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^_ ` abcd efgfhbigj klhm d lbnhm`o g d lbc hohip d jgfq
r blc r bl f_ ` `s th`if `u `tefhbi br vwxwyz{zx |}zzv wv~
v���w{���| bn`l n`l� jglp ` d glgc `f`l od gt`o � � t_ `mejhip
oet_ gdd jhtgfhbio ho t_ gj j`ip hip �`tgeo` fglp `f l`obelt`o
gl` _ `f`lbp `i`beo� �`tgeo` f_ `hl jbgm gim gnghjg�hjhf�
nglh`o m�igc htgj j�� gim �`tgeo` him`d `im`if fgo�o c g�
o_ gl` tbcc bi mgfg � j`o � �i f_ ho d gd `l� � ` d lbd bo` gi
gmgd fhn` ot_ `mejhip gjp blhf_c r bl d glgc `f`l o� ``d gd q
d jhtgfhbio bi f_ ` klhm� �` c bmhr � ofgimglm _ `elhofhto
r bl fgo�� _ bof goohpic `if hi d `lr `tfj� d l`mhtfg�j` `inhq
lbic `ifo �� w�~y �� � � ��~y �� � ���zxw�z� � gim � ` d lbq
d bo` gi `u f`iohbi br �e� `lgp ` tgj j`m � ���zxw�z � �ohip
ohcejgfhbi� � ` m`c bioflgf` f_ gf � �e� `lgp ` tgi fg� `
gmngifgp ` br � j` o_ glhip fb gt_ h`n` �`ff`l d `lr blc git`
f_ gi f_ ` bf_ `l _ `elhofhto � �` gjob ofem� f_ ` hcd gtf br
higttelgf` d `lr blc git` d l`mhtfhbi bi ot_ `mejhip � �el
ofem� o_ b�o f_ gf� �h� mh� `l`if _ `elhofhto �`_ gn` mhr q
r `l`ifj� �_ `i d l`mhtfhbio gl` higttelgf`� �hh� hitl`go`m
gmgd fhnhf� j`gmo fb �`ff`l d `lr blc git`�
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¦w|{ �z{}�x§| y w§z �{ v�||�¨�z {� w��xz�w{z ©ª« ¬
�z{}�x§ w�­ |{�xw�z xz|��x�z| ��{� abcd efgfhbigj
klhmo ®¯° ± ���² z�³�x��y z�{| �w� ¨z �|z­ z�z�{�³z�´
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{� |�vv�x{ ³zx´ �wx�z~|�w�z x��| �à ­�|{x�¨�{z­ wvv��~
�w{���| ± á� �­zw� ��w|| �à wvv���w{���| à�x {²z âx�­ �|
{²z ��w|| �à d glgc `f`l o� ``d gdd jhtgfhbio¬ wvv ���w{���|
|{x��{�xz­ w| w |z{ �à y��{�v�z ãz�vzx�y z�{|ã ¬ zw�² �à
}²��² �| z�z��{z­ } �{² w ­�|{���{ |z{ �à vwxwy z{zx| ±

ä�z��{��� w vwxwy z{zx |}zzv �� {²z âx�­ ��³��³z|
{²z w||���y z�{ �à {w|§| {� xz|��x�z| ± á �{²���² {²z
z�vzx�y z�{| å�x fgo�oæ �à w vwxwy z{zx |}zzv wvv���w~
{��� wxz ��­zvz�­z�{ ¬ w ��y¨zx �à �||�z| yw§z |�²z­��~
��� |��² wvv���w{���| �²w��z����� ± ¦�x|{ ¬ xz|��x�z| ��
{²z âx�­ wxz {´v��w��´ o_ gl`m |� {²w{ {²z ���{z�{���
�xzw{z­ ¨´ y��{�v�z wvv���w{���| �xzw{z| ­´�wy ��w��´
ç��{�w{��� ­z�w´| w�­ è�w��{�z| �à |zx³��z ± é� w­­�~
{��� ¬ âx�­ xz|��x�z| wxz _ `f`lbp `i`beo w�­ y w´ ��{
vzxà�xy |�y ��wx�´ à�x {²z |wy z wvv���w{��� ± � �xz�³zx ¬
w�{²���² vwxwy z{zx |}zzv {w|§| wxz ��­zvz�­z�{ ¬ {²z´
y w´ |²wxz ��yy�� ��v�{ ê �z| }²��² xz|�­z w{ xzy�{z
�� �w{���| ¬ ²z��z {²z v zxà�xy w��z~zë ��z�{ w||���y z�{
w�­ |�²z­����� �à {²z wvv���w{��� y�|{ �����­z ���~
|�­zxw{��� �à {²z �yvw�{ �à ­w{w {xw�|àzx {�y z| ± ªxz³�~
��| }�x§ ®ì° ²w| ­zy��|{xw{z­ {²w{ x��~{�y z ¬ w­wv{�³z ¬
wvv ���w{���~|�²z­����� ¨w|z­ �� ­´�wy �� ��à�xy w{���
w¨��{ {²z |{w{�| �à ��yv�{��� xz|��x�z| �| w ���­ �z�~
zxw� wvvx�w�² à�x w�² �z³��� vzxà�xyw��z �� {²z âx�­ ±

é� ®íî° ¬ {²xzz ²z�x�|{��| åï gu qc hi� ï hiqc hi w�­
�e� `lgp `æ }zxz vx�v�|z­ à�x {²z |�²z­����� �à ��­zvz�~
­z�{ {w|§| �� |����z~�|zx ¬ ²�y��z�z��| z�³�x��y z�{| ±
ðñ òóôõ ö÷ö øù ú ûø üýþôÿ� ø� ôõòôñ� óø�ùôõòô�õ òý
õ�óøþ��ø ö÷ù÷üøòøù õûøøö ÷öö �ô�÷òôýñõ û ôòó ��ø
ð�� ùø	� ôùøü øñòõ ú ûø öùýö ýõø ÷ñ ø�òøñþøþ 
øù�
õôýñ ýÿ ��
øù÷�ø ú ���
øù÷�ø ú ÷ñþ ûø õò�þ� òóø
ôüö÷�ò ýÿ ôñ÷���ù÷òø ö øùÿýùü÷ñ�ø öùøþô�òôýñ ýñ
õ�óøþ��ôñ� ± �z ��{z�xw{z {²z|z ²z�x�|{��| ��{� w �z�~



zxw� w­wv{�³z |�²z­����� w���x�{²y w�­ ��yvwxz {²zy
�� ³wx���| |�y��w{z­ ��yv�{��� z�³�x��y z�{| w�­ à�x
³wx���| wvv���w{��� |�z�wx��| ± �z } ��� �|z w |{w�­wx­
vzxà�xy w��z yz{x�� {� z³w��w{z ��x ²z�x�|{��| � {²z wv~
v���w{��� c g� `od gi ®íí° ¬ � ±z ± {²z {�y z ¨z{}zz� {²z êx|{
��v�{ ê �z| �| |z�{ {� w ��yv�{w{���w� |zx³zx w�­ {²z �w|{
��{v�{ ê �z �| xz{�x�z­ {� {²z �|zx ± ��x ��{�y w{z ��w� �|
{� �����­z ��x w­wv{�³z |�²z­����� w���x�{²y �� w |�à{~
}wxz àxwy z}�x§ ¬ w ªwxwy z{zx �}zzv �zyv�w{z åª�� æ ¬
­z³z��v z­ w| vwx{ �à {²z ávv�z� vx� � z�{ ®�ì° ± ª�� }���
¨z {²z |�¨ � z�{ w w à�{�xz vwvzx ±

é� w âx�­ z�³�x��yz�{ �{ �| � |�w��´ ­�ë ���{ {� �¨{w��
w���xw{z vxz­��{���| à�x ��yv�{��� w�­ �z{}�x§��� xz~
|��x�z vzxà�xy w��z � y�xz�³zx y�|{ |�²z­����� ²z�x�|~
{��| y w§z �|z �à |��² vxz­��{���| ± �z ­z|���z­ w |�y�~
�w{�x {²w{ w���} | �| {� z�vzx�y z�{ } �{² ­��zxz�{ �z³z�|
�à v zxà�xy w��z vxz­��{��� w���xw�´± é� {²�| vwvzx }z
vxz|z�{ w vxz��y ��wx´ |{�­´ �à {²z z�z�{ �à ���xzw|���
��w���xw�´ �� {²z ²z�x�|{��| ��­zx ���|�­zxw{��� w�­
­�|��|| ²�} w­wv{�³�{´ �w� ¨z �|z­ {� vx�y�{z v zxà�x~
y w��z �� âx�­ z�³�x��y z�{| ±

�²�| vwvzx �| �x�w���z­ w| à� ���} | ± é� �z�{��� í ¬
}z vxz|z�{ ��x y�­z�| à�x ¨�{² {²z wvv���w{��� w�­
{²z ��­zx�´��� âx�­ z�³�x��yz�{ ± é� �z�{��� ì ¬ }z
vxz|z�{ ��x |�²z­����� w���x�{²y ± �z�{��� � à� ��|z| ��
{²z ­��zxz�{ {w|§	²�|{ w||���y z�{ ²z�x�|{��| }²zxzw|
�z�{���| 
 ­�|��||z| w­wv{�³�{´ w�­ vzxà�xy w��z vxz~
­��{��� w���xw�´± �z�{��� � xzàzxz��z| xz�w{z­ xz|zwx�²
}�x§ ¬ w�­ �z�{��� ¯ ������­z| {²z vwvzx ±
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2.1. Application Model

�z ­zê�z w ö÷ù÷ü øòøù õûøøö wvv���w{��� w| w |z{
�à � ��­zv z�­z�{ |zè�z�{�w� {w|§| �� � ��� � !! " ± #´ him`q
d `im`if }z yzw� {²w{ {²zxz wxz �� ��{zx~{w|§ ��yy�~
���w{���| �x ­w{w ­zvz�­z���z| å� ±z ± {w|§ vxz�z­z��z|æ ±
�z w||�y z {²w{ {²z ��v�{ {� zw�² {w|§ �| w |z{ �à ê �z|
w�­ {²w{ w |����z ê �z y ��²{ ¨ z ��v�{ {� y�xz {²w� ��z
{w|§ ± é� ��x y�­z� ¬ } �{²��{ ��|| �à �z�zxw��{´¬ zw�²
{w|§ vx�­��z| z�w�{�´ ��z ��{v�{ ê �z ± ¦ ���xz � |²�} |
w� z�wyv�z } �{² ��v�{ ê �z |²wx��� wy��� {w|§| ± �z
w||�y z {²w{ {²z |��z �à zw�² ��v�{ w�­ ��{v�{ ê �z �|
§��}� w~vx��x� ±

�²�| y�­z� �| y �{�³w{z­ ¨´ ��x vx�y wx´ {wx�z{ wvv��~
�w{��� à�x ª�� � �©z�� ®í$° ¬ w y ��x�~v²´|�����´ wvv���w~
{��� {²w{ �|z| ì~% ���{z~©wx�� |�y��w{��� {z�²��è�z|
{� |{�­´ y��z���wx ¨��~�²zy ��w� ��{zxw�{���| } �{²�� ��³~
��� �z��| ± á� �©z�� x�� �| ��yv�|z­ �à y��{�v�z ���{z~
©wx�� |�y��w{���| à�x �z�� xz����| }²�|z �z�yz{x�z| wxz
­z|�x�¨ z­ �� åv�{z�{�w��´ ³zx´ �wx�zæ ê �z| ± ¦�x ��|{w��z ¬
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Figure 1. Application Model

�©z�� �w� ¨z �|z­ {� |{�­´ {²z {xw� z�{�x�z| �à �z�x�~
{xw�|y �{{zx| �� {²z ì~% |vw�z ¨ z{}zz� {}� �z�� y zy ~
¨xw�z| à�x ­��zxz�{ ­zà�xy w{���| �à {²z y zy¨xw�z| ¬
}²zxz zw�² ­zà�xy w{��� �| ­z|�x�¨ z­ �� w �z�y z{x´ ê �z ±
á­­�{���w� ê �z| �à ³wx�w¨�z |��z| wxz w�|� �zz­z­ à�x ­z~
|�x�¨��� {²z ���{�w� �� �w{���| �à ­��zxz�{ y��z���z| ± �²z
y�­z� ­z|�x�¨ z­ w¨�³z �| w­zè�w{z à�x ��x v�xv�|z w�­
|²���­ ¨z �z�zxw� z����² {� w���yy�­w{z �{²zx wvv��~
�w{���| åz ±� ± �z�zxw� ���{z~©wx�� |�y��w{���|æ ±

� ©z�� �|zx| w�­ ­z³z��v zx| w�{���vw{z �wx�z~|�w�z
x��| {²w{ ���{w�� {z�| �à {²��|w�­| �à {w|§| } �{² zw�²
{w|§ vx� �z||��� ²��­xz­| �à � #´{z| �à ��v�{ w�­ ��{~
v�{ ­w{w ¬ } �{² ³wx���| {w|§~ê �z �|w�z vw{{zx�| ± ¦�x~
{²zxy�xz ¬ xz|zwx�² }�x§ ��{|�­z {²z |��vz �à {²�| vwvzx
w­­xz||z| {²z è�z|{��� �à of``lg�j` �©z�� x��| }²z�
�|zx| �w� w­­ �z} {w|§| ��~{²z~ç´¬ w�­ y�­�à´ {²z
��yv�{w{���w� {wx�z{| �à z��|{��� {w|§| ± ���² x��| } ���
�zw­ {� àw�x�´ ��{x��w{z {w|§~ê �z � |w�z vw{{zx�| w�­ w
y�­z� w| �z�zxw� w| {²z ��z }z ­z|�x�¨z } ��� ¨ z �zz­z­
{� |{�­´ |�²z­����� �||�z| �� {²z vxz|z��z �à ��yv�{w~
{���w� |{zzx��� ±

