �

�
� . For example,

���

�
��� � ����� ���� �� ��

�
����� ���� �� � �

� ��� � ��
�



�
�
�

�
���

4 Positioning accuracy analysis

Let the coordinate of actual location of SN be ( �! )
where  and ! are random variables. In our proposed
method, the SN localizes itself to the centroid of the local-
ization region. Thus, the error distance� is

� �
�
� � ���� � �! � ����

where ���� ��� is the centroid of the localization region (i.e.,
the estimated location of the SN). The precision "�
� can
be defined as the probability that the SN can localize itself
within distance 
. That is, "�
� � ��� # 
�. Assume
that the SN falls equally likely to any point in the location
region �. Then, the probability density function $��� �� of
( �! ) can be written as follows:

$��� �� �

�
% if ��� �� � �
� otherwise

where �
�

�
$��� ��&�&� �

�
�

�
% &�&� � ��



r 1

Figure 3. The shape of type 1 in hexagonal
structure.

This gives

% �
��

�

�
&�&�

�
�

area of R

Therefore, the precision

"�
� � ��� # 
� �
�
��

�
$��� ��&�&� �

area ��
area of �

�

where

�� � ���� ���
�
��� ���� � �� � ���� # 
� 	 ��

1) The worst-case accuracy
Let us consider the shape of type 1 in hexagonal struc-
ture as shown in Fig. 3. The precision "�
� is the area of
�� over the area of localization region �, if 
 is less then

�. If 
 is greater than 
�, the precision "�
� is 1. This
means that SN can localize itself within distance 
� with
probability 1. In other words, if SN localizes itself in type
1 region and the tolerance of error distance & is greater
than 
�, the position of SN can be correctly determined.
The radius 
� is called as critical radius. Furthermore, let

� � �
��
��	� � 


��	
� � 


��	
� � where 
��	� is the critical radius

for type � region. Thus, we can say that SN localizes itself
correctly within distance 
� that is the worst-case accuracy.

For example, consider that a set of RPs are de-
ployed in a hexagonal structure in which the distance be-
tween two neighboring RPs is one unit and the trans-
mission range of RP is ����. We can compute the
precision "��
� for each type � that was shown in

Fig. 4. Note that 
� � �
��
��	� � 

��	
� � 


��	
� � �

�
����	���� ��	��
� ��
����=0.3088. That is, for this
hexagonal structure, SN localizes itself correctly within dis-
tance 0.3088.

Note that critical radius 
��	� is a function of RP’s trans-
mission range &. Let $��&� be the critical radius for type �,
� � �� 	� 
. Then, the worst-case accuracy 
� can be rewrit-
ten as 
��&� � �
��$��&�� $��&�� $��&��� If the transmit-
ting power of RP can be adjusted, the transmission range of
RP will vary. We assume that the radius & is bounded within
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Figure 4. The precision "��
� of SN in the type
1, 2, and 3 areas.

� ��
�
�
�
�
� �1. Let us consider how to arrange the transmission

range of RP such that the worst-case accuracy is optimized.
This problem is equivalent to finding a radius & such that

��&� � �
��$��&�� $��&�� $��&�� is minimized. That is,

' � ���
��
�
�	�

�
�

�


��&�

� ���
��
�
�	�

�
�

�

�
��$��&�� $��&�� $��&�� (1)

Figure 5 shows the functions $��&�� $��&�, and $��&�,

for ��
�
� & �

�
�
� . The function $��&� is an decreas-

ing function and the function $��&� is a increasing func-
tion where ��

�
� & �

�
�
� . Let &� be the radius such that

$��&
�� � $��&��� Thus,

�
��$��&�� $��&�� $��&�� �
�
$��&� if ��

�
� & � &�

$��&� if &� � & �
�
�
�

and the minimum of �
��$��&�� $��&�� $��&�� occurs at
$��&� � $��&�. By numerical method, we find &� � ����
�
such that $��&�� 
 $��&�� � ��	���.
2) The average-case accuracy
Given that the location ��� �� of SN falls in the type � area,
the expected accuracy�� is

����� �

�
��
�	���

�
��� ����� � �� � ����� $��� ��&�&�

where �� is the localization region of type � and ���� � ����
is the centroid of ��. Thus, the expected accuracy of � for
the network with hexagonal structure can be found by

���� �

��
�
�

(� �����

1This is because 1) if � � ��
�

, then there exists some areas that do

not covered by RP’s signal; 2) if � �
�
�

�
, then the type 2 area will be

separated into 2 sub-areas.
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where (� is the probability that SN falls in the type � area.
By this way, the average accuracy of the proposed method
can be evaluated.

Note that the average accuracy ���� is also a function
of RP’s transmission range &. Let )�&� be the average ac-
curacy ���� for the RPs with hexagonal structure having
transmission range &. Let us consider how to arrange the
transmission range of RP such that the average accuracy
is minimized. The problem is to find a radius & such that
' � ��� ��

�
�	�

�
�

�

)�&�.

We can evaluate the average accuracy ���� by simula-
tion. In our simulation, 10,000 SNs were generated with
uniform distribution in the working area of ���� ��� unit
square. We assume that all RPs are deployed in a hexagonal
structure with transmission range �& and their locations are
known in advance. By proposed self-positioning method,
each SN can localized itself at position ���� ���. Thus,
the positioning error can be found and the average accu-
racy )� �&� can be evaluated. Furthermore, we find )�&�, for
��
�
� & �

�
�
� � as shown in Fig. 6 and the minimum of )�&�

is 0.1551 where & � �����.

5 Conclusions

We proposed a GPS-less self-positioning method for
sensor networks. In our method, a set of RPs with overlap-
ping regions of coverage are arranged in hexagonal struc-
ture in the sensor network and broadcast the beacon frames.
SNs only collect the beacon frames from RPs and use the
localization data in the beacon frame to calculate their loca-
tions. Note that SNs only take little computation to localize
themselves. This kind of localization system with low cost
and low computation is very suitable for sensor networks.
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