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:K\ 3RZHU�(QHUJ\ 0DQDJHPHQW":K\ 3RZHU�(QHUJ\ 0DQDJHPHQW"

� 3URORQJ EDWWHU\ OLIH
� SURORQJ RSHUDELOLW\
� UHGXFH ZHLJKW

� 5HGXFH KHDW GLVVLSDWLRQ
� SDFNDJLQJ FRVWV DQG FRROLQJ
� UHOLDELOLW\

 Pentium III processor Transmeta’s Crusoe TM5400

105 C (221 F)
NO COOLING

42 C (118 F)
NO COOLING

DVD application (Source: Transmeta)
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:K\ 3RZHU�(QHUJ\ 0DQDJHPHQW":K\ 3RZHU�(QHUJ\ 0DQDJHPHQW"

Frying  an egg on the CPU in 11 minutes

� 3URORQJ EDWWHU\ OLIH
� SURORQJ RSHUDELOLW\
� UHGXFH ZHLJKW

� 5HGXFH KHDW GLVVLSDWLRQ
� SDFNDJLQJ FRVWV DQG FRROLQJ
� UHOLDELOLW\

AMD XP 1500+ desktop

0.18µm
1.33GHz, 1.75V
60W, 90°C
Oct. 2001

Source: Trubador
www.hex-tech.co.uk/egg.asp

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

$UH WKLQJV JHWWLQJ ´EHWWHUµ"

Source:Tom’s Hardware Guide (February 2003)

:K\ 3RZHU�(QHUJ\ 0DQDJHPHQW":K\ 3RZHU�(QHUJ\ 0DQDJHPHQW"
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Source:
Tom’s Hardware 
Guide

http://www6.tomshardware.com/cpu/20030217/cpu_charts-32.html

:K\ 3RZHU�(QHUJ\ 0DQDJHPHQW":K\ 3RZHU�(QHUJ\ 0DQDJHPHQW"
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� (QYLURQPHQWDO LPSDFW
� SRZHU SODQWV
� GHOLYHU\ LQIUDVWUXFWXUH
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3RZHU YV� (QHUJ\3RZHU YV� (QHUJ\

SRZHU� DFWLYLW\ OHYHO DW D JLYHQ SRLQW LQ WLPH
HQHUJ\� WRWDO DPRXQW RI DFWLYLW\

time

po
w

er

time

po
w

er

VDPH HQHUJ\� GLIIHUHQW �SHDN� SRZHU

RSWLPL]LQJ IRU �SHDN� SRZHU   RSWLPL]LQJ IRU HQHUJ\"
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3RZHU YV� (QHUJ\3RZHU YV� (QHUJ\

SRZHU� DFWLYLW\ OHYHO DW D JLYHQ SRLQW LQ WLPH
HQHUJ\� WRWDO DPRXQW RI DFWLYLW\

time

po
w

er

time

po
w

er

VDPH HQHUJ\� GLIIHUHQW �SHDN� SRZHU

RSWLPL]LQJ IRU �SHDN� SRZHU   RSWLPL]LQJ IRU HQHUJ\"

$16:(5� 1RW QHFHVVDULO\� ([DPSOH� UH�VFKHGXOH DFWLYLWLHV

/L HW DO�� >�@� 3DULNK HW DO� >�@
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3RZHU�(QHUJ\ YV� 3HUIRUPDQFH3RZHU�(QHUJ\ YV� 3HUIRUPDQFH

RSWLPL]LQJ IRU SRZHU�HQHUJ\   RSWLPL]LQJ IRU SHUIRUPDQFH"

SHUIRUPDQFH� RYHUDOO SURJUDP H[HFXWLRQ WLPH
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3RZHU�(QHUJ\ YV� 3HUIRUPDQFH3RZHU�(QHUJ\ YV� 3HUIRUPDQFH

RSWLPL]LQJ IRU SRZHU�HQHUJ\   RSWLPL]LQJ IRU SHUIRUPDQFH"

SHUIRUPDQFH� RYHUDOO SURJUDP H[HFXWLRQ WLPH

$16:(5� �D� 0RVWO\ <HV� DW OHDVW IRU WUDGLWLRQDO RSWLPL]DWLRQV
WKDW UHGXFH RYHUDOO FRPSXWDWLRQ DQG PHPRU\ DFWLYLW\

� UHGXQGDQF\ HOLPLQDWLRQ �&6(� 35(� GHDG FRGH HOLPLQDWLRQ�
� VWUHQJWK UHGXFWLRQ �H�J�� UHSODFH �∗D ZLWK D�D�� ORRS LQYDULDQW FRGH PRWLRQ
� PHPRU\ KLHUDUFK\ �ORFDOLW\� RSWLPL]DWLRQV �UHJLVWHU DOORFDWLRQ� ORRS

LQWHUFKDQJH� ORRS GLVWULEXWLRQ� EORFNLQJ IRU FDFKH�

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

3RZHU�(QHUJ\ YV� 3HUIRUPDQFH3RZHU�(QHUJ\ YV� 3HUIRUPDQFH

RSWLPL]LQJ IRU SRZHU�HQHUJ\   RSWLPL]LQJ IRU SHUIRUPDQFH"