2.2. Grid Model

�z w||�y z {²w{ {²z ©�yv�{w{���w� âx�­ w³w��w¨�z
{� {²z �|zx ²w| {²z à����} ��� fbd bjbp� � �{ �| w |z{ �à
& ���|{zx| �à ��yv�{��� xz|��x�z| �'( �( � �  !! ) {²w{ wxz
w��z||�¨�z {� {²z �|zx ³�w & ­�|{���{ �z{}�x§ ���§| ± �²�|
�| w �����w� {�v����´¬ w�­ {²�| }�x§ ­�z| ��{ w{{zyv{ {�
{w§z ��{� w�����{ {²z w�{�w� v²´|��w� �z{}�x§ {�v����´
�à {²z âx�­ ± ��x ��{z�{ �| {� y�­z� w } �­z~wxzw |´|~
{zy ¬ |��² w| w �bljm� hm` * jbt� br abimblo ®í�° à�x ��~
|{w��z ± äw�² ���|{zx ���{w�� | w �zx{w�� ��y¨zx �à _ bofo
}²zxz w ²�|{ �w� ¨z w�´ ��yv�{��� v�w{à�xy ¬ àx�y w
|����z~vx� �z||�x }�x§|{w{��� {� w� �ªª |´|{zy ¬ w�­
�| w³w��w¨�z à�x ��yv�{w{��� ± ¦x�y ��} �� ¬ }z �w��
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Figure 2. Environment Models

¨�{² ²�|{| w�­ �z{}�x§ ���§| l`obelt`o± �z ­� ��{ �y ~
v�|z w�´ ���|{xw��{ �� {²z vzxà�xy w��z �²wxw�{zx�|{��|
�à {²z xz|��x�z| w�­ ��x |�y��w{�x w���} | à�x wx¨�{xwx´
vzxà�xy w��z ³wx�w{��� ± �²z ���´ xzè� �xzy z�{ �| {²w{
à�x zw�² ��yv�{w{��� w�­ ê �z {xw�|àzx ¬ w� z|{�y w{z �à
x������ {�y z �| w³w��w¨�z ± �� ��{zxw�{�³z ²�|{| ¬ {²z
z|{�y w{z �| {²z {w|§ `u `tefhbi fhc ` }²zxzw| �� ¨w{�²
xz|��x�z| ¬ �{ �| {²z feliglbeim fhc ` å­zê�z­ w| {²z
}w�{��� {�y z v��| {²z z�z��{��� {�y zæ ± ���² z|{�y w{z|
�w� ¨z vx�³�­z­ ¨´ {²z �|zx ¬ ��yv�{z­ àx�y w�w�´{��w�
y�­z�| �x ² �|{�x��w� ��à�xy w{��� ¬ �x vx�³�­z­ ¨´ àw����~
{�z| |��² w| {²z � z{}�x§ �zw{²zx �zx³��z å�� �æ ®ì �° ¬
ä�� ®í¯° ¬ �zy�| ®�$° ¬ âx�­ |zx³��z| |��² w| {²�|z à���­
�� â��¨�| ®�î° ¬ �x ��yv�{z­ àx�y w ��y¨��w{��� �à {²z
w¨�³z ± � z�z�{ }�x§ |²�} | {²w{ {²z w���xw�´ �à {²z v zx~
à�xyw��z z|{�y w{z| ²w³z w� �yvw�{ �� {²z z�z�{�³z�z||
�à |�²z­����� ²z�x�|{��| w�­ {²w{ ��à�xy w{��� w¨��{ {²z
vx�¨w¨���{´ ­�|{x�¨�{��� �à {²z z|{�y w{z| |²���­ ¨z z�~
v�� �{z­ à�x |�²z­����� ®�¯ ¬ í�° ± �z z�v��xz |�z�wx��| à�x
­��zxz�{ �z³z�| �à z|{�y w{z w���xw�´ �� �z�{��� 
 ±

�z w||�y z {²w{ w |{�xw�z àw����{´ åz ±� ± �¦� ¬
âá�� ®$ ° ¬ é#ª ®íì°æ �| w³w��w¨�z w{ zw�² ��� |{zx |� {²w{
ê �z| �w� ¨z |²wxz­ wy��� {²z vx� �z||z| x������ �� ­�à~
àzxz�{ ²�|{| �� {²z ���|{zx ± ¦�x {²z êx|{ �yv�zy z�{w{���
�à ª�� ¬ }z wxz v�w����� {� �|z é#ª à�x |{�xw�z y w�~
w�zy z�{ ± ¦ ���xz í |²�} | w� z�wyv�z �à w âx�­ �à w
âx�­ } �{² {²xzz ���|{zx| ± é� {²�| }�x§ }z w||�y z {²w{
w�� ��v�{ ê �z| wxz ���{�w��´ |{�xz­ �� {²z �|zx �| ²�|{ ¬
{²w{ w�� ��{v�{ ê �z| y�|{ ¨ z xz{�x�z­ {� {²�| �� �w{��� ¬
w�­ {²w{ {²zxz wxz �� ��{zx~���|{zx ê �z z��²w��z| ± �z
w||�y z à�x ��} {²w{ ���z w||���z­ ¬ {w|§| ­� ��{ y �~
�xw{z ¨z{}zz� xz|��x�z| ± �²�| |�z�wx�� ê{| {²z ��xxz�{
�|w�z �à |z³zxw� xzw�~��àz ¬ vwxwy z{zx |}zzv wvv���w{���|
åz ±� ± � ©z�� ¬ é��í% ®í
°æ ¬ w�­ }z �zw³z w�{zx�w{z �|w�z
|�z�wx��| à�x à�{�xz }�x§ ± é� {²�| }�x§ }z ����xz v�|~
|�¨ �z |{�xw�z ���|{xw��{| w�­ w||�y z ����y �{z­ |{�xw�z
|vw�z ± ��x y�­z� w||�yv{���| wxz ­�|��||z­ �� {²z à��~

��} ��� |z�{��� ¬ ¨�{ }z ¨z��z³z {²w{ {²z´ y w§z �{ v�||�~
¨�z {� �¨{w�� ���{�w� y zw����à�� xz|��{| w¨��{ w xzw��|{��
z�³�x��yz�{ }²��z §zzv��� {²z |�y��w{��� {xw�{w¨�z ±

2.3. Model Discussion

��x âx�­ y�­z� y w§z| |z³zxw� |�yv��à´ ��� w||�yv~
{���| ± ä³z� {²���² }z w���} �z{}�x§ ���§| {� ²w³z wx~
¨�{xwx´ ­´�wy �� v zxà�xy w��z �²wxw�{zx�|{��| ¬ }z ­� ��{
y�­z� �z{}�x§ ���{z�{��� �w�|z­ ¨´ {²z wvv���w{��� �{~
|z�à ± é�|{zw­ }z ³�z} {²z �z{}�x§ w| w |z{ �à ­�|{���{
���§| zy w�w{��� àx�y {²z �|zx �| ²�|{ w�­ {²w{ �w� w�� ¨ z
�|z­ �� vwxw��z� ± �z ¨ z��z³z {²w{ {²�| w||�yv{��� } ���
�zz­ {� ¨ z xz�w�z­ �� à�{�xz }�x§ ± ����z ��x v�xv�|z �|
��{ |�y��w{��� vzx |z ¬ }z } ��� w�y w{ �|��� |�y��w{�x|
­z³z��v z­ ¨´ �{²zx xz|zwx�² �x��v| ± ¦�x ��|{w��z ¬ {²z
� ��x�~âx�­| |�y��w{�x ®�
° ¬ }²z� �{ ¨ z��y z| w³w��w¨�z ¬
} ��� w���} �| {� vxz��|z�´ |�y��w{z �z{}�x§ ���{z�{���
w�­ |{�­´ �{| �yvw�{ �� ��x ��xxz�{ xz|��{| ±

��y ��wx�´¬ }z ­� ��{ {w§z ��{� w�����{ ���{z�{���
} �{²�� w ���|{zx à�x |²wxz­ ê�z w��z|| ± ��x ��|{�ê�w~
{��� �| {²w{ } �­z~wxzw ê �z {xw�|àzx ��|{ ­�y ��w{z {²z
��|{ �à ê �z w��z|| } �{²�� {²z ���|{zx ¬ z³z� �� {²z vxz|~
z��z �à ���{z�{��� ± � ²��z {² �| �| {x�z �� �zx{w�� z�³�~
x��y z�{| ¬ �{ �| �zx{w�� �´ ��{ �z�zxw� w�­ }z } ��� �zz­
{� z�²w��z ��x �}� |�y��w{�x |� {²w{ �{ �w� |�y��w{z
y�­z� ���{z�{��� à�x |²wxz­ |{�xw�z ± ¦�x ��|{w��z ¬ {²�|
} ��� ¨ z �z�z||wx´ {� |�y��w{z ²��²~¨w�­} �­{² } �­z~wxzw
xz|zwx�² �z{}�x§| |��² w| {²z ³#�� ± á{ {²z y�yz�{
}z wxz v�w����� {� ­zv��´ {²z ª�� |�à{}wxz �� ���~
­z­��w{z­ ��yyzx��w� } �­z~wxzw �z{}�x§| } �{² y w�´
���|{zx| w�­ }z ¨z��z³z ��x |�y��w{��� xz|��{| } ��� ²��­
�� {²�|z z�³�x��y z�{| ± �²z w||�yv{��� �à ����y �{z­
|{�xw�z �| xzw��|{�� à�x ��xxz�{ x��| �à �©z�� �� ��x
��xxz�{ {z|{¨ z­ ¬ ¨�{ {²w{ w||�yv{��� } ��� ¨ z xz�w�z­ ��
à�{�xz ³zx|���| �à ��x |�²z­����� w���x�{²y ±

��x âx�­ y�­z� w�|� w||�yz| {²w{ {²zxz wxz �� ­�~
xz�{ �z{}�x§ ���§| ¨ z{}zz� ���|{zx| �� {²z |z�|z {²w{
ê �z {xw�|àzx| �w���{ ¨ z v zxà�xyz­ ¨´ ��x |�²z­�����
w���x�{²y ¨z{}zz� ���|{zx| ± é� �{²zx }�x­| ¬ {²z ���´
w�{²�x�{w{�³z |��x�z �à ��v�{ ê �z| �| {²z �|zx �| ²�|{ ±
�²�| vxz³z�{| |�²z­��zx| àx�y yw§��� |�y z �v{�y ��w~
{���| }²z� ­�||zy ��w{��� ��v�{ ê �z| wy��� {²z ���|~
{zx| ± ��}z³zx ¬ �� ²z�x�|{�� }z |{�­´ �� {² �| vwvzx �|
w¨�z {� |�vv�x{ |��² �v{�y ��w{���| w| {²�| }���­ xz~
è��xz w ���|�­zxw¨�´ y�xz vxz��|z ��­zx|{w�­��� �à {²z
�z{}�x§ ± ��x �z�{ |{zv �� {²�| xz|zwx�² } ��� ¨ z {� �|z
w y�xz ��yv�z{z �z{}�x§ y�­z� w�­ {� ���|�­zx w�´
|{�xw�z ­z³��z à�x w�´ ê�z xz{x�z³w� ± �²�| } ��� w���} ��{
���´ à�x y�xz çz� �¨�z wvv���w{��� |�z�wx��| ¬ ¨�{ w�|�
à�x {²z ��³z|{��w{��� �à y�xz |�v²�|{��w{z­ |�²z­�����
w���x�{²y | ±
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Figure 3. Scheduling Algorithm Skeleton
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3.1. The Scheduling Algorithm

�z �w�� ��x |�²z­����� w���x�{²y �������� �� ± �²z
�z�zxw� |{xw{z�´ �| {²w{ �{ {w§z| ��{� w�����{ xz|��x�z
vzxà�xy w��z z|{�y w{z| {� �z�zxw{z w d jgi à�x {²z w||���~
��� ê �z {xw�|àzx| {� �z{}�x§ ���§| w�­ {w|§| {� ²�|{| ±
�� w�����{ à�x {²z âx�­ �| ­´�wy �� �w{�xz ¬ �������� ���w� ¨z �w��z­ xzv zw{z­�´ |� {²w{ {²z |�²z­��z �w� ¨z
y�­�êz­ w�­ xzê�z­ ± �z ­z��{z {²z v���{| �� {�y z
w{ }²��² �������� �� �| �w��z­ ot_ `mejhip `n`ifo¬ w�~
��x­��� {� {²z {zxy ������´ �� ®íî° ± �z w||�y z {²w{ w{
zw�² |�²z­����� z³z�{ ��x |�²z­��zx ²w| §��} �z­�z �à �
å�æ {²z ��xxz�{ {�v����´ �à {²z âx�­ å��y¨zx �à ���|~
{zx| ¬ ��y¨zx �à ²�|{| �� {²�|z ���|{zx| ¬ �z{}�x§ w�­
©ª« ��w­|æ ¬ å��æ {²z ��y¨zx w�­ ���w{��� �à ��v�z| �à
w�� ��v�{ ê �z| ¬ w�­ å���æ {²z ��|{ �à ��yv�{w{���| w�­ ê�z
{xw�|àzx| ��xxz�{�´ ��­zx}w´ �x w�xzw­´ ��yv�z{z­ ±

¦ ���xz ì |²�} | {²z �z�zxw� |§z�z{�� à�x �������� ��}²�|z |{zv| �w� ¨z ­z|�x�¨ z­ w| à� ���} | �

�
� ­z{zxy ��z| {²z {�y z �à {²z �z�{ |�²z­����� z³z�{ ±
�²�| �w� {w§z ��{� w�����{ z�³�x��yz�{ ¨ z²w³��x
{� ���xzw|z �x ­z�xzw|z {²z |�²z­����� z³z�{ àxz~
è�z��´± á ²��²zx àxzè�z��´ yzw�| w ²��²zx w­wv~
{�³ �{´ ¨�{ w�|� w ²��²zx |�²z­����� ��|{ ±

��� �xzw{z| w âw�{{ �²wx{ ®�° ¬ 	 ¬ {²w{ } ��� ¨ z �|z­ {�
§zzv {xw�§ �à {w|§	²�|{ w||���y z�{| ± 	 ���{w��|
w| y w�´ ����y�| w| xz|��x�z| ± ¦���xz � |²�} |
w� z�wyv�z �à w âw�{{ �²wx{ à�x w� z�³�x��y z�{
���{w����� {}� ��� |{zx| } �{² xz|vz�{�³z�´ {}� w�­
{²xzz ²�|{| ±

��� ��|zx{| |��{| ��xxz|v��­��� {� {w|§| {²w{ wxz ��x~
xz�{�´ x������ ��{� {²z �²wx{ ± �}� z�wyv�z| wxz
|²�}� �� ¦���xz � w| ¨ �w�§~ê ��z­ xz�{w����wx |��{|
w{ {²z ¨ z������� �à {²z �²wx{ å��z ê �z {xw�|àzx w�­
��z ��yv�{w{��� æ ±

��� vzxà�xy | w {w|§~|vw�z xz­��{��� {²w{ �w� ¨z �|z­
{� xz­��z �������� �� �| z�z��{��� {�y z ± �²�| } ���
¨ z �z�z||wx´ à�x x��| �à xzw� vwxwy z{zx |}zzv wv~
v���w{���| |���z }z z�vz�{ {²zy {� ���{w�� {²��~
|w�­| �à {w|§| ±

��� �| {²z ��xz �à {²z w���x�{²y ¬ ­z{zxy ����� }²��²
{w|§ |²���­ ¨z v zxà�xy z­ �� }²��² ²�|{ ± �²�|
|{zv �| ­z{w��z­ �� �z�{��� � ± ä�wyv�z| �à |��{ w|~
|���y z�{| wxz ­zv ��{z­ �� ¦���xz � �� �xw´± é� {²�|
z�wyv�z ¬ ��v�{ ê �z {xw�|àzx| wxz |�²z­��z­ �� {²z
�z{}�x§ ���§ {� ��� |{zx í ¬ {²z ��yv�{w{��� �| {²z�
|�²z­��z­ �� w ²�|{ } �{²�� {²w{ ���|{zx ¬ w�­ {²z
��{v�{ ê �z �| |�²z­��z­ {� ¨ z xz{�x�z­ {� {²z �|zx �|
²�|{ ±

��� ���³zx{| {²z âw�{{ �²wx{ ��{� w d jgi¬ �x w |zè�z��z
�à �� |{x��{���| ± �²z|z ��|{x��{���| �w� {²z� vx�~
³�­z w |�²z­��z à�x ­zv��´y z�{ } �{² âx�­ |�à{}wxz
|zx³��z| åà�x ��¨ |�¨y �||��� w�­ y���{�x��� ¬ ­w{w
y�{��� ¬ z{� ±æ ±

3.2. Discussion

�z³zxw� |{zv | �à ��x |�²z­����� w���x�{²y �w� ¨z �y ~
v�zy z�{z­ ��­zv z�­z�{�´ w�­ {²�| y w§z| �{ v�||�¨ �z
{� z�vzx�y z�{ } �{² ­��zxz�{ {z�²��è�z| w�­ |{xw{z��z| ±
��x � �{�y w{z ��w� �| {� ��|{w�{�w{z {²z w���x�{²y |�
{²w{ �{ �| �v{�y ��z­ à�x |v z��ê� z�³�x��y z�{| w�­ wv~
v���w{���| ± ¦�x{²zxy�xz ¬ {² �| ��|{w�{�w{��� |²���­ ¨ z
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Figure 4. Sample Gantt chart

w| ­´�wy �� w�­ w�{�y w{�� w| v�||�¨�z w| {²z w���x�{²y
|²���­ ¨ z w¨�z {� xz���ê��xz �{|z�à ��~{²z~ç´ {� w���y ~
y�­w{z �²w����� âx�­ ���­�{���| ±

�{zv å�æ w���} | à�x ­´�wy �� w­��|{y z�{ �à {²z
|�²z­����� z³z�{ àxzè�z��´± á ²��²zx àxzè�z��´ �zw­| {�
y�xz w­wv{�³�{´ w�­ |²���­ ¨ z ¨ z{{zx à�x ��|{w¨ �z âx�­
z�³�x��y z�{| ± ��}z³zx ¬ w ² ��²zx àxzè�z��´ w�|� y zw�|
{²w{ �������� �� �| �w��z­ y�xz àxzè�z�{�´± %zvz�­���
�� {²z ��yv�{w{���w� ��|{ �à {²z |�²z­����� ¬ w ²��² àxz~
è�z��´ y ��²{ ��{ ¨ z ­z|�xw¨�z ± é� {²z �w|z �à {²z ª��
|�à{}wxz ¬ w vx� �z||�x �| � |�w��´ ­z­��w{z­ {� |�²z­����� ±
¦�x{²zxy�xz ¬ ��³z� {²z �xw���wx�{´ �à {²z wvv���w{���|
}z wxz ���|�­zx��� ¬ {²zxz |²�� �­ ¨ z �� �zz­ à�x ³zx´
²��² àxzè�z���z| ± ��}z³zx ¬ |{zv| åìæ w�­ å
æ y ��²{ ��~
���­z xzy�{z w��z|| {� âx�­ ��à�xy w{��� |zx³��z| åz ±� ±
�� � ®ì �°æ {� v zxà�xy vzxà�xy w��z vxz­��{��� ± é{ y w´
{²z� ¨z��y z �z�z||wx´ {� xz­��z {²z |�²z­����� z³z�{
àxzè�z��´ ¨z�w�|z �à �w{z���z| w||� ��w{z­ } �{² âx�­ |zx~
³��z| ± ��z �w� z�³�|��� w���x�{²y | {� ­´�wy ��w��´ {��z
{²z àxzè�z��´ �� |{zv å�æ ± ¦�x ��|{w��z ¬ ��z ����­ ��y ~
v�{z {²z ­z³�w{��� �à {²z ��yv�{w{��� àx�y }²w{ }w|
v�w��z­ ­�x��� {²z vxz³���| �w�� {� �������� �� ± �wx�z
­z³�w{���| |���z|{ ²��²zx àxzè�z���z| }²zxzw| ��} ­z~
³�w{���| |���z|{ {²w{ {²z àxzè�z��´ �w� ¨z ­z�xzw|z­ ±

�{zv åìæ �¨{w��| z|{�y w{z| à�x ��yv�z{��� �à �������
ê �z {xw�|àzx| w�­ ��yv�{w{���| �� �x­zx {� |{wx{ ê �����
�� |��{| �� {²z âw�{{ �²wx{ ± �²�| �| w ��{{�z ­��zxz�{
àx�y z|{�y w{��� ��|{ x������ {�y z| ¨ z�w�|z y�xz ��à�x~
y w{��� �| w³w��w¨�z ± é{ �| ��­zz­ ����z�³w¨�z {²w{ y�xz
vxz��|z à�xz�w|{��� {z�²��è�z| �w� ¨z �|z­ ¨z�w�|z {²z
xzè� �xz­ vxz­��{��� �| �� {²z �zwx à�{�xz w�­ ¨z�w�|z
{²zxz wxz }w´| {� ��yv�{z vzx�z�{w�z {� ��yv�z{��� ±
é{ y w´ ¨z {²w{ wvv���w{���| vx�³�­z| y zw�| {� �²z�§ ��
��yv�{w{��� vx��xz|| å{²�| �| ²�}z³zx ��{ {²z �w|z à�x
�©z��æ ± ��xz �z�zxw��´¬ {z�²��è�z| �|��� ²�|{�x��w� ��~

à�xy w{��� àx�y âx�­ |zx³��z| �w� �zw­ {� z|{�y w{���| �à
{²z vzx�z�{w�z {� ��yv�z{��� ± �z ²w³z |{wx{z­ z�vzx~
�y z�{��� } �{² |��² {z�²��è�z| w�­ } ��� vxz|z�{ xz|��{|
�� w |�¨|zè�z�{ vwvzx ±

�{zv å
æ �� ¦���xz ì |{w{z| {²w{ {w|§| wxz w||���z­
{� ²�|{| ��{�� ãz����²ã }�x§ ²w| ¨ zz� w||���z­ ± � �§z
|{zv å� æ ¬ {²�| �| ��{z�­z­ {� ��y �{ {²z {�y z |v z�{ ��y ~
v�{��� {²z |�²z­��z ± é�­zz­ ¬ �{ y w§z| ��{{�z |z�|z {�
w||��� {w|§| {� ²�|{| à�x {�y z| {²w{ wxz }z�� ¨ z´��­
{²z �z�{ |�²z­����� z³z�{ |���z {²z |�²z­��z } ��� ¨ z xz~
z³w��w{z­ {²z� ± ����z xzw� x��| } ��� ��{ ¨ z v zxàz�{�´
vxz­��{w¨�z ¬ �{ �| ���­ vxw�{��z {� �zw³z |�yz ywx��� �à
zxx�x w�­ w||��� }�x§ ��{�� wà{zx {²z �z�{ |�²z­�����
z³z�{ |� {²w{ xz|��x�z| wxz �{����z­ z³z� �à {²z vzxà�x~
y w��z vxz­��{���| }zxz vz||�y �|{�� ±

�{zv å�æ vx� �z||z| {²z âw�{{ �²wx{ w�­ {xw�|à�xy | �{
��{� w |z{ �à {w|§ ��|{| w||� ��w{z­ {� zw�² xz|��x�z ± �²z
âx�­ ��àxw|{x��{�xz |�à{}wxz �� �|z �| {²z� xz|v��|�¨ �z
à�x |zè�z����� ê �z {xw�|àzx| w�­ ��yv�{w{���| �� {²z
wvvx�vx�w{z xz|��x�z| ± � zxz {²zxz �| |�y z �w{�{�­z à�x
|�y z �²���z| ����zx���� {²z w�{�w� �yv�zy z�{w{��� �à
{²z {w|§ |zè�z����� ± é{ y w´ ¨z {²w{ ¬ ­�z {� ��z�vz�{z­
vzxà�xy w��z y �|vxz­��{��� ¬ |�y z xz|��x�z �w���{ z�z~
��{z {²z �z�{ {w|§ �� �{| ��|{ ¨�{ ����­ z�z��{z ��z
�à {²z |�¨|zè�z�{ ��z| ± ¦�x �� |{w��z ¬ w ê �z {xw�|àzx à�x
{²z ��{v�{ �à w {w|§ {²w{ �| ��z�vz�{z­�´ �w����� y ��²{
�w�|z w �z{}�x§ ���§ {� |{w´ ���|z­ ± á |���{��� �| {�
xz�w� {²z �x­zx��� �à {²z ��|{ w�­ w���} |�¨|zè�z�{ ê �z
{xw�|àzx| {� ¨ z vzxà�xy z­ �yyz­�w{z�´±

��x z�vzx�z��z ��­��w{z| {²w{ w���} ��� ��{v�{ ê �z
{xw�|àzx| {� ¨ z ­z�w´z­ ��{�� {²z´ �w� z�z�{�³z�´ � ���x
�| �|�w��´ w ���­ �­zw w| �{ w���} | à�x ¨ z{{zx �z{}�x§
¨w�­} �­{² �{����w{��� }²��z ��{ ­�|x�v{��� {²z �³zxw��
|�²z­��z {� w �xzw{ z�{z�{ ± �²�| �| {²z |�²zy z �|z­ ¨´
�������� �� �� {²�| vwvzx ± ¦�x{²zx z�vzx�y z�{| }���­
¨z xzè��xz­ �� �x­zx {� ��³z|{��w{z {²z {xw­z~�� | ¨ z~
{}zz� xz|��x�z �{����w{��� w�­ |�²z­��z ­�|x�v{��� ±

�{zv| å�æ w�­ å
æ �|z ­´�wy �� ��à�xy w{��� w¨��{
{²z |{w{�| �à {²z âx�­ xz|��x�z| w�­ wxz §z´ {� {²z w�~
��x�{²y zë �w�´± ��ù ü ÷ôñ ÿý ��õ ôñ òóôõ ö÷ö øù ôõ
õòøö ��� ýÿ òóø ÷ ��ýùôòóü w�­ ��x xz|��{| wxz vxz~
|z�{z­ �� {²z à� ���} ��� |z�{��� ± �z w�|� vxz|z�{ vxz~
��y ��wx´ z�vzx�y z�{| ����zx���� |{zv å�æ �� �z�{��� 
 ±

� � � �[�¢[� ¥¡� �\Y���¢YZ W YY¥�¡� �¡Z
� �]¥Y¥¢¡Y

4.1. Heuristics

�z y�|{ �­z�{�à´ ²z�x�|{��| {²w{ wxz wvv���w¨�z ��
âx�­ z�³�x��y z�{| {� v zxà�xy w||���y z�{ �à ê �z {xw�|~
àzx| {� �z{}�x§ ���§| w�­ �à ��yv�{w{���| {� ²�|{| ±



��xz�³zx {²z|z ²z�x�|{��| y�|{ ¨ z xzw|��w¨�´ ��yv�~
{w{���w��´ ��z�vz�|�³z } �{² xz|v z�{ {� {²z ­�xw{��� �à
w {´v��w� wvv���w{��� {w|§ ± �²xzz |�yv�z ²z�x�|{��| à�x
|�²z­����� ��­zvz�­z�{ {w|§| à�x w ���à�xy |����z~�|zx
z�³�x��y z�{ wxz vx�v�|z­ �� ®�� ¬ íî° � ï hiqc hi¬ ï gu q
c hi ¬ w�­ �e� `lgp `± �²z|z {²xzz ²z�x�|{��| �{zxw{�³z�´
w||��� {w|§| {� vx� �z||�x| ¨´ ���|�­zx��� w�� {w|§| ��{
|�²z­��z­ w�­ ��yv�{��� � ���y�y ©�yv�z{��� � �y z|
å�©� |æ ± ¦�x zw�² {w|§ ¬ {²�| �| ­��z ¨´ {z�{w{�³z�´
|�²z­����� �{ {� zw�² xz|��x�z ¬ z|{�y w{��� {²z {w|§ �|
��yv�z{��� {�y z ¬ w�­ ��yv�{��� {²z y ���y�y ��y ~
v�z{��� {�y z �³zx w�� xz|��x�z| ± ¦�x zw�² {w|§ ¬ w c `flht
�| ��yv�{z­ �|��� {²z|z �©� | ¬ w�­ {²z {w|§ } �{² {²z
ã¨z|{ã yz{x�� �| w||���z­ {� {²z xz|��x�z {²w{ �z{| �{
w�²�z³z �{| �©� ± �²z vx� �z|| �| {²z� xzv zw{z­ ��{�� w��
{w|§| ²w³z ¨ zz� |�²z­��z­ ±

ï hiqc hi �|z| {²z � �� �y�y �©� w| w y z{x�� ¬ y zw�~
��� {²w{ {²z {w|§ {²w{ �w� ¨z ��yv�z{z {²z zwx��z|{
�| � �³z� vx��x�{´± �²z y�{�³w{��� ¨z²��­ � ��~y �� �|
{²w{ w||��� ��� {w|§| {� ²�|{| {²w{ } ��� z�z��{z {²zy
{²z àw|{z|{ } ��� �zw­ {� w� �³zxw�� xz­��z­ yw§z|vw� ±
ï gu qc hi �| y z{x�� �| {²z � w��y�y �©� ± �²z z�vz�{w~
{��� �| {� �³zx�wv ����~x������ {w|§| } �{² |²�x{~x������
��z| ± �²z xw{���w�z ¨ z²��­ �e� `lgp ` �| {²w{ w ²�|{
|²���­ ¨ z w||���z­ {� {²z {w|§ {²w{ }���­ �|��zxã {²z
y�|{ �à ��{ w||���z­ {� {²w{ ²�|{ ± ¦�x zw�² {w|§ ¬ �{|
|��zxw�z ³w��z �| ­zê�z­ w| {²z ­��zxz��z ¨ z{}zz� �{|
¨z|{ �©� w�­ �{| |z���­~¨ z|{ �©� ± �w|§| } �{² ²��²
|��zxw�z ³w��z {w§z vxz�z­z��z ± ��{z {²w{ {²�| ­zà~
�� �{��� �à |��zxw�z �| w ��{{�z ­��zxz�{ àx�y {²z ��z
vxz|z�{z­ �� ®íî° ± �z à���­ ��x ­zê��{��� zw|�zx {�
�yv�zy z�{ w�­ z�vzx�y z�{| |²�}z­ �� ­��zxz��z| ¨z~
{}zz� ��x ³zx|��� �à |��zxw�z w�­ {²z ��z �� ®íî° ± �z
y�­�êz­ w�� {²xzz ²z�x�|{��| |� {²w{ {²z´ å�æ �����­z
��v�{ w�­ ��{v�{ ­w{w {xw�|àzx {�y z| }²z� ��yv�{���
�©� | w�­ å��æ {w§z ��{� w�����{ {²z àw�{ {²w{ |�y z ê�z|
yw´ w�xzw­´ ¨z vxz|z�{ �� xzy�{z |{�xw�z ­z³��z| ± é�
w­­�{��� ¬ }z �yv�zy z�{z­ w� z�{z�­z­ ³zx|��� �à {²z
���zxw�z ²z�x�|{�� � ��e� `lgp `±

é� ����zxw�z {²z |��zxw�z ³w��z �| ��yv�{z­ ��{
} �{² �©� | ¬ ¨�{ } �{² tjeof`lqj`n`j ï a^o¬ � ±z ± ¨´ ��y ~
v�{��� {²z y ���y�y �©� | �³zx w�� ²�|{| �� zw�² ���|~
{zx ± ��x êx|{ ��{��{��� }w| {²w{ ���zxw�z |²���­ ¨ z w
���z }w´ {� z�v���{ ê �z �� �w��{´ �||�z| } �{²��{ w�´ w~
vx��x� w�w�´|�| �à {²z {w|§~ê �z ­zv z�­z��z vw{{zx� ± �²z
�­zw �| {²w{ �à w ê �z xzè��xz­ ¨´ |�y z {w|§ �| w�xzw­´
vxz|z�{ w{ w xzy�{z ���|{zx ¬ {²w{ {w|§ }���­ ã|��zxã
�à ��{ w||���z­ {� w ²�|{ �� {²w{ ���|{zx ¬ vx�³�­z­ {²z
ê �z �| �wx�z ��yvwxz­ {� {²z w³w��w¨�z ¨w�­} �­{² ��
{²z ���|{zx �| �z{}�x§ ���§ ± �²z |��zxw�z ³w��z }���­
{²z� ¨z w |�yv�z }w´ �à �wv{�x��� |��² |�{�w{���| w�­
z�|�x��� y w��y�y ê�z xz~�|z ± �²�| �| |�y z}²w{ xzy ~
���|�z�{ �à {²z �­zw �à fgo��_ bof gs ihfh`o ��{x�­��z­

�� ®íî° ¬ }²zxz |�yz ²�|{| wxz ¨ z{{zx à�x |�y z {w|§| ¨�{
��{ à�x �{²zx| ±

��}z³zx {²w{ zwx�´ z�vzx�y z�{| |²�}z­ {²w{ {²z
���zxw�z ²z�x�|{�� w| ­z|�x�¨ z­ w¨�³z ­�z| ��{ �zw­
{� y w§z|vw�| w| ���­ w| {²z ��z| }z z�vz�{z­ ± �²�|
�w� ¨z z�v�w��z­ zw|��´± á ||�y z {²w{ w {w|§ ¬ |w´ �

�
¬

xzè��xz| w �wx�z ��v�{ ê �z {²w{ �| w�xzw­´ |{�xz­ �� w
xzy�{z ���|{zx ± éà {²w{ ���|{zx ���{w��| {}� å�x y�xzæ
²�|{| } �{² �zwx�´ �­z�{��w� v zxà�xyw��z ¬ }²��² �| �à{z�
{²z �w|z �� vxw�{��z ¬ {²z� ¨�{² {²�|z ²�|{| �w� w�²�z³z
�zwx�´ {²z |wy z �©� à�x {²w{ {w|§ ± éà {²z ê �z �| �à
|��� �ê�w�{ |��z ��yvwxz­ {� �z{}�x§ ¨w�­} �­{²| w³w��~
w¨�z ¬ {²z� �{ �| ��§z�´ {²w{ {²�|z {}� ²�|{| �zw­ {� {²z
¨z|{ w�­ |z���­~¨z|{ � ©� | à�x �

�
± �²�| y zw�| {²w{

{²z |��zxw�z ³w��z } ��� ¨ z ���|z {� �zx� ¬ � �³ ��� {²z {w|§
��} vx��x�{´± �{²zx {w|§| y w´ ¨z |�²z­��z­ �� �{| v�w�z ¬
�z�zxw{z ��w­ �� {²z ²�|{| �� {²z ��� |{zx ¬ w�­ z³z�{�w��´
à�x�z �

�
{� ¨ z |�²z­��z­ �� |�y z �{²zx ���|{zx ¬ {²zxz¨´

xzè��x��� w� w­­�{���w� ê �z {xw�|àzx ± �²�| �w� ²w³z w
­xwy w{�� �yvw�{ �� {²z �³zxw�� wvv���w{��� y w§z|vw�
w| �{ �zw­| {� v��x ê �z xz~�|z wy��� {w|§| ¬ z|vz��w��´ ��
} �­z~wxzw ¨w�­} �­{²~���|{xw��z­ z�³�x��y z�{| ±

�z |��³z­ {²�| vx�¨ �zy �� � ���zxw�z ¨´ �|��� w
y�­�êz­ |��zxw�z ³w��z ­zê��{��� ± ¦�x zw�² {w|§ w�­
à�x zw�² ���|{zx }z ��yv�{z {²z {w|§ �| � ©� ���´ à�x
²�|{| �� {²z ��³z� ���|{zx w�­ �w�� {²w{ ³w��z {²z tjeof`lq
j`n`j ï a^± �²z tjeof`lqj`n`j oe� `lgp ` ³w��z �| ��y ~
v�{z­ w| {²z ­��zxz��z ¨z{}zz� {²z ¨z|{ w�­ |z���­~
¨z|{ ���|{zx~�z³z� � ©� ± �²z {w|§ } �{² {²z ²��²z|{
���|{zx~�z³z� |��zxw�z �| � �³z� vx��x�{´ w�­ �| |�²z­~
��z­ {� {²z ²�|{ {²w{ w�²�z³z| {²z zwx��z|{ �©� }�{² ��
{²z ���|{zx {²w{ w�²�z³z| {²z zwx��z|{ ���|{zx~�z³z� � ©� ±
ávvz�­�� ¯ ��³z| à�xy w� ­z|�x�v{���| �à � w�~y �� ¬ � ��~
y �� ¬ ���zxw�z ¬ w�­ ����zxw�z ±

4.2. Simulating Parameter Sweeps
in Grid Environments

é� �x­zx {� z³w��w{z {²z zë �w�´ �à {²z ²z�x�|{��| ­z~
|�x�¨ z­ zwx��zx }z ­z³z��vz­ w âx�­ vwxwy z{zx |}zzv
|�y��w{�x ± á{ vxz|z�{ ¬ ��{{�z |�à{}wxz �| w³w��w¨�z à�x
âx�­ |�y��w{��� ± áy��� {²z y�|{ vx�y �|��� }�x§ ¬
{²z # x��§| vx�� z�{ ®ìî° w­­xz||z| {²z è�z|{��� �à |�y�~
�w{��� ²z{zx��z�z��| ­�|{x�¨�{z­ z�³�x��y z�{ à�x {²z
v�xv�|z �à z³w��w{��� |�²z­����� |{xw{z��z| ¬ ¨�{ ��
v�¨��� �yv�zy z�{w{��� �| w³w��w¨�z w{ {²z y�yz�{ ±
¦�x{²zxy�xz ¬ # x��§| {wx�z{| ã���¨w� ��yv�{��� |´|~
{zy |ã ®
 ¬ í� ¬ �� ¬ �î° xw{²zx {²w� wvv���w{��� |�²z­~
��zx| ± é{ w||�y z| ���|{w�{ {w|§ w�­ ­w{w wxx�³w� xw{z|
{� |zx³zx| w�­ �|z| è�z���� {²z�x´ �� w� w{{zyv{ {�
y�­z� y w�´ �|zx| }²� w|´��²x����|�´ ��{zxw�{ } �{² w
���¨w� ��yv�{��� |´|{zy ± #´ ���{xw|{ ¬ ��x |�y��w{�x
�| v�xz�´ z³z�{~­x�³z� }²��² �| y �xz wvvx�vx�w{z �� ��x



àxwyz}�x§ }²zxz {²z |�²z­��zx §��} | w�� {w|§| w~vx��x�
w�­ �| �� �²wx�z �à �� �´ ��z wvv���w{��� ± �²z � ��x�~
âx�­| ®�
° vx�� z�{ } ��� w�|� ¨z �à ��{zxz|{ à�x �w�����
��|��²{ �� ²�} ��x |�y��w{��� xz|� �{| ²��­ ��­zx y�xz
xzw��|{�� w||�yv{���| ± á{ vxz|z�{ ¬ �{ �w���{ ¨ z �|z­
{� vzxà�xy �wx�z ��y¨zx| �à x��| �à �wx�z~|�w�z wvv��~
�w{���| w| �{ zy��w{z| {²z âx�­ xw{²zx {²w� |�y��w{z|
x��| �à {²z wvv���w{��� ± ��}z³zx ¬ � ��x�~âx�­| �|z| w
�z{}�x§ |�y��w{�x {²w{ ��� �­ ²z�v �| y�­z� �z{}�x§
{xwë � y�xz w���xw{z�´ ¨´ {w§��� ��{� w�����{ v²´|�~
�w� �z{}�x§ {�v����´ w�­ ���§ ���{z�{��� ­�z {� {²w{
{�v����´±

��x |�y��w{�x w���} | �| {� ��yvwxz ²z�x�|{��| ��~
­zx {²z |wy z ��w­ ���­�{���| ¬ �� w xzvx�­���¨�z y w�~
�zx ¬ à�x w } �­z ³wx�z{´ �à |´|{zy |{w{z| w�­ wvv���w{���
|�z�wx��| ± é� w­­�{��� ¬ }z ³zx�êz­ {²z w���xw�´ �à ��x
|�y��w{z­ xz|��{| ¨´ ��yvwx��� z�vzx�y z�{w� x��| ��
|²wxz­ ¬ vx�­��{��� z�³�x��y z�{| } �{² |�y ��wx�´ ��w­z­
|�y��w{��� wvv���w{��� z�z��{��� {�y z| ± ��x |�y��w~
{�x {w§z| w| ��v�{ �������� �� ¬ w {w|§	²�|{ w||���~
yz�{ ²z�x�|{�� ¬ w ­z|�x�v{��� �à {²z wvv���w{��� {w|§|
w�­ ��v�{	��{v�{ ê �z| ¬ w�­ w ­z|�x�v{��� �à {²z âx�­
{�v����´ } �{² vzxà�xy w��z �²wxw�{zx�|{��| �à âx�­ xz~
|��x�z| ± �²z|z �²wxw�{zx�|{��| �w� ¨z ���|{w�{ ³w��z| ¬
|wyv�z| àx�y xw�­�y ­�|{x�¨�{���| ¬ �x {xw�z| àx�y {²z
�� � ®ì �° ± é� {²�| }�x§ }z �|z ���´ �� � {xw�z| w|
{²z´ �zw­ {� y�xz xzw��|{�� y�­z�| ± �²z |�y��w{�x w�|�
w���} | à�x w­­��� w�­ xzy�³��� xz|��x�z| ­´�wy ��w��´¬
¨�{ }z ­� ��{ vzxà�xy w�´ z�vzx�y z�{| } �{² {xw�|�z�{
xz|��x�z| �� {²�| vwvzx ± �²z ��{v�{ �à {²z |�y��w{�x �|
w y w§z|vw� ³w��z ¨w|z­ �� {²z |z{ �à ��v�{ vwxwy z{zx| ±
��xz ­z{w��| �� {²z |�y��w{�x �w� ¨z à���­ �� ®�° ±

4.3. Simulation Results

� �� �
� � ÷ñþýü � ùôþõ ÷ñþ �öö �ô�÷òôýñõ
é� �x­zx {� vzxà�xy w àw�x ��yvwx�|�� �à {w|§	²�|{ |z~
�z�{��� ²z�x�|{��| }z �z�zxw{z­ �îîî |�y��w{z­ âx�­|
w�­ íîîî |�y��w{z­ wvv���w{���| ± �z {²z� xw�­�y �´
v��§z­ âx�­	wvv���w{��� vw�x| wy��� {²z í ¬îîî ¬îîî v�|~
|�¨ �z ¬ w�­ xw� ��x |�y��w{�x à�x zw�² vw�x } �{² w��
²z�x�|{��| ± �²z |�y��w{���| �� {²�| |z�{��� w||�y z �îî�
w���xw{z vzxà�xy w��z z|{�y w{��� w�­ |�²z­����� z³z�{|
����x z³zx´ 
îî |z���­| ± �²z z�vz�{w{��� �| {²w{ ��y ~
v�{��� |{w{�|{��w� �²wxw�{zx�|{��| �à y w§z|vw�| w�² �z³z­
¨´ zw�² ²z�x�|{�� �| xzvxz|z�{w{�³z �à {²z |wyv�z |��z �|
�wx�z z����² ¬ {²w{ �| �à z����² âx�­	wvv���w{��� vw�x|
wxz |�y��w{z­ ± #zà�xz vxz|z�{��� {²z xz|� �{| ¬ �z{ �| ­z~
|�x�¨z ²�} âx�­| w�­ wvv���w{���| }zxz �z�zxw{z­ ±

é� }²w{ à� ���} | }z ­z��{z ¨´ � å� � � æ {²z ­�|�xz{z
��{z�zx ���à�xy vx�¨w¨���{´ ­�|{x�¨�{��� �� {²z ��{zx³w�
®� � � ° }²zxz � w�­ � wxz ��{z�zx| ± äw�² âx�­ ���{w��|
w � åí � �íæ ��y¨zx �à ���|{zx| w�­ zw�² �à {²�|z ���|~

{zx| ���{w��| w � åí � ìíæ ��y¨zx �à ²�|{| ± �²z vzxà�x~
y w��z �à zw�² ²�|{ �| y �­z�z­ ¨´ w ©ª« ��w­ {xw�z
xw�­�y �´ v��§z­ wy��� 
î ­��zxz�{ w�{�w� {xw�z| �¨~
{w��z­ àx�y {²z �� � à�x ³wx���| ²�|{| ± äw�² {xw�z �|
{²z� |²�à{z­ ¨´ w xw�­�y ��|z{ ¬ |� {²w{ {}� ²�|{| �|���
{²z |wy z ©ª« {xw�z ­� ��{ z�² �¨�{ {²z |wyz ¨z²w³��x
w{ {²z |wy z {�y z ± ��y ��wx�´ �z{}�x§ ���§ vzxà�xyw��z
�| y �­z�z­ ¨´ xw�­�y �´ v��§��� �w{z��´	¨w�­} �­{²
{xw�z| wy��� íî ­��zxz�{ �� � {xw�z| ± á �� {²z �� �
{xw�z| {²w{ }z �|z à�x |�y��w{���| �� {²�| vwvzx {´v�~
�w��´ |vw� � ­w´| �à xzw� {�y z w�­ }zxz �¨{w��z­ à�x
²�|{| �� ³wx���| «� xz|zwx�² ��|{�{�{���| w�­ à�x �z{~
}�x§ ���§| ¨ z{}zz� {²z|z ��|{�{�{���| å��yyzx��w� é�~
{zx�z{ �x ³#��æ ± �xw�z| }zxz ����z�{z­ ­�x��� {²z êx|{
}zz§ �à ��³zy¨zx �$$$ ±

é� w���x­w��z } �{² {´v��w� � ©z�� |�z�wx��| }z �z�~
zxw{z wvv���w{���| w| |z{| �à ��­zv z�­z�{ ���{z~©wx��
|�y��w{���| ¬ } �{² {²z {w|§| �à w |�y��w{��� |²wx��� w
åv�{z�{�w��´ �wx�zæ ��v�{ ­w{w ê �z à�x ­z|�x�¨��� ì~%
�z�y z{x�z| ± á �� {w|§| {w§z w| ��v�{ ��z w­­�{���w� ê �z
�à � 	#´{z w�­ �z�zxw{z w� ��{v�{ ê �z �à �î 	#´{z| ±
á� wvv���w{��� �| ��yv�|z­ �à w � åí � �îæ ��y¨zx �à
���{z~©wx�� |�y��w{���| ¬ } �{² zw�² |�y��w{��� ��y ~
v�|z­ �à w � åíî � �îîîæ ��y¨zx �à {w|§| ± äw�² {w|§
xzè��xz| w � å�îî � ìîîæ ��y¨zx �à |z���­| �à ��yv�~
{w{��� �� w� ����w­z­ ¨w|z ©ª« ± ¦��w��´¬ {²z |��z
�� 	#´{z| �à {²z �z�y z{x´ ê �z w||���w{z­ } �{² zw�²
���{z~©wx�� |�y��w{��� �| � å�îî � �îîîîîæ ¬ y zw����
{²w{ {²�|z ê �z| �w� xzw�² {²z |��z �à wvvx�� �y w{�³z�´
$
 � #´{z| ± �²z|z ­�|{x�¨�{���| wxz xzvxz|z�{w{�³z �à
}²w{ �w� ¨z z�vz�{z­ àx�y xzw� �©z�� wvv���w{���| ± �z
�z�zxw{z­ ��z~{²��|w�­ wvv���w{���| à� ���} ��� z�w�{�´
{²�| yz{²�­ ¬ w�­ }z w�|� �z�zxw{z­ w��{²zx {²��|w�­
¨´ w­­��� xw�­�y ê�z	{w|§ ­zv z�­z���z| ± �²z �­zw �|
{� �xzw{z |�y z vzx{�x¨w{��� �à {²z xz���wx |{x��{�xz �à
{²z ê �z	{w|§ ­zv z�­z��´ �xwv² w�­ ��³z|{��w{z �à |��²
w vzx{�x¨w{��� ²w| w� �yvw�{ �� {²z xz�w{�³z vzxà�x~
y w��z| �à {²z ­��zxz�{ {w|§	²�|{ |z�z�{��� ²z�x�|{��| ±
�²z vzx{�x¨w{��� ���|�|{z­ �� w­­��� w ��y¨zx �à xw�~
­�y w­­�{���w� ­zv z�­z���z| �� {²z �x­zx �à ��z êà{² �à
{²z {�{w� ��y¨zx �à {w|§| ± ä³z� {²���² |��² vzx{�x¨w~
{���| {w§z �| w}w´ àx�y {´v��w� �©z�� wvv���w{���| ¬ �{
�w� ¨z ��{zxz|{��� {� |zz ²�} {²z´ w�z�{ {²z ²z�x�|{��| ±

�²z xz|� �{| wxz |�yywx��z­ �� �w¨�z � ±ì à�x ¨�{²
|{w�­wx­ wvv���w{���| w�­ wvv���w{���| } �{² ê �z	{w|§
­zv z�­z���z| v zx{�x¨w{��� ± ¦�x zw�² |�²z­����� ²z�x�|~
{�� å�����­��� w |z�à~|�²z­��z­ }�x§è�z�z ®�í°æ w�­ à�x
zw�² {´vz �à wvv���w{��� ¬ {²z {w¨�z ���{w��| {²xzz v zx~
à�xy w��z ³w��z| ± �²z xz|� �{| wxz ��yv�{z­ �³zx �îîî
xw�­�y âx�­	wvv���w{��� vw�x| ± �z �|z {²z �z�yz{~
x�� y zw� �à {²z y w§z|vw�| xw{²zx {²w� {²z wx�{²y z{��
y zw� {� w�����{ à�x {²z àw�{ {²w{ ¬ ­zv z�­��� �� {²z
âx�­ w�­ {²z wvv���w{��� ¬ y w§z|vw�| �� {²z |wyv�z



Table 1. Results for Random Grid/Application pairs
�� ªzx{�x¨w{��� ªzx{�x¨w{���

��²z­����� âz�y z{x�� á³ ± %z�xw­w{��� á³zxw�z âz�y z{x�� á³ ± %z�xw­w{��� á³zxw�z
�zw� å|z�æ àx�y #z|{ å� æ �w�§ �zw� å|z�æ àx�y #z|{ å� æ �w�§

�w�~y �� íì$î �� ±ì ì ±� í
�$ �¯ ±$ ì ±�
���~y �� í�
í í� ±í ì ±î í� �$ íì ±í ì ±î
���zxw�z íìí$ �� ±� í ±¯ í
î
 �� ±� í ±$
����zxw�z í ��� � ±í � ±¯ íì �� � ±$ � ±¯
��x§è�z�z í¯
î �í ±í � ±ì ìî$ � �¯ ±� � ±í

|vw�z �w� ¨z �à ­��zxz�{ �x­zx| �à y w���{�­z å��z �wx�z
yw§z|vw� ����­ zw|��´ ­�y ��w{z {²z wx�{²y z{�� y zw�æ ±

�²z |z���­ vzxà�xy w��z ³w��z �| {²z ãw³zxw�z ­z�xw~
­w{��� àx�y {²z ¨z|{ã }²��² �| w y zw|�xz �à ²�} àwx w
²z�x�|{�� �| àx�y {²z ¨z|{ ²z�x�|{�� �� w³zxw�z ± ¦�x zw�²
²z�x�|{�� ¬ �{ �| ��yv�{z­ w| {²z wx�{²y z{�� y zw� �³zx w��
âx�­	wvv���w{��� vw�x| �à {²z xz�w{�³z ­��zxz��z �à {²z
yw§z|vw�| à�x {²w{ ²z�x�|{�� w�­ à�x {²z ¨ z|{ ²z�x�|{�� ±
�²z |y w��zx {²w{ ³w��z ¬ {²z ���|zx {²z ²z�x�|{�� {� ¨ z���
{²z ¨ z|{ ��z �� w³zxw�z ±

�²z {² �x­ vzxà�xy w��z ³w��z �| {²z ãw³zxw�z xw�§ã �à
w ²z�x�|{�� �³zx w�� âx�­	wvv���w{��� vw�x| ± �²z w³zxw�z
xw�§ �| ��yv�{z­ w| {²z wx�{²y z{�� y zw� �à {²z xw�§ å�
{� 
æ ¬ }²zxz {²z ²z�x�|{�� �zw­��� {� {²z ¨ z|{ y w§z|vw�
�| �à xw�§ � w�­ {²z ��z �zw­��� {� {²z }�x|{ y w§z|vw�
�| �à xw�§ 
 ±

�²z|z {²xzz ­��zxz�{ v zxà�xy w��z ³w��z| w�� ²w³z
|���²{�´ ­��zxz�{ ��{zxvxz{w{���| w�­ yw§z �{ v�||�¨�z
{� �w�� w ��zwx ��­zx|{w�­��� �à ²�} {²z ²z�x�|{��|
��yvwxz } �{² ��z w��{²zx ± ¦�x ��|{w��z ¬ �{ ����­ ¨ z
{²w{ ²z�x�|{�� � �| {²z ¨ z|{ ��z �� y�|{ �w|z| ¬ w�­ {²w{
²z�x�|{�� í �| {²z |z���­~¨ z|{ ��z �� y�|{ �w|z| w| }z�� ±
é� {²w{ �w|z ¬ {²z�x w³zxw�z xw�§| } ��� ¨ z ���|z {� � w�­ í
xz|v z�{�³z�´± �²�| y ��²{ �zw­ �| {� {² ��§ {²w{ ²z�x�|{��
��z �| vxzàzxw¨�z ± ��}z³zx ¬ �{ �| v�||�¨ �z {²w{ {²z w³~
zxw�z ­z�xw­w{��� àx�y ¨z|{ wxz xz|vz�{�³z�´ íî� w�­

� ± ¦�x ��|{w��z ¬ �{ �w� ¨z {²w{ }²z� ²z�x�|{�� � �| ��{
{²z ¨ z|{ ��z �{ �| àwx }�x|z {²w� {²z ¨ z|{ ��z ¬ }²zxzw|
²z�x�|{�� í y ��²{ ��{ ¨ z ¨z|{ �à{z� ¬ ¨�{ �| �z³zx àwx
¨z²��­ {²z ¨ z|{ ��z �� vxw�{��z ± é� {²w{ �w|z ¬ }z }���­
vx�¨w¨�´ ������­z {²w{ ²z�x�|{�� í �| vxzàzxw¨�z ±

�²z y w�� yz||w�z àx�y �w¨�z � ±ì �| {²w{ � ���zx~
w�z �| {²z ¨z|{ ²z�x�|{�� w| �{ �zw­| {� {²z ¨ z|{ �z�~
yz{x�� y zw� ¬ w³zxw�z ­z�xw­w{��� àx�y {²z ¨z|{ ¬ w�­
w³zxw�z xw�§ à�x v zx{�x¨ z­ w�­ ���~vzx{�x¨z­ wvv��~
�w{���| ± é{| w³zxw�z ­z�xw­w{��� àx�y {²z ¨z|{ �| w{
�zw|{ {} ��z |y w��zx {²w� {²w{ �à w�´ �{²zx ²z�x�|{��| à�x
|{w�­wx­ wvv���w{���| w�­ wvv���w{���| } �{² v zx{�x¨w~
{��� ± é{| w³zxw�z xw�§ �| ¨z{{zx {²w� w�´ �{²zx ¨´ �
���{ ± ��{z {²w{ {²z }�x§è�z�z ¬ �� {²z|z z�vzx�y z�{| ¬

�| {²z �zw|{ zë ��z�{ |�²z­����� w���x�{²y w| �{| w³zxw�z
xw�§ �| �wx�zx {²w� � ���{| ± � w�~y �� w�­ ���zxw�z wxz
��yvwxw¨�z } �{² w |���²{ w­³w�{w�z {� � w�~y �� ¬ w�­
� ��~y �� |zzy | �z|| zë ��z�{ ±

��{z {²w{ w�� {²z xz|��{| �� �w¨�z � ±ì wxz w³zxw�z|
�³zx w �wx�z ��y¨zx �à z�v zx�y z�{| ± é� {²z à����} ���
|z�{���| }z } ��� |zz �w|z| }²zxz � ��~y �� �zw­| {� ���­
y w§z|vw�| }²z� ��yvwxz­ {� � w�~y �� w�­ ���zxw�z ±
�z ��w�y {²w{ {²z z�vzx�y z�{w� xz|� �{| vxz|z�{z­ ��
{²�| |z�{��� wxz |�ë ��z�{ {� |²�} {²w{ � ���zxw�z �|
{²z ��z �à {²z à��x ²z�x�|{��| {²w{ �zw­| {� ¨ z|{ |�²z­~
��z| à�x vwxwy z{zx |}zzv wvv���w{���| ¬ ��³z� {²z y�­z�|
­z|�x�¨z­ �� �z�{��� í ±

� �� �� � �÷ù� ôñ� �ó÷ùøþ � ô�ø � ô�øõ
¦���xz 
 åwæ |²�} |�y��w{��� xz|��{| à�x {²z à����} ���
wvv���w{��� w�­ âx�­ ± �²z wvv���w{��� ���|�|{| �à ��îî
{w|§| ¬ }²zxz zw�² {w|§ {w§z| w| ��v�{ w �î	 ��~|²wxz­
ê�z w�­ ��z �à z��²{ �­z�{��w� |²wxz­ ê�z| ¬ zw�² |²wxz­
¨´ íîî {w|§| ± á �� {w|§| wxz �­z�{��w� �� {zxy | �à ��yv�~
{w{���w� ��|{ åíîî |z���­| �� w� ����w­z­ ¨w|z ©ª«æ
w�­ vx�­��z w �î	 ��{v�{ ê �z ± �²�| wvv���w{��� |z{~
{��� �| ��yvwxw¨�z {� }²w{ |�y z �à ��x {wx�z{ vwxwy ~
z{zx |}zzv wvv���w{���| xzè��xz ± �z |�y��w{z w âx�­
|��² w| ��z {²w{ ����­ xzw��|{��w��´ ¨ z �|z­ ¨´ w �|zx
¨w|z­ w{ «©�% ± �²w{ âx�­ ���{w��| 
 ���|{zx| ���{w��~
��� xz|vz�{�³z�´ � ¬ � ¬ ¯ ¬ íî ¬ w�­ íî ²�|{| ± �²z vzxà�x~
y w��z �²wxw�{zx�|{��| �à {²z ²�|{| wxz ¨w|z­ �� w�{�w�
©ª« {xw�z| �¨{w��z­ ³�w {²z � z{}�x§ �zw{²zx �zx³��z ±
�²z �z{}�x§ ���§| wxz w�|� y�­z�z­ àx�y �� � {xw�z|
�¨{w��z­ �³zx {²z ���x|z �à w ­w´ ¨z{}zz� w }�x§|{w~
{��� w{ «©�% w�­ |z³zxw� xzy�{z |�{z| w��z||�¨�z ¨´
��yyzx��w� é�{zx�z{ ���§| �x {²z ³#�� ± #w�­} �­{²|
�� {²z|z ���§| ³wx�z| àx�y w| ��{{�z w| � 	#´{z|	|z�
{� �îî 	#´{z|	|z� ­zvz�­��� �� {²z ���§ w�­ �� {²z
{�y z �à {²z ­w´± é� {zxy | �à ¨w�­} �­{² w³zxw�z| ¬ ��z
�w� ��w||�à´ {}� �à {²z ���§| w| r gof å
îî 	#´{z|	|z�æ ¬
{²xzz �à {²z ���§| w| c bm`lgf` å¨z{}zz� �îî w�­ íîî
	#´{z|	|z�æ ¬ w�­ ��z w| ojb� å
î 	#´{z|	|z�æ ± ��z
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Figure 5. Makespan vs. shared file size for
different heuristics

�à {²z {}� �wx�z íî~²�|{ ���|{zx| �| w��z||�¨�z ³�w w àw|{
���§ ± ¦�x �wx�z |²wxz­ ê�z |��z| �� {²z �xwv²| ¬ {²z w³~
zxw�z xw{�� ¨z{}zz� ê �z {xw�|àzx {�y z w�­ ��yv�{w{���
{�y z à�x ��z {w|§ �| w¨��{ ì �� w àw|{ ���§ w�­ ìî ��
w |��} ���§ ± ¦�x {²z |y w��z|{ |²wxz­ ê�z |��z| �� ��x
|{�­´¬ {²w{ xw{�� �| w¨��{ î ±í �� w àw|{ ���§ w�­ í ��
w |��} ���§ ± ¦�x {²z|z z�vzx�y z�{| ¬ {²z ��{zx³w� ¨z~
{}zz� |�²z­����� z³z�{| }w| w�}w´| 
îî |z���­| ¬ w�­
}z w||�y z­ �îî� w���xw{z v zxà�xy w��z z|{�y w{���| ±

�²z �xwv² �� ¦���xz 
 v��{| y w§z|vw�| ³| ± |²wxz­
ê�z |²wxz­ ê�z |��z| ¨ z{}zz� �î w�­ �
î � #´{z| à�x
{²z à��x ²z�x�|{��| w�­ {²z |z�à~|�²z­��z­ }�x§è�z�z ±
¦�x ³zx´ |y w�� |²wxz­ ê�z |��z| å�v {� �îî 	#´{z| ¬ ��{
v��{{z­ �� {²z �xwv²æ ¬ {²z }�x§è�z�z �zw­| {� ¨ z{{zx
yw§z|vw�| {²w� �{²zx ²z�x�|{��| }²z� ê�z| wxz |� |y w��
{²w{ {²z z�z�{ �à ê �z |²wx��� ¨z��y z| �z�����¨�z ± ��}~
z³zx ¬ {²z }�x§è�z�z è���§�´ ¨ z��y z| ��zë ��z�{ }²z�
|²wxz­ ê�z |��z ���xzw|z| ± �²z �{²zx ²z�x�|{��| v zxà�xy
|�y ��wx�´ à�x |y w�� |²wxz­ ê�z |��z| ¨�{ ��z �w� |zz ��
{²z �xwv² {²w{ ����zxw�z v zxà�xy | w{ �zw|{ w¨��{ íî�
¨z{{zx {²w� � ��~y �� w�­ �î� ¨z{{zx {²w� �w�~y ��
w�­ ���zxw�z à�x w ê �z |��z �à �
î � #´{z| ± �z �¨{w��z­
|�y ��wx xz|��{| } �{² ­��zxz�{ âx�­ ���ê��xw{���| ± �z
w�|� v zxà�xy z­ z�vzx�y z�{| } �{² y��² �wx�zx ê �z |��z| ±
ä³z� {²���² {²�|z z�vzx�y z�{| wxz ��{ ³zx´ xzw��|{��
��³z� {²z ��xxz�{ �z{}�x§��� �wvw¨���{�z| {²z´ vx�³�­z
��à�xy w{��� w¨��{ }²w{ ²wvvz�| }²z� ê�z xz~�|z �| {²z
���´ ���|{xw��{ à�x w�²�z³��� ���­ |�²z­����� ± �²z xz~

|� �{| |²�}z­ {²w{ ����zxw�z ���|{w�{�´ ��{vzxà�xy |
w�� �{²zx ²z�x�|{��| ¨´ w{ �zw|{ 
î� ± �²z|z xz|��{| |²�}
{²w{ � ���zxw�z ­�z| w ¨ z{{zx ��¨ w{ �wv{�x��� w�­ {w§~
��� w­³w�{w�z �à ê �z |²wx��� vw{{zx�| {� y w��y ��z ê �z
xz~� |z ±
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5.1. Quality of Information

á �z} w³z��z �à xz|zwx�² {²w{ }z wxz ¨ z������� {�
z�v��xz �| {²z |{�­´ �à �egjhf� br �ir blc gfhbi å��éæ ��
|�²z­����� ¬ {²w{ �| {²z �yvw�{ �à {²z vzxà�xy w��z z|~
{�y w{��� w���xw�´ w�­ �{²zx è�w��{w{�³z w{{x�¨�{z| ��
­��zxz�{ |�²z­����� |{xw{z��z| ± �z z�vz�{ ­��zxz�{
²z�x�|{��| {� xzw�{ ­��zxz�{�´ {� ­z�xw­��� �z³z�| �à w�~
��xw�´ w�­ {²w{ |{xw{z��z| {²w{ ­� ��{ ­zv z�­ �� vzx~
à�xy w��z z|{�y w{��� w�­ à�xz�w|{ åz ±� ± |z�à~|�²z­��z­
��z| ®��°æ } ��� ¨ z y�xz vzxà�xy w��z~zë ��z�{ }²z� ��é
�| ��} ± ��} ��é �w� w�|� ¨ z w�����{z­ à�x �� w­wv~
{�³z |�²z­����� w���x�{²y | |��² w| �������� �� ± �²z
à����} ��� |z�{��� vxz|z�{| ��x êx|{ |�y��w{��� xz|��{|
à�x ­��zxz�{ �z³z�| �à ��é w�­ à�x ���xzw|����´ w­wv{�³z
³zx|���| �à �������� �� ±

��x �� �{�w� y�­z� à�x |�y��w{��� ­��zxz�{ �z³z�| �à
��é �| |�yv�z ± ��x |�y��w{�x w���} | �| {� �¨{w�� �îî�
w���xw{z z|{�y w{z| à�x w�� ê �z {xw�|àzx �x ��yv�{w{���w�
{�y z| w�­ }z w­­ xw�­�y ���|z {� {²�|z z|{�y w{z| {�
|�y��w{z ��w���xw{z v zxà�xy w��z z|{�y w{z| ± ¦�x zw�²
z|{�y w{z �|z­ ¨´ {²z |�²z­����� w���x�{²y }z ��{x�~
­��z w vzx�z�{w�z zxx�x {²w{ �| ���à�xy �´ ­�|{x�¨�{z­
�� {²z ��{zx³w� ®�� ��� ° }²zxz � �| w ³w��z ¨ z{}zz�
î� w�­ �îî� ± ªzxàz�{�´ w���xw{z ��é ��xxz|v��­| {�
� � î ¬ }²zxzw| � � �î yzw�| {²w{ z³zx´ �îî� w���xw{z
z|{�y w{z } ��� ¨ z xw�­�y �´ ���xzw|z­ �x ­z�xzw|z­ ¨´ �v
{� �î� ±

�²�| y�­z� �| |�ë ��z�{ à�x �¨{w����� ���{�w� xz|��{|
����zx���� {²z �yvw�{ �à ��é �� {²z |�²z­����� �à vw~
xwy z{zx |}zzv wvv���w{���| ¬ ²�}z³zx �{ y w§z| {}� w|~
|�yv{���| {²w{ wxz ��{ xzw��|{�� à�x xzw� à�xz�w|{��� |zx~
³��z| {²w{ } ��� ¨ z ­zv��´z­ �� ©�yv�{w{���w� âx�­| ±
¦ �x|{ ¬ �{ w||�y z| {²w{ ��é ¨ z²w³��x �| {²z |wy z à�x
w�� z|{�y w{z| åà�x ê �z {xw�|àzx {�y z| w�­ ��yv�{w{���w�
{�y z|æ w�­ à�x w�� xz|��x�z| ± �²�| �| ��zwx�´ ��{ {²z �w|z
w| �z{}�x§ ¨z²w³��x �| |��� �ê�w�{�´ ­��zxz�{ àx�y ©ª«
¨z²w³��x à�x v zxà�xy w��z vxz­��{��� v�xv�|z| ®ìí° ¬ w�­
|�y z xz|��x�z| } ��� �z�zxw��´ ¨ z y�xz vxz­��{w¨�z {²w�
�{²zx| �� w xz���wx ¨w|�| ± �z���­ ¬ �{ w||�y z| {²w{
��é ¨ z²w³��x ­�z| ��{ ­zv z�­ �� }²z{²zx w à�xz�w|{
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�| �zz­z­ à�x w� z³z�{ �� {²z |²�x{~{zxy �x �� {²z ����~
{zxy ± ¦�x �� |{w��z ¬ ��x y�­z� �|z| {²z |wyz zxx�x
y�­z� à�x vxz­��{��� w ê �z {xw�|àzx {�y z �à {²z {xw�|àzx
�| �� �{�w{z­ �� {²z �z�{ y ���{z �x �� w� ²��x ± á y�xz
xzw��|{�� y �­z� |²���­ vx�¨w¨�´ {x´ {� �wv{�xz |�y z
m`tg� �à {²z ��é w| vxz­��{���| ¨z��yz y�xz w�­ y�xz
����~{zxy ± ��{z {²w{ {² �| �||�z ¨ z��y z| �z|| �x�{��w�
à�x ²��² |�²z­����� z³z�{ àxzè�z���z| ± ¦�{�xz }�x§ } ���
w�y w{ vx�³�­��� w y�xz xzw��|{�� y �­z� �à ��é ¨w|z­
�� z�vzx�y z�{| } �{² ­zv��´z­ âx�­ |zx³��z| ¬ |��² w|
{²z �z{}�x§ �zw{²zx �zx³��z ®ì �° ¬ w�­ } �{² w ³wx�z{´
�à âx�­ xz|��x�z| ±

5.2. Simulation Results

¦���xz � |²�} | |�y��w{��� xz|� �{| à�x à��x ­��zxz�{
|�²z­����� z³z�{ àxzè�z���z| w�­ ­z�xzw|��� ��é �z³z�| ±

�z �|z {²z |wy z |�y��w{z­ âx�­ w| {²z ��z �|z­
�� �z�{��� � ±ì ±í w�­ {²z wvv���w{��� �| y �­z�z­ wà{zx
w� � ©z�� ��yv�{w{��� {²w{ v zxà�xy | z��²{ y�­zxw{z~
|��z ���{z~©wx�� |�y��w{���| å�îî {w|§| zw�²æ à�x z��²{
­��zxz�{ �z�y z{x´ ���ê��xw{���| �à w �z�x�~y�|���wx
����{��� ± âz�y z{x´ ê �z| wxz �� {²z �x­zx �à �î � #´{z| ¬
y zw���� {²w{ �z{}�x§ {xw�|àzx {�y z| à�x {²�|z ê �z| {w§z
�� w³zxw�z ¯î |z���­| �� w àw|{ ���§ w�­ w¨��{ ¯îî
|z���­| �� w |��} ���§ ± �²z w³zxw�z {w|§ ��yv�{w{���w�
{�y z �³zx w�� ²�|{| �| w¨��{ ��î |z���­| ¬ �w� ¨z w| àw|{
w{ $î |z���­| ¬ w�­ w| |��} w| ì
î |z���­| ­zvz�­���
�� {²z ²�|{ w�­ �� �{| ��w­ }²z� {²z {w|§ �| x������
åw| |�y��w{z­ ¨´ w� �� |z{ �� w� �� � ©ª« ��w­ {xw�zæ ±

á �� ­w{w v���{| �� {²z �xwv²| �à ¦ ���xz � wxz ��y ~
v�{z­ w| {²z w³zxw�z y w§z|vw� �³zx 
î |�y��w{z­ x��| ±
�²�| �| �z�z||wx´ |���z }z ��{x�­��z xw�­�y ���|z {�
vzxà�xy w��z z|{�y w{z| �� �x­zx {� |�y��w{z ­��zxz�{
�z³z�| �à ��é ± á �� �xwv²| v��{ w³zxw�z y w§z|vw�| ³| ±
³w��z| �à � å­zê�z­ �� �z�{��� 
 ±� ¬ à�x {²z ²z�x�|{��|
vxz|z�{z­ �� �z�{��� � ±� w| }z�� w| à�x w |z�à~|�²z­��z­
}�x§è�z�z w���x�{²y ± ����z {²z }�x§è�z�z ­�z| ��{
yw§z �|z �à vzxà�xy w��z z|{�y w{z| �{ �| ��{ |z�|�{�³z
{� ��é ± é{ �| |²�}� w| w ²�x����{w� |���­ ���z �� {²z
à��x �xwv²| å} �{² w y w§z|vw� �à ��ìî |z���­|æ ± �²z
³wx�w��z| w||� ��w{z­ } �{² {²z 
î |wyv�z| à�x zw�² ­w{w
v���{ }zxz |y w�� à�x w�� ²z�x�|{��| � ��zë ��z�{| �à ³wx�w~
{���| }zxz �� {²z �x­zx �à 
� ±

âxwv² � åwæ v��{| xz|��{| }²z� {²zxz �| ���´ ��z
���{�w� |�²z­����� z³z�{ ¬ y zw���� {²w{ {²z |�²z­�����
w���x�{²y �| ��{ w­wv{�³z ± á �� ²z�x�|{��| ¨�{ � w�~
y �� �zw­ {� ¨ z{{zx y w§z|vw�| {²w� {²z }�x§è�z�z à�x
vzxàz�{ ��é å� � îæ ¬ ¨�{ {²z�x vzxà�xy w��z ­z�xw­z|
³zx´ xwv�­�´ }²z� � ���xzw|z| ± � w�~y �� �zw­| {� {²z
}�x|{ y w§z|vw�| ¬ ¨�{ �³zx w�� ¬ w�� ²z�x�|{��| �zw­ {�
yw§z|vw�| w{ �zw|{ �î� �wx�zx {²w� {²z }�x§è�z�z
}²z� � �| �xzw{zx {²w� 
î ± �²�| xz|��{ �| ��{ |�xvx�|���

w| {²z ��y��w{�³z zxx�x| �à vzxà�xy w��z z|{�y w{z| �y ~
vw�{ {²z ��yv�{w{���| �à {²z ³wx���| �©� | xzè��xz­
¨´ {²z ²z�x�|{��| ±

âxwv² � å¨ æ |²�} | {²z xz|� �{| }²z� {²zxz �| w
|�²z­����� z³z�{ z³zx´ 
îî |z���­| ¬ �x ì {�y z| ­�x~
��� zw�² x�� �à {²z wvv���w{��� �� {²�| �w|z ± ��z �w�
��{��z {²w{ |�y z ²z�x�|{��| ��{vzxà�xy {²z }�x§è�z�z
à�x ³w��z| �à � �v {� íî ± � w�~y �� w�­ ���zxw�z z�² �¨�{
�z|| v zxà�xy w��z w| |��� w| {²z ��é �| ��{ v zxàz�{ ±

âxwv² � å�æ |²�} | {²z xz|� �{| }²z� {²zxz �| w |�²z­��~
��� z³z�{ z³zx´ í
î |z���­| ¬ �x ¨z{}zz� 
 w�­ ¯ {�yz|
à�x zw�² x�� ­zvz�­��� �� {²z ²z�x�|{�� ¨ z��� �|z­ ±
�²z z�z�{ �¨|zx³z­ �� �xwv² � å¨ æ �| y �xz vx������z­
�� {²w{ ²z�x�|{��| ¨ z��y z y�xz {��zxw�{ {� ��} ��é
{²w�§| {� ���xzw|z­ w­wv{�³�{´¬ z³z� {²���² �w�~y ��
|{��� �zw­| {� �wx�z yw§z|vw�| ± ���zxw�z ��{vzxà�xy |
{²z }�x§è�z�z à�x ³w��z| �à � ��}zx {²w� ìî ¬ }²zxzw|
� ��~y �� w�­ � ���zxw�z �zw­ {� ¨z{{zx y w§z|vw� {²w�
{²z }�x§è�z�z à�x w�� ³w��z| �à � ± ¦�x v zxàz�{ w���xw�´¬
� ���zxw�z ��{v zxà�xy | }�x§è�z�z ¨´ w| y��² w| í
� ±

¦��w��´¬ âxwv² � å­æ |²�} | xz|��{| à�x |�²z­�����
z³z�{| z³zx´ �í
 |z���­| ¬ �x ¨ z{}zz� �� w�­ �� {�y z|
vzx x�� ± ���zxw�z ��} ��{v zxà�xy | {²z }�x§è�z�z à�x
� �v {� ¯î ¬ }²zxzw| � ��~y �� w�­ ����zxw�z §zzv ¨z�z~
ê{��� àx�y ���xzw|z­ w­wv{�³�{´± �²z xz|��{| |²�} ��{{�z
�yvx�³zy z�{| à�x ² ��²zx |�²z­����� àxzè�z���z| ± �²�|
�| ­�z {� {²z �xw���wx�{´ �à {²z wvv���w{��� � |���z {w|§|
{w§z w{ �zw|{ $î |z���­| ¬ ��{{�z �w� ¨z �w��z­ ¨´ �w�����
�������� �� y�xz {²w� ���z z³zx´ �í
 |z���­| ± ¦�x
����­ã ��é å� � 
� æ ¬ � ���zxw�z w�}w´| ��{vzxà�xy |
� ��~y �� ±

��{z {²w{ {²z|z xz|��{| wxz vxz��y ��wx´ w�­ {²w{ �{
�| ­�ë ���{ {� �|z {²zy {� xw�§ {²z ­��zxz�{ ²z�x�|{��|
w���x­��� {� {²z�x xz|vz�{�³z x�¨�|{�z|| {� ��w���xw{z
vzxà�xy w��z vxz­��{���| ± é{ } ��� ¨ z �z�z||wx´ {� v zx~
à�xy z�vzx�y z�{| à�x �wx�z ��y¨zx| �à ­��zxz�{ âx�­
���ê��xw{���| w�­ wvv���w{��� |{x��{�xz| w| }w| ­��z
�� �z�{��� � ±ì ±� ± á à�{�xz vwvzx } ��� ���{w�� xz|��{|
àx�y |��² z�vzx�y z�{| w| }z�� w| w y�xz ��~­zv{² |{�­´
�à ��é �||�z| ±

��{z w�|� {²w{ �� {²z|z z�vzx�y z�{| }z w||�y z {²w{
{²z ��é ­�z| ��{ ­zvz�­ �� {²z |�²z­����� z³z�{ àxz~
è�z��´ å|zz {²z ­�|��||��� �� �z�{��� 
 ±�æ ± ��}z³zx ¬
w ²��² |�²z­����� àxzè�z��´ �yv��z| {²w{ {²z ²z�x�|{��|
­� ��{ �|z ����~{zxy vxz­��{���| å|zz {²z ­�|��||���
�� |{zv å
æ �� �z�{��� ì ±íæ ± á ||�y ��� {²w{ |²�x{~{zxy
vxz­��{���| wxz {´v��w��´ y�xz w���xw{z {²w� ����~{zxy
vxz­��{���| ¬ ²��²zx |�²z­����� àxzè�z���z| �zw­ {� �y ~
vx�³z­ ��é ± �� âxwv² � å­æ }z |²�} |�y��w{��� xz|��{|
à�x ³w��z| �à � �v {� �îî ¬ ¨�{ }z z�vz�{ {²w{ �� xzw|��~
w¨�´ |{w¨�z âx�­ z�³�x��y z�{| } �{² wvvx�vx�w{z à�xz~
�w|{��� |zx³��z| ¬ {²z v zxà�xy w��z z|{�y w{��� zxx�x } ���
��{ ¨ z w| �wx�z w| � 	~ �îî� à�x |²�x{~{zxy vxz­��{���| ±
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p: QoI error bound (%)

(a) one single scheduling event
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p: QoI error bound (%)

(b) scheduling events every 500 sec
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p: QoI error bound (%)

(c) scheduling events every 250 sec
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p: QoI error bound (%)

(d) scheduling events every 125 sec
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Figure 6. Simulation results for various levels of QoI and ad aptivity



�²z �zà{ vwx{ �à {²z �xwv² |²���­ ¨ z y�xz xzvxz|z�{w~
{�³z �à }²w{ }z �w� z�vz�{ à�x xzw� |´|{zy | ±

¦ ��w��´¬ {²z |�²z­����� z³z�{ àxzè�z��´ �yvw�{| {²z
vzxà�xy w��z �à {²z w­wv{�³z w���x�{²y z³z� à�x v zxàz�{
��é ± ¦�x �� |{w��z ¬ � ���zxw�z ²w| w� w³zxw�z y w§z|vw�
wx���­ �

î |z���­| à�x � � î w�­ |�²z­����� z³z�{|
z³zx´ 
îî |z���­| ¬ }²zxzw| {²w{ w³zxw�z y w§z|vw� ¨z~
��y z| ��}zx {²w� ��îî |z���­| à�x �wx�zx àxzè�z���z| ±
á �� ²z�x�|{��| ¨�{ � w�~y �� w�²�z³z ¨z{{zx y w§z|vw�
à�x ²��²zx àxzè�z���z| �� {²z �w|z �à v zxàz�{ ��é ± �²�|
�| xw{²zx ����{zx~��{��{�³z w| ��z }���­ z�vz�{ {²w{
vzxàz�{ ��é }���­ ��{ yw�­w{z w�´ w­wv{�³�{´ w{ w�� ±
�²z àw�{ �| {²w{ wvv�´��� {²�|z ²z�x�|{��| �� |y w��
|z{| �à {w|§| �zw­| {� ¨ z{{zx |�²z­����� ­z��|���| w�­
|²�x{zx yw§z|vw�| ± á | {w|§| ��yv�z{z ¬ |���z||�³z �w��|
{� �������� �� wvv�´ {²z ²z�x�|{��| {� {²z ­z�xzw|���
|z{| �à {w|§| ¬ �zw­��� {� ¨z{{zx �³zxw�� y w§z|vw�| ± �²�|
|���z|{| {²w{ �w����� {²z |�²z­����� w���x�{²y xzvzw{~
z­�´ �| w ���­ �­zw à�x ���zxw�z ¬ � ��~y �� ¬ w�­ ���à~
àzxw�z ¬ z³z� �à {²z z�³�x��y z�{ �| ³zx´ vxz­��{w¨�z ±
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�²z |�y��w{��� xz|� �{| �� �z�{��� � ±ì ±� |²�}z­ {²w{
����zxw�z �| �� w³zxw�z w ¨z{{zx ²z�x�|{�� {²w� {²z
{xw­�{���w� � w�~y �� ¬ � ��~y �� ¬ ���zxw�z ¬ w�­ |z�à~
|�²z­��z­ }�x§è�z�z à�x |�²z­����� vwxwy z{zx |}zzv
wvv���w{���| |��² w| �©z�� �� ©�yv�{w{���w� âx�­| ¬
vx�³�­z­ {²z y�­z�| �à �z�{��� í ²��­ ± �z ¨z��z³z {²w{
� |��zxw�z �zw­| {� ¨ z{{zx xz|��{| ¨ z�w�|z �{ ¨z{{zx �wv~
{�xz| {²z ê �z	{w|§ ­zvz�­z���z| �à {²z wvv���w{��� w�­
�zw­| {� �yvx�³z­ ê�z xz~�|z ± �²�| ��w�y �| |�vv�x{z­
¨´ {²z xz|��{| �� �z�{��� � ±ì ±í ± é�­zz­ ¬ w�� z�v zx�y z�{|
}z ²w³z ���­��{z­ } �{² ³zx´ �wx�z |²wxz­ ê�z| |zzy
{� ��­��w{z {²w{ � ���zxw�z �zw­| {� ¨ z{{zx yw§z|vw�|
{²w� �{| ���{z�­zx| ± ¦ ��w��´¬ {²z vxz��y ��wx´ |{�­´
�à ��w��{´ �à é�à�xy w{��� w�­ w­wv{�³�{´ �� �z�{��� 

|²�}z­ {²w{ w�� ²z�x�|{��| �w� ¨z�zê{ àx�y ���xzw|z­
w­wv{�³�{´ w�­ àx�y ���xzw|z­ ��é ± �²z xz|� �{| |zzy
{� ��­��w{z {²w{ � ���zxw�z �zw­| {� ³zx´ ���­ xz|��{|
à�x ���­ ��é w�­ ��yvwxz| }z�� } �{² �{²zx ²z�x�|{��|
à�x v��x ��é ±

é{ �| w�}w´| ­�ë ���{ {� y w§z �z�zxw� |{w{zy z�{|
w¨��{ {²z xz�w{�³z zë ��z��´ �à |�²z­����� w���x�{²y |
|���z {²z |vw�z �à v�||�¨�z âx�­ ���ê��xw{���| w�­ wv~
v���w{��� |{x��{�xz| �| ³zx´ �wx�z ± �²z |���{��� �| {�
|wyv�z ¨�{² {²z âx�­ w�­ {²z wvv���w{��� |vw�z w|
y��² w| v�||�¨ �z w| }w| ­��z �� �z�{��� � ±ì ±� ± ¦�{�xz
}�x§ } ��� ���{w�� |��² |wyv���� à�x z�vzx�y z�{| |�y ��wx
{� {²z ��z| vxz|z�{z­ �� �z�{��� � ±ì ±í w�­ 
 �� �x­zx {�
yw§z {²z xz|� �{| ����zx���� |²wxz­ ê�z |��z| w�­ ��é
y�xz �z�zxw� ± éx����w��´¬ v zxà�xy ��� |��² �wx�z~|�w�z
|�y��w{���| �� {²z âx�­	wvv���w{��� |vw�z �| �{|z�à w vw~

xwy z{zx |}zzv wvv���w{��� w�­ }z } ��� vx�¨w¨�´ �|z {²z
ª�� |�à{}wxz {� ­�|{x�¨�{z �{ �� w xzw� ��yv�{w{���w�
âx�­ ±

� � � � �\Z�£ �¢[�

á �wx�z ��y¨zx �à xz|zwx�² vwvzx| w­­xz|| {²z è�z|~
{��� �à y wvv��� |z{| �à {w|§| ��{� |z{| �à vx��z||�x| ��
w ³�z} {� y ���y �� ��� �³zxw�� z�z��{��� {�y z ± � w�´ �à
{²z|z vwvzx| w­­xz|| {²z �w|z }²zxz {w|§| wxz ��­zvz�~
­z�{ ®�� ¬ �í ¬ �� ¬ íî° ± ��²z­����� ²z�x�|{��| à���­ �� ®íî°
}zxz w­wv{z­ {� ��x àxwy z}�x§ w| ­�|��||z­ �� �z�~
{��� � ± á �� {²z|z vwvzx| yw§z |�yv��à´ ��� w||�yv{���|
à�x {w|§ z�z��{��� {�y z| å���|{w�{ ¬ à� ���} ��� w {x��~
�w{z­ âw�||�w� ­�|{x�¨�{��� ¬ z{� ±æ w�­ ���z �à {²zy
{w§z ��{� w�����{ ­w{w |{�xw�z �||�z| ±

�²z }�x§ ­z|�x�¨ z­ �� ®í° à� ��|z| �� |�²z­����� wv~
v���w{���| |{x��{�xz­ w| %áâ| �� ²z{zx��z�z��| |z{|
�à vx� �z||�x| w�­ �|z| ²z�x�|{��| {²w{ wxz xz�w{z­ {�
� w�~y �� w�­ � ��~y �� à�x �`n`jq��q�`n`j |�²z­�����
�à {²z �xwv²| ± ��}z³zx ¬ |v z��w� w{{z�{��� �| vw�­ {�
­w{w |{�xw�z �||�z| }²��² y w§z| {²w{ }�x§ xz�w{z­ {�
{²z xz|zwx�² vxz|z�{z­ �� {²�| vwvzx ± á y w��x ­��zx~
z��z ¨ z{}zz� ��x }�x§ w�­ {²z ­z³z��vy z�{ �� ®í° �|
{²w{ {²z �w{{zx w||�y z| ���|{w�{ vzxàz�{�´ vxz­��{w¨ �z
vzxà�xy w��z �²wxw�{zx�|{��| à�x xz|��x�z| w| |²�� �­ ¨ z
w³w��w¨�z �� w­³w��z­ xz|zx³w{��� ��� z�³�x��y z�{| ±
á �|� ¬ {²z ­��zxz�{ wvv���w{��� |{x��{�xz| åªwxwy z{zx
�}zzv ³| ± %áâ|æ �zw­ {� y w�´ ­��zxz��z| ¨ z{}zz�
{²z y�­z�| �� {² �| vwvzx w�­ �� ®í° ± ¦�x ��|{w��z ¬ ­w{w
xzv�|�{�x�z| wxz �� �w{z­ w�´}²zxz �� {²z �z{}�x§ åw|
�vv�|z­ } �{²�� w ��� |{zxæ w�­ ­w{w|z{| wxz vxz~|{w�z­
{� {²z|z xzv�|�{�x�z| ± ¦ ��w��´¬ ®� ° ���{w��| w |�x³z´
{²w{ z���yvw||z| |z³zxw� ²z�x�|{��| �� w­­�{��� {� {²z
��z| ­z|�x�¨z­ �� ®íî° ± �z } ��� ���|�­zx {²z|z ²z�x�|~
{��| �� ��x à�{�xz }�x§ ± �²�| }�x§ ���{xw|{| {� �{²zx|
�� {²w{ }z � å�æ {w§z ��{� w�����{ wvv���w{��� ­w{w |{�x~
w�z � å��æ y�­z� |²wxz­ ¬ ²z{zx��z�z��| ��yv�{w{���w�
w�­ �z{}�x§ xz|��x�z| } �{² xzw��|{�� ­´�wy �� vzxà�x~
y w��z �²wxw�{zx�|{��| � å���æ |{�­´ {²z �yvw�{ �à {²z w�~
��xw�´ �à v zxà�xy w��z vxz­��{��� � å�³ æ ��{x�­��z w �z}
²z�x�|{�� à�x |�²z­����� vwxwy z{zx |}zzv wvv���w{���|
å� ���zxw�zæ ±

�²�| }�x§ �| w�|� xz�w{z­ {� ��x }�x§ �� w� ávv�z�
ªwxwy z{zx �}zzv �zyv�w{z åª�� æ �� {²w{ {²z xz|��{|
�� {²�| vwvzx vx�³�­z w ���­ ��|{�ê�w{��� {²w{ ����zx~
w�z |²���­ ¨z �yv�zy z�{z­ w| vwx{ �à {²z ª�� |�²z­~
��zx ± ª�� }��� vx�³�­z } �{² w vxw�{��w� }w´ {� ­zv��´
w�­ |�²z­��z vwxwy z{zx |}zzv �� {²z ��yv�{w{���w�
âx�­ �|��� w³w��w¨�z |�à{}wxz ��àxw|{x��{�xz| w�­ } ���
¨ z ­z|�x�¨z­ �� w à�{�xz vwvzx ± ª�� �{|z�à �| xz�w{z­
{� {²z � �y x�­ vx�� z�{ ®�° ± � �y x�­ {wx�z{| vwxwy z{zx
|}zzv wvv���w{���| ¨�{ �{| |�²z­����� wvvx�w�² �| ­�à~



àzxz�{ àx�y ��x| w| �{ �| ¨w|z­ �� ­zw­���z| w�­ �� w
âx�­ z����y´ y�­z� ± á �|� ¬ {� {²z ¨ z|{ �à ��x §��} �~
z­�z ¬ � �y x�­ ­�z| ��{ {w§z ��{� w�����{ ­´�wy �� âx�­
���­�{���| �x ê �z �� �w��{´ ���|{xw��{| à�x |�²z­����� ± é�
àw�{ ¬ {²z }�x§ �� {²�| vwvzx w�­ ��x }�x§ �� {²z ª��
|�à{}wxz |²���­ ¨z wvv���w¨�z {� � �y x�­ w�­ ��z �w�
z�³�|��� w� �yv�zyz�{w{��� �à ª�� w| w � �y x�­ y�­~
��z ±
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é� {²�| vwvzx }z ²w³z vx�v�|z­ w� w­wv{�³z |�²z­��~
��� w���x�{²y à�x vwxwy z{zx |}zzv wvv���w{���| �� âx�­
z�³�x��y z�{| ± é� vwx{����wx ¬ }z w­­xz|| {²z �w|z �à
wvv���w{���| }²zxz {w|§| �w� |²wxz ��v�{ ê �z| åz ±� ±
� ©z�� ®í$°æ w�­ {²z �w|z �à ���~­z­��w{z­ ©�yv�{w~
{���w� âx�­| {²w{ |vw� ���~­z­��w{z­ } �­z~wxzw �z{~
}�x§| ± á à{zx vxz��|z�´ ­zê���� ��x wvv���w{��� w�­
âx�­ y�­z� ¬ }z w­wv{z­ {²xzz |{w�­wx­ ²z�x�|{��| à�x
vzxà�xy ��� {w|§	²�|{ w||���y z�{ åï guqc hi¬ ï hiqc hi ¬
�e� `lgp `æ w�­ vx�v�|z­ w� z�{z�|��� �à {²z �e� `lgp `
²z�x�|{�� ¬ � �e� `lgp `± �z w�|� ��{x�­��z­ {²z ��{���
�à �egjhf� br �ir blc gfhbi å��éæ {� w�����{ à�x ��w�~
��xw��z| �� vzxà�xy w��z vxz­��{���| ± �z �|z |�y��w~
{��� {� ��yvwxz {²z à��x ²z�x�|{��| w�­ w |z�à~|�²z­��z­
}�x§è�z�z w���x�{²y �� y��{�v�z |z{{���| } �{² ³wx�~
��| |²wxz­ ê�z| |��z| ¬ �z³z�| �à ��é ¬ wvv���w{��� |{x��~
{�xz| ¬ âx�­ {�v�����z| w�­ xz|��x�z| ± �²z |�y��w{���
xz|��{| ­zy��|{xw{z­ {²w{ � å�æ � ���zxw�z �zw­| {� ¨ z{~
{zx |�²z­��z| �� w³zxw�z ¨´ è��{z w �wx�z y wx��� � å��æ é�~
�xzw|z­ w­wv{�³�{´ ¨ z�zê{| w�� à��x ²z�x�|{��| z³z� à�x
vzxàz�{ ��é � å���æ � ���zxw�z �zw­| {� ¨z{{zx |�²z­��z|
à�x �wx�zx |²wxz­ ê�z |��z| � å�³ æ ����zxw�z �| w| {��zxw�{
w| {²z �{²zx ²z�x�|{��| {� v��x ��é w�­ y�xz zë ��z�{
à�x ���­ ��é ±

¦�{�xz }�x§ } ��� vx�³�­z �yvx�³zy z�{| {� ��x y�­~
z�| |��² w| y�xz xzw��|{�� �z{}�x§ w�­ |{�xw�z y�­z�|
åz���yvw||��� |²wxz­~|{�xw�z w�­ ���§ ���{z�{��� ¬ w�­
��y �{z­ |{�xw�z |vw�zæ ¬ w�­ w�{zx�w{z wvv���w{��� �|w�z
|�z�wx��| ± �z } ��� w�|� |{�­´ {²z ����zv{ �à ��é à�x~
{²zx ¨´ ��³z|{��w{��� xzw��|{�� ��é y�­z�| w�­ vzxà�xy ~
��� y�xz ��é~xz�w{z­ z�vzx�y z�{| } �{² ��x |�y��w{�x ±
�z} ²z�x�|{��| |��² w| {²z ��z| à���­ �� ®� ¬ í�° } ���
���|�­zxz­ à�x �yv�zy z�{��� |{zv å
æ �à ��x w���x�{²y ±
á| ­�|��||z­ �� �z�{��� ì ±í ¬ w�� |{zv | �à {²z w���x�{²y
�w� �zw­ {� �z} xz|zwx�² �� ­��zxz�{ ­�xz�{���| åv zx~
à�xyw��z vxz­��{��� w�­ à�xz�w|{��� ¬ {w|§~|vw�z xz­��~
{��� ¬ {xw­z~��| ¨z{}zz� |�²z­��z ­�|x�v{��� ³| ± y w��~
y�y xz|��x�z �{����w{��� æ ± á �|� ¬ {²z w���x�{²y �w� ¨z
w­wv{z­ {� vx�³�­z }w´| {� v zxà�xy w­wv{�³z |�²z­��~
��� à�x �{²zx ��w||z| �à wvv���w{���| ¨´ �|��� ­��zxz�{
²z�x�|{��| �� |{zv å
æ ± ¦ ��w��´¬ }z } ��� ����xv�xw{z {²z
xz|��{| ²zxz ¬ w| }z�� w| y w�´ �à {²z|z à�{�xz �yvx�³z~

y z�{| ¬ ��{� w vxw�{��w� vx��xwyy ��� z�³�x��y z�{ w�­
w­wv{�³z |�²z­��zx à�x vwxwy z{zx |}zzv wvv���w{���| ��
{²z âx�­ ¬ w� ávv�z� ªwxwy z{zx �}zzv �zyv�w{z ± �z
¨z��z³z {²w{ |��² |�à{}wxz } ��� vx�³�­z w �|zà�� ê x|{ |{zv
�� w�² �z³��� vzxà�xy w��z w�­ vx��xwyyw¨���{´ à�x wv~
v���w{���| �� âx�­ z�³�x��yz�{| ±
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�²z w�{²�x| }���­ ��§z {� {²w�§ {²z xz³�z}zx| à�x
{²z�x ��|��²{à�� ��yyz�{| w| }z�� w| y zy¨zx| �à {²z
ávv�z� �x��v à�x {²z�x ²z�v ±
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�z{ � (  ) ­z��{z {²z &{² ²�|{ } �{² �� {²z � {² ��� |{zx
w�­ ' å� � �� (  ) æ {²z z|{�y w{z­ ��yv�z{��� {�y z �à {w|§
� � �� ²�|{ � (  ) ± �z{ �| ­zê�z {²z ��	 
 �� �vzxw{�x �

� ø�ñôòôýñ 
 â�³z� w à���{��� � àx�y �� " ��{� �� ¬
� åwx�y ��� ���� � å� ææ � y ������� � å� æ �

�²z �vzxw{�x ­z��{z| ��z �à {²z v�||�¨�z ³z�{�x| {²w{
w�²�z³z| {²z y ���y�y �à {²z à���{��� � ± �²z }w´ {�z|
wxz ¨x�§z� �| �zà{ {²z �yv�zyz�{w{��� w�­ �� {² �| }�x§
{²z´ wxz ¨x�§z� xw�­�y �´± á� ��	 
 �� �vzxw{�x �w�
¨z ­zê�z­ �� w |�y ��wx àw|² ��� ± á||�y ��� w {w|§ |z{ � ¬
}z �w� ��} ­z|�x�¨ z zw�² ²z�x�|{�� w| à����} | �
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