SHUIRUPDQFH� RYHUDOO SURJUDP H[HFXWLRQ WLPH

$16:(5� �D� 0RVWO\ <HV� DW OHDVW IRU WUDGLWLRQDO RSWLPL]DWLRQV
WKDW UHGXFH RYHUDOO FRPSXWDWLRQ DQG PHPRU\ DFWLYLW\

� UHGXQGDQF\ HOLPLQDWLRQ �&6(� 35(� GHDG FRGH HOLPLQDWLRQ�
� VWUHQJWK UHGXFWLRQ �H�J�� UHSODFH �∗D ZLWK D�D�� ORRS LQYDULDQW FRGH PRWLRQ
� PHPRU\ KLHUDUFK\ �ORFDOLW\� RSWLPL]DWLRQV �UHJLVWHU DOORFDWLRQ� ORRS

LQWHUFKDQJH� ORRS GLVWULEXWLRQ� EORFNLQJ IRU FDFKH�

$16:(5� �E� 1RW UHDOO\� LQ SDUWLFXODU IRU RSWLPL]DWLRQV WKDW H[SORLW
WUDGHRII EHWZHHQ SRZHU�HQHUJ\ XVDJH DQG SHUIRUPDQFH

� ORRS LQYDULDQW FRGH PRWLRQ� DJJUHVVLYH VSHFXODWLRQ
� EORFNLQJ IRU FDFKH �.DQGHPLU HW DO�>�@�
� ')96� UHVRXUFH KLEHUQDWLRQ� UHPRWH WDVN H[HFXWLRQ� 4R5
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3RZHU�(QHUJ\ YV� 3HUIRUPDQFH3RZHU�(QHUJ\ YV� 3HUIRUPDQFH

:KLFK FRGH LV EHWWHU LQ WHUPV RI SRZHU�HQHUJ\ DQG
ZKLFK LQ WHUPV RI SHUIRUPDQFH"

a = b∗ 2;
for  (i=0, i<10; i++) {
   c[i] = d[i] + 2.0;
}

for  (i=0, i<10; i++) {
  a = b∗ 2; 
  c[i] = d[i] + 2.0;
}

(A) (B)
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:KLFK FRGH LV EHWWHU LQ WHUPV RI SRZHU�HQHUJ\ DQG
ZKLFK LQ WHUPV RI SHUIRUPDQFH"

a = b∗ 2;
for  (i=0, i<10; i++) {
   c[i] = d[i] + 2.0;
}

for  (i=0, i<10; i++) {
  a = b∗ 2; 
  c[i] = d[i] + 2.0;
}

(A) (B)

$16:(5� ,W GHSHQGV
� VLPSOH 5,6& DUFKLWHFWXUH� �%�
� 9/,: RU VXSHUVFDODU DUFKLWHFWXUH ZLWK HPSW\ ´VORWVµ� �$�

7LZDUL HW DO�� >��@� .DQGHPLU HW DO� >��@� /�1� &KDNUDSDQL HW DO� >��@�
0� 9DOOXUL HW DO� >��@
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3RZHU�(QHUJ\ YV� 3HUIRUPDQFH3RZHU�(QHUJ\ YV� 3HUIRUPDQFH

<RX FDQ UXQ� EXW \RX FDQQRW KLGH
� SXVKLQJ LQVWUXFWLRQV RQWR WKH QRQ�FULWLFDO H[HFXWLRQ SDWK�

�´KLGLQJµ� GRHV QRW QHFHVVDULO\ UHGXFH HQHUJ\
� KLJKHU WKUHVKROG IRU SURILWDELOLW\ RI VSHFXODWLRQ

<RX FDQQRW EHDW KDUGZDUH
� LI DQ RSHUDWLRQ LV LPSOHPHQWHG LQ KDUGZDUH� DQG DQ DSSOLFDWLRQV

QHHGV LW� WKDW·V WKH EHVW \RX FDQ GR �H�J�� IORDWLQJ�SRLQW XQLW�
� QHHG WR EH DEOH WR GLVDEOH KDUGZDUH LI QRW LQ XVH

.HHS WKH RYHUDOO SLFWXUH LQ PLQG
� SHUIRUPDQFH LV PHDVXUHG IRU WKH HQWLUH SURJUDP
� SRZHU�HQHUJ\ VKRXOG DOVR EH PHDVXUHG IRU WKH HQWLUH V\VWHP�

LQ DGGLWLRQ WR RSWLPL]HG V\VWHP FRPSRQHQW�V�
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:K\ &RPSLOHU DQG QRW 26�+DUGZDUH":K\ &RPSLOHU DQG QRW 26�+DUGZDUH"

� ORZ RU QR RYHUKHDG �SRZHU�HQHUJ\ DQG SHUIRUPDQFH� DW SURJUDP
H[HFXWLRQ WLPH

� PD\ NQRZ DERXW ´IXWXUHµ SURJUDP EHKDYLRU WKURXJK
DJJUHVVLYH� ZKROH SURJUDP DQDO\VLV�

� FDQ EHWWHU LGHQWLI\ SURILWDELOLW\ RI KLJK RYHUKHDG
RSWLPL]DWLRQV EDVHG RQ ODUJH FRQWH[W DQDO\VLV�

� FDQ UHVKDSH SURJUDP EHKDYLRU WKURXJK FRGH
WUDQVIRUPDWLRQV DQG WKHUHE\ HQDEOH RSWLPL]DWLRQV�

&RPSLOHU DGYDQWDJHV�

� LQVXIILFLHQW LQIRUPDWLRQ DERXW UXQWLPH SURJUDP EHKDYLRU

PD\ OHDG WR FRGH RI SRRU TXDOLW\

&RPSLOHU GLVDGYDQWDJHV�
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:K\ &RPSLOHU DQG QRW 26�+DUGZDUH":K\ &RPSLOHU DQG QRW 26�+DUGZDUH"

� VLQJOH XVHU HQYLURQPHQW� FRPSLOHU�GLUHFWHG SRZHU DQG HQHUJ\
PDQDJHPHQW LV GLUHFWO\ ´H[HFXWHGµ E\ XQGHUO\LQJ 26�+:�

� PXOWLSOH XVHU HQYLURQPHQW� SRZHU�HQHUJ\ DSSOLFDWLRQ SURILOH
LV XVHG E\ 26 WR PDNH VFKHGXOLQJ GHFLVLRQV�

6FHQDULRV�

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

&RPSLOHUV IRU 3RZHU DQG (QHUJ\&RPSLOHUV IRU 3RZHU DQG (QHUJ\
0DQDJHPHQW0DQDJHPHQW

� '\QDPLF )UHTXHQF\ DQG 9ROWDJH 6FDOLQJ �')96�
� %HQHILW DQDO\VLV �63(&IS���

� '\QDPLF 5HVRXUFH &RQILJXUDWLRQ�+LEHUQDWLRQ
� %HQHILW DQDO\VLV IRU ������ FDUG �DGL� WRPFDWY� VKDO�
� %HQHILW DQDO\VLV IRU GLVN �PS�� PSHJ� DQG VIWS�

� 5HPRWH 7DVN ([HFXWLRQ
� %HQHILW DQDO\VLV IRU 6WURQJ$50�3HQWLXP �7RXU*XLGH�

� 4R5 2SWLPL]DWLRQV
� ([DPSOHV

� 6XPPDU\ DQG )XWXUH :RUN

�:LVK /LVW IRU $UFKLWHFWV
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'\QDPLF 9ROWDJH�)UHTXHQF\ 6FDOLQJ'\QDPLF 9ROWDJH�)UHTXHQF\ 6FDOLQJ

3RZHU DQG (QHUJ\ DUH SURSRUWLRQDO WR3RZHU DQG (QHUJ\ DUH SURSRUWLRQDO WR & 9& 9�� II

6DIHW\� DOZD\V VDIH
2SSRUWXQLW\� &38 LGOH WLPH �&38 ')96�
3URILWDELOLW\� XS WR ��� �DYJ� ������ &38 SRZHU

VDYLQJV ZLWK XS WR ���� �DYJ� �����
SHUIRUPDQFH SHQDOWLHV RQ 63(&IS�� RQ
���0+] � ��� *+] $0' $WKORQ�

Goal: Reduce the energy needed for executing an application
with a soft execution time deadline constraint.

+VX HW DO�� >�� �� ��� ��� �����@� +� 6DSXWUD HW DO� >��@�
0RVVH HW DO� >��@� $]HYHGR HW DO� >��@� ;LH HW DO� >��@
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'\QDPLF 9ROWDJH�)UHTXHQF\ 6FDOLQJ'\QDPLF 9ROWDJH�)UHTXHQF\ 6FDOLQJ

6FDOH YROWDJH DQG
IUHTXHQF\ WR VDYH HQHUJ\
DQG VWLOO PHHW GHDGOLQH
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2SSRUWXQLW\� 8QEDODQFHG2SSRUWXQLW\� 8QEDODQFHG
3URJUDP 5HJLRQV3URJUDP 5HJLRQV

cpuBusy bothBusy memBusy

CPU
speed

MEM
speed

time
distr.

PHPRU\ ERXQG

CPU
speed

MEM
speed

time
distr.

PHPRU\ ERXQG �! EDODQFHG
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%DVLF &RPSLODWLRQ 6WUDWHJ\%DVLF &RPSLODWLRQ 6WUDWHJ\

*RDO� $VVLJQ PLQLPDO YROWDJHV DQG IUHTXHQFLHV
WR GLIIHUHQW SURJUDP UHJLRQV VXFK WKDW RYHUDOO
SHUIRUPDQFH LV RQO\ VOLJKWO\ GHFUHDVHG �a ����

2SSRUWXQLW\�

3URJUDP UHJLRQV ZLWK XQEDODQFHG FRPSXWDWLRQ
DQG PHPRU\ UHTXLUHPHQWV�

$UFKLWHFWXUHV WKDW DOORZ RYHUODS RI
FRPSXWDWLRQV DQG GDWD DFFHVVHV�
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%DVLF &RPSLODWLRQ 6WUDWHJ\%DVLF &RPSLODWLRQ 6WUDWHJ\

&XUUHQW $OJRULWKP 2XWOLQH

��� ,GHQWLI\ SURJUDP UHJLRQV DV VFKHGXOLQJ FDQGLGDWHV
�VHTXHQFHV RI ORRS QHVWV� SURFHGXUH FDOOV� LI�VWDWHPHQWV�

��� 3HUIRUPDQFH PRGHOLQJ
� GHWHUPLQH FSX%XV\� PHP%XV\� ERWK%XV\ RI VFKHGXOLQJ FDQGLGDWHV
� GHWHUPLQH UHODWLYH H[HFXWLRQ WLPHV RI VFKHGXOLQJ FDQGLGDWHV
� XVH UHVXOWV WR FRPSXWH VORZGRZQ IDFWRU δ
�&38 VORZ�GRZQ� XQGHU D VRIW GHDGOLQH FRQVWUDLQW
�≤ �� SHUIRUPDQFH SHQDOW\�� DQG VHOHFW VLQJOH EHVW FDQGLGDWH

��� *HQHUDWH YROWDJH�IUHTXHQF\ VFKHGXOLQJ LQVWUXFWLRQV
DQG DGMXVW SHUIRUPDQFH RSWLPL]DWLRQV�

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

%DVLF 3HUIRUPDQFH 0RGHO%DVLF 3HUIRUPDQFH 0RGHO

&RQVWUDLQWV RQ FKRRVLQJ δ �
 

���

���

���



��

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

((/((/GIYVGIYV 3URWRW\SH &RPSLOHU3URWRW\SH &RPSLOHU

C Program

Instrumented
C program

 SUIF2 passes

Results

   gcc  Simplescalar
Simulator

Profile

 SUIF2 passes

DFVS’ed
C program

   gcc
 S

im
plescalar

S
im

ulator

-O3 -funroll-loops

train.in

reduced
ref.in

-O3 -funroll-loops

68,) >��@� %XUJHU HW DO� >��@
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%HQHILW $QDO\VLV%HQHILW $QDO\VLV

� 6LPSOH6FDODU ZLWK PHPRU\ KLHUDUFK\ H[WHQVLRQV
� F\FOH DFFXUDWH VLPXODWLRQ
� RXW�RI�RUGHU VXSHUVFDODU SURFHVVRUV
� EUDQFK SUHGLFWLRQ DQG VSHFXODWLYH H[HFXWLRQ

� 6LPXODWHG RXW�RI�RUGHU WDUJHW DUFKLWHFWXUH�
� � F\FOH /� FDFKH� QRQ�EORFNLQJ
� �� F\FOHV /� FDFKH� QRQ�EORFNLQJ
� ��� F\FOHV PHPRU\� EORFNLQJ
� LQVWUXFWLRQ ZLQGRZ VL]H  ��
� LQVWUXFWLRQ LVVXH ZLGWK  � SHU F\FOH

� 6ZLWFKLQJ RYHUKHDG RI ������ F\FOHV
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Soft deadline: 1%
Single region
Up to 1 GHz
Scaling cost=10µs

%HQHILW $QDO\VLV �UHI�LQ�%HQHILW $QDO\VLV �UHI�LQ�

compiler  - considers DFVS overheads
                 - enumerates all possible regions
                 - automates the process
                 - uses different input for training

Benchmark Slow-
down

Exec.
Time

CPU
Energy

by hand + ref.in compiler
Slow-
down

Exec.
Time

CPU
Energy

swim95

tomcatv95

applu

hydro2d

2.02 101.68% 76.79%

2.44 101.99% 76.25%

1.58 101.82% 90.43%

1.33 101.47% 84.61%

2.07 102.67% 75.70%

1.69 100.47% 83.49%

1.24 101.22% 93.94%

1.11 101.69% 83.42%
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VZLP��VZLP��

C

C

C

IF

IF

END

C C - by hand

- compiler

START R=20.31%, f=500MHz

R=20.73%, f=490MHz
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WRPFDWY��WRPFDWY��

L

IFEND

L

L

L

L

L

L

L

START

- by hand

- compiler

R=26.05%, f=500MHz

R=16.44%, f=600MHz
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DSSOXDSSOX

C

C

END

C

START

C

C

C

C

C

C

C

C

C

C

L

C

C

IF

IF CC

IFIF

C

IF

IF

L

- by hand

- expansion edge

C

R=19.90%, f=750MHz

R=18.29%, f=810MHz

- compiler
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K\GUR�GK\GUR�G

C

C

C

END

C

START

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

R=26.67%, f=750MHz

R=84.04%, f=910MHz
- by hand

- expansion edge

- compiler
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'9)6 2SSRUWXQLW\ 6WXG\'9)6 2SSRUWXQLW\ 6WXG\

Benchmark             CPU                   Performance
                               Energy     Penalty

swim95 38.86% 9.50%

tomcatv95 28.30% 8.42%

applu 51.35% 7.27%

hydro2d 48.73% 7.32%

Highly optimizing compiler:  DEC’s  f90 compiler -O5 

Alpha 21264-like processor, ref.in input data set

modified Wattch  (SimpleScalar based) simulator, 106 cycles summaries

10%  soft deadline performance penalty, no switching costs

+VX HW DO� >�@� %URRNV HW DO� >��@
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VZLP��VZLP��

million cycles

sl
o
w

d
o
w

n
 f

a
ct

o
r
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WRPFDWY��WRPFDWY��

million cycles

sl
o
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d
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a
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o
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DSSOXDSSOX

million cycles

sl
o
w

d
o
w

n
 f

a
ct

o
r
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K\GUR�GK\GUR�G

million cycles

sl
o
w

d
o
w

n
 f

a
ct

o
r
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K\GUR�GK\GUR�G

million cycles

sl
o
w

d
o
w
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compiler δ= 1.8

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

7ZR &RPPHUFLDO ')96 3URFHVVRUV7ZR &RPPHUFLDO ')96 3URFHVVRUV

Performance
level

f (MHz)

1

2

3

4

600 1.15

700 1.20

800 1.25

900 1.30

300 1.00

533 1.10

667 1.20

733 1.25

Compaq Presario 715US
Mobile Athlon 4

Fujitsu LifeBook P2040
Crusoe TM5800

f (MHz) V (volts)V (volts)

5

6

7

1000

1100

1200

1.35

1.40

1.45

800 1.30
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&RPSDT 3UHVDULR ���86 �UHI�LQ�&RPSDT 3UHVDULR ���86 �UHI�LQ�

Benchmark             CPU                   Performance
                               Power     Penalty

swim95 57.13% 2.93%

tomcatv95 50.56% 1.18%

applu 73.16% 4.72%

hydro2d 61.03% 2.21%

((/GIYV  : 7 discrete performance levels, actual measurements

Linux 2.4.18, compiler:  g77 -O2,

Mobile Athlon 4 processor

Physical measurement using power meter

5%  soft performance deadline

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

VZLP��VZLP��

C

C

C

IF

IF

END

C C

- by hand

- simulated

START R=20.31%, f=500MHz, p=1%

R=20.73%, f=490MHz, p=1%

- mobile Athlon 4

R=100.0%, f=700MHz, p=5%
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WRPFDWY��WRPFDWY��

L

IFEND

L

L

L

L

L

L

L

START

R=26.05%, f=500MHz, p=1%

R=16.44%, f=600MHz, p=1%

- by hand

- simulated

- mobile Athlon 4

R=95.30%, f=700MHz, p=5%
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DSSOXDSSOX

C

C

END

C

START

C

C

C

C

C

C

C

C

C

C

L

C

C

IF

IF CC

IFIF

C

IF

IF

L

- expansion edge

C

R=19.90%, f= 750MHz, p=1%

R=18.29%, f= 810MHz, p=1%

- by hand

- simulated

- mobile Athon 4

R=62.97%, f=1000MHz, p=5%
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K\GUR�GK\GUR�G

C

C

C

END

C

START

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

R=26.67%, f=750MHz, p=1%

R=84.04%, f=910MHz, p=1%

- expansion edge

- by hand

- simulated

- mobile Athlon 4
R=96.93%, f=900MHz, p=5%
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VZLP�� &RPSDULVRQVZLP�� &RPSDULVRQ

0%

50%

100%

150%

200%

250%

300%

1 2 3 4 5 6 7
performance level

ex
ec

ut
io

n 
tim

e Crusoe TM5800 , CPU bound (artificial benchmark)

 mobile Athlon 4

 Crusoe TM5800
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(QHUJ\ 'HOD\ 3URGXFW &RPSDULVRQ(QHUJ\ 'HOD\ 3URGXFW &RPSDULVRQ
2YHUDOO V\VWHP SK\VLFDO PHDVXUHPHQWV
&RPSDULVRQ UHODWLYH WR &RPSDT 3UHVDULR DW SHDN ����*+]�
/LIH%RRN XVHV 7UDQVPHWD·V /RQJ5XQ WHFKQRORJ\
/LQX[ ������� J�� �2�

Presario 715US:
   33.6W - 57.3W

LifeBook P2040:
  13.0W - 15.9W

E ∗ T = P ∗ T2

Energy Delay Product
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&RPSLOHUV IRU 3RZHU DQG (QHUJ\&RPSLOHUV IRU 3RZHU DQG (QHUJ\
0DQDJHPHQW0DQDJHPHQW

� '\QDPLF )UHTXHQF\ DQG 9ROWDJH 6FDOLQJ �')96�
� %HQHILW DQDO\VLV �63(&IS���

� '\QDPLF 5HVRXUFH &RQILJXUDWLRQ�+LEHUQDWLRQ
� %HQHILW DQDO\VLV IRU ������ FDUG �DGL� WRPFDWY� VKDO�
� %HQHILW DQDO\VLV IRU GLVN �PS�� PSHJ� DQG VIWS�

� 5HPRWH 7DVN ([HFXWLRQ
� %HQHILW DQDO\VLV IRU 6WURQJ$50�3HQWLXP �7RXU*XLGH�

� 4R5 2SWLPL]DWLRQV
� ([DPSOHV

� 6XPPDU\ DQG )XWXUH :RUN

�:LVK /LVW IRU $UFKLWHFWV
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'\QDPLF 5HVRXUFH'\QDPLF 5HVRXUFH
&RQILJXUDWLRQ� +LEHUQDWLRQ&RQILJXUDWLRQ� +LEHUQDWLRQ

6DIHW\� PRVWO\ VDIH
2SSRUWXQLW\� FRPPXQLFDWLRQ FDUG� GLVN� FDFKH OLQHV�

PHPRU\ EORFNV� ���
3URILWDELOLW\� HQHUJ\ UHGXFWLRQV XS WR ��� �������E�L3$4�

RYHU 26 DSSURDFK�� DQG XS WR ��� �GLVN�

Goal: Reduce power/energy by dynamically hibernating
resources not required by the application

(dynamic power management)

'HODOX] HW DO� >�@� +RP HW DO� >�@� +HDWK HW DO� >��@

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

7KUHVKROG EDVHG 26 YV� &RPSLOHU7KUHVKROG EDVHG 26 YV� &RPSLOHU
'LUHFWHG +LEHUQDWLRQ'LUHFWHG +LEHUQDWLRQ
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Hand-held PC Desktop / Server

3HUYDVLYH &RPSXWLQJ (QYLURQPHQW3HUYDVLYH &RPSXWLQJ (QYLURQPHQW

� ´:RUNVWDWLRQµ FODVV PDFKLQH
� 'HSHQGV RQ EDWWHU\ SRZHU
� :LUHOHVV FRPPXQLFDWLRQ
� 1R GLVN �OLPLWHG UHVRXUFHV�

� 2QH RUGHU RI PDJQLWXGH
PRUH UHVRXUFHV WKDQ
KDQGKHOG

5HPRWH 9LUWXDO 0HPRU\

+RP HW DO� >�@

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

%DVLF &RPSLODWLRQ 6WUDWHJ\%DVLF &RPSLODWLRQ 6WUDWHJ\

3KDVH �� 5HJLRQ DQDO\VLV
� JUDQXODULW\ RI SURJUDP UHJLRQV IRU FDUG KLEHUQDWLRQ
� IRU HDFK UHJLRQ� FDUG PXVW EH RQ� RU FDUG PD\ EH RII

3KDVH �� 5HVKDSH DQDO\VLV
� SDJH IDXOW FOXVWHULQJ ⇒ PRYH SDJH IDXOWV WR UHJLRQ HQWU\
� ORRS LQGH[ VHW VSOLWWLQJ ⇒ DGMXVWPHQW RI JUDQXODULW\

3KDVH �� +LEHUQDWH�DFWLYDWH LQVWUXFWLRQ JHQHUDWLRQ
� XVH SHUIRUPDQFH SUHGLFWLRQ WR

�D� DYRLG KLEHUQDWLRQ LI FORVHO\ IROORZHG E\ DFWLYDWLRQ
�E� DFWLYDWH MXVW�LQ�WLPH WR DYRLG SHUIRUPDQFH SHQDOW\
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((/((/5050 3URWRW\SH &RPSLOHU3URWRW\SH &RPSLOHU

� 5HJLRQV� LQQHU ORRS QHVWV �SKDVHV� RU V\VWHP FDOOV �SULQWI�

� %XLOG UHJLRQ FRQWURO IORZ JUDSK �5&)*�

� )RU HDFK UHJLRQ FRPSXWH 5() VHWV �HQWLUH GDWD
REMHFWV� IXWXUH� '$' UHSUHVHQWDWLRQ�

� 'HWHUPLQH IRU HDFK UHJLRQV ZKDW GDWD REMHFWV � FRGH
ZLOO EH LQ PHPRU\� VLPXODWH /58 SDJH UHSODFHPHQW SROLF\
E\ ´ZDONLQJµ RYHU 5&)*�

� 0DUN UHJLRQV DV ´FDUG RQµ RU ´ FDUG PD\ EH RIIµ

3KDVH �� 5HJLRQ DQDO\VLV

%DVHG RQ 68,)� FRPSLOHU LQIUDVWUXFWXUH

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

((/((/5050 3URWRW\SH &RPSLOHU3URWRW\SH &RPSLOHU

1R SHUIRUPDQFH SUHGLFWLRQ ⇒
� QR MXVW�LQ�WLPH FDUG DFWLYDWLRQ� L�H�� HLWKHU
RQ GHPDQG RU ZKHQ UHDFKLQJ ´FDUG RQµ UHJLRQ

� FDUG KLEHUQDWLRQ IRUFHG LI UHJLRQ LV PDUNHG
DV ´FDUG PD\ EH RIIµ

3KDVH �� 5HVKDSH DQDO\VLV

3DJH IDXOW FOXVWHULQJ �KDQG VLPXODWHG�

3KDVH �� +LEHUQDWH�DFWLYDWH LQVWUXFWLRQ JHQHUDWLRQ
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N: array dimension length (float)
M: # of 4KB memory pages

([SHULPHQWDO %HQHILW 6WXG\([SHULPHQWDO %HQHILW 6WXG\

� 3UHGLFWLRQ DFFXUDF\ RI SDJH IDXOWV DW UHJLRQ JUDQXODULW\�
EDVHG RQ PRGLILHG 6LPSOH6FDODU VLPXODWRU

� &RPSDULVRQ ZLWK WKUHVKROG EDVHG 26 WHFKQLTXHV
� UHODWLYH HQHUJ\ VDYLQJV
� SHUIRUPDQFH SHQDOWLHV �6LPSOH6FDODU�

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

1 5001 10001 15001 20001 25001 30001

Cycles (x1000)

((/((/5050 � ([SHULPHQWDO 5HVXOWV� ([SHULPHQWDO 5HVXOWV

G\QDPLF SDJH IDXOWV IRU WRPFDWY �UHJLRQ VXPPDU\�



��

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

1 5001 10001 15001 20001 25001 30001

Cycles (x1000)

((/((/5050 � ([SHULPHQWDO 5HVXOWV� ([SHULPHQWDO 5HVXOWV

G\QDPLF SDJH IDXOWV IRU WRPFDWY �UHJLRQ VXPPDU\�
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1 201 401 601 801 1001 1201 1401 1601 1801 2001 2201 2401

Cycles (x100

((/((/5050 � ([SHULPHQWDO 5HVXOWV� ([SHULPHQWDO 5HVXOWV

G\QDPLF SDJH IDXOWV IRU WRPFDWY

Cycles (x1000)
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1 201 401 601 801 1001 1201 1401 1601 1801 2001 2201 2401

Cycles (x100

((/((/5050 � ([SHULPHQWDO 5HVXOWV� ([SHULPHQWDO 5HVXOWV

G\QDPLF SDJH IDXOWV IRU WRPFDWY
ZLWK ORRS VWUXFWXUH

Cycles (x1000)

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

5HODWLYH (QHUJ\ 6DYLQJV YV�5HODWLYH (QHUJ\ 6DYLQJV YV�
WKUHVKROG EDVHG 26 WHFKQLTXHVWKUHVKROG EDVHG 26 WHFKQLTXHV

1 x threshold  = 25,000 cycles, 40% energy cost of card
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   read chunk[i] into buf
   compute on buf;
   i := i + 1;
}

+HDWK HW DO�� >��@
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   read chunk[i] into buf
   compute on buf;
   i := i + 1;
}



��

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

QHZEXI

. . . . . .
FKXQN>M@

i = 1;
while  i <= N {
    k = 1; 
    for j = i to i + #chunks 
      read chunk[j] into newbuf[k]
    for k = 1 to i + #chunks
      compute newbuf[k]
   i := j + 1;
}

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

QHZEXI

. . . . . .
FKXQN>M@

i = 1;
while  i <= N {
    k = 1; 
    for j = i to i + #chunks 
      read chunk[j] into newbuf[k]
    for k = 1 to i + #chunks
      compute newbuf[k]
   i := j + 1;
}
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .
FKXQN>L@

i = 1;
while  i <= N {
   eelread chunk[i] into buf
   compute on buf;
   i := i + 1;
}

HHOEXI
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   eelread chunk[i] into buf
   compute on buf;
   i := i + 1;
}
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   eelread chunk[i] into buf
   compute on buf;
   i := i + 1;
}
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   eelread chunk[i] into buf
   compute on buf;
   i := i + 1;
}
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

GLVN

EXI

. . . . . .

. . .. . .

FKXQN>L@

i = 1;
while  i <= N {
   eelread chunk[i] into buf
   compute on buf;
   i := i + 1;
}
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%DVLF &RPSLODWLRQ 6WUDWHJ\%DVLF &RPSLODWLRQ 6WUDWHJ\

&XUUHQW $OJRULWKP 2XWOLQH

&RPSLOHU ��� 8VHU DQQRWDWHV ILOH GHVFULSWRUV ZKHUH EXIIHULQJ
VKRXOG EH SHUIRUPHG

��� &RPSLOHU SURSDJDWHV ILOH DWWULEXWHV WKURXJK SURJUDP
DQG UHSODFHV FDOOV WR ,�2 RSHUDWLRQV E\ FDOOV WR
((/ OLEUDU\ ,�2 RSHUDWLRQV �FXUUHQWO\ UHDG� OVHHN�

HHOUHDG ��� SUHVHUYHV WKH VHPDQWLFV RI RULJLQDO UHDG
��� PHDVXUHV WKH SHUIRUPDQFH FKDUDFWHULVWLFV RI WKH GLVN

WKURXJK XVHU�WUDQVSDUHQW UXQWLPH SURILOLQJ
��� DOORFDWHV DQG PDQDJHV EXIIHU RI DSSURSULDWH VL]H
��� QRWLILHV 26 DERXW H[SHFWHG LGOH WLPHV RI GLVN
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%HQHILW $QDO\VLV%HQHILW $QDO\VLV
� )XMLWVX 'LVN� � *E\WH� ���� USP� $7$�� LQWHUIDFH�

KDV IRXU SRZHU VWDWHV �DFWLYH� LGOH� VWDQGE\� VOHHS�

� 26 VXSSRUWV GLIIHUHQW GHYLFH PDQDJHPHQW SROLFLHV�
� (QHUJ\�2EOLYLRXV �(2�
� )L[HG�7KUHVKROGV �)7�
� 'LUHFW 'HDFWLYDWLRQ �''�
� 3UH�$FWLYDWLRQ �3$�
� &RPELQHG '' � 3$ �&2�

� SK\VLFDO PHDVXUHPHQWV IRU GLVN HQHUJ\ FRQVXPSWLRQ
IRU WKUHH DSSOLFDWLRQV� 03� SOD\HU� 03(* SOD\HU�
DQG VIWS

5HVXOWV� � GLVN HQHUJ\ VDYLQJV LQ WKH UDQJH RI ��� � ���
� KDQG�PRGLILHG DQG FRPSLOHU QHDUO\ LGHQWLFDO TXDOLW\

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

03� SOD\HU

FRPSLOHU
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

03(* SOD\HU

FRPSLOHU
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+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN+DQG�KHOG � /DS�WRS ZLWK /RFDO 'LVN

VIWS

FRPSLOHU
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&RPSLOHUV IRU 3RZHU DQG (QHUJ\&RPSLOHUV IRU 3RZHU DQG (QHUJ\
0DQDJHPHQW0DQDJHPHQW

� '\QDPLF )UHTXHQF\ DQG 9ROWDJH 6FDOLQJ �')96�
� %HQHILW DQDO\VLV �63(&IS���

� '\QDPLF 5HVRXUFH &RQILJXUDWLRQ�+LEHUQDWLRQ
� %HQHILW DQDO\VLV IRU ������ FDUG �DGL� WRPFDWY� VKDO�
� %HQHILW DQDO\VLV IRU GLVN �PS�� PSHJ� DQG VIWS�

� 5HPRWH 7DVN ([HFXWLRQ
� %HQHILW DQDO\VLV IRU 6WURQJ$50�3HQWLXP �7RXU*XLGH�

� 4R5 2SWLPL]DWLRQV
� ([DPSOHV

� 6XPPDU\ DQG )XWXUH :RUN

�:LVK /LVW IRU $UFKLWHFWV

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

5HPRWH 7DVN ([HFXWLRQ5HPRWH 7DVN ([HFXWLRQ

6DIHW\� 6RSKLVWLFDWHG FRPSLOH�WLPH DQDO\VHV
2SSRUWXQLW\� 0RELOH DSSOLFDWLRQV WKDW FRQWDLQ WDVNV

ZLWK VPDOO WR PRGHUDWH GDWD H[FKDQJH
EHWZHHQ WKHP

3URILWDELOLW\� 8S WR RQH RUGHU RI PDJQLWXGH ���[� RQ
LPDJH XQGHUVWDQGLQJ DSSOLFDWLRQ �7RXU*XLGH�
UXQQLQJ RQ 6NLII DQG L3$4 �6WURQJ$50�

Goal: Save energy on mobile device by off-loading
computation to remote host

.UHPHU HW DO� >�@� )OLQQ HW DO� >��@� /L HW DO� >��@� 3DOP HW DO� >��@
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7RXU*XLGH7RXU*XLGH� $ )DFH 'HWHFWLRQ� $ )DFH 'HWHFWLRQ
DQG 5HFRJQLWLRQ 6\VWHPDQG 5HFRJQLWLRQ 6\VWHP

� 'HYHORSHG DW &RPSDT·V &DPEULGJH 5HVHDUFK /DERUDWRU\ �&5/�
� ,QSXW� XQFRPSUHVVHG %�: LPDJH� RXWSXW� DQVZHU VWULQJ
� $SSUR[� ���� OLQHV RI & FRGH
� 5XQV XQGHU /LQX[ RQ [�� DQG 6WURQJ$50
� &RQWDLQV IL[HG�SRLQW ´SDFNDJHµ IRU HIILFLHQW IORDWLQJ�SRLQW

HPXODWLRQ RQ 6WURQJ$50
� )DFH GDWD EDVH FRQWDLQV �� LQGLYLGXDOV ��[��� (DFK LQGLYLGXDO

LV UHSUHVHQWHG E\ ��� ��[��SL[HO LPDJHV ��� RULJLQDOV � VKLIWV�

���[��� ����[����

Ulrich Kremer: match distance 192

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

%DVLF &RPSLODWLRQ 6WUDWHJ\%DVLF &RPSLODWLRQ 6WUDWHJ\

5HPRWH H[HFXWLRQ WKUHDG

5HPRWH HQWU\ SRLQW
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%DVLF &RPSLODWLRQ%DVLF &RPSLODWLRQ 6WUDJHJ\6WUDJHJ\ �&RQW���&RQW��

5HPRWH H[HFXWLRQ WKUHDG

5HPRWH HQWU\ SRLQW
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)DFH 'HWHFWLRQ DQG)DFH 'HWHFWLRQ DQG
5HFRJQLWLRQ 6\VWHP �&RQW��5HFRJQLWLRQ 6\VWHP �&RQW��

5HPRWH H[HFXWLRQ WKUHDG

2Q�GHPDQG FKHFNSRLQWV

5HPRWH HQWU\ SRLQW

5HPRWH HQWU\ SRLQW
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%HQHILW $QDO\VLV� 6NLII 9�%HQHILW $QDO\VLV� 6NLII 9�

• 233MHz SA110 + 21285 corelogic,
  16KB I-cache, 16KB D-cache (L1)

• 48MHz 32MB SDRAM, 8MB Flash,

• 10Mbps Ethernet, USB, serial port

• Controllers: USB, PC-Card, Ethernet

• Voltage Regulators: 2V, 3.3V, 5V

� +HUH� ´PRELOHµ /LQX[ ER[� VLQJOH XVHU HQYLURQPHQW
� 6HSDUDWH SRZHU SODQHV� �9� ���9� �9
� VLPSOH 5,6&� EORFNLQJ ORDGV� QRQ�EORFNLQJ FDFKH�OLQH ILOOV
� 1R G\QDPLF YROWDJH RU IUHTXHQF\ VFDOLQJ
� 1R IORDWLQJ�SRLQW XQLW

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

,QLWLDO %HQHILW $QDO\VLV,QLWLDO %HQHILW $QDO\VLV

misc.
277mW (7%)

wireless LAN card
948mW (25%)

wired Ethernet
804mW (21%)

memory
990mW (27%)

3.3-2.0V regulator
301mW (8%)

processor
453mW (12%)

$YHUDJH SRZHU FRQVXPSWLRQ DQG SRZHU GLVWULEXWLRQ IRU WKH IRXU
PDLQ WDVNV RI 7RXU*XLGH�

2YHUDOO�
����:
����: Z�R ZLUHOHVV
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%HQHILW $QDO\VLV� 6NLII 9�%HQHILW $QDO\VLV� 6NLII 9�
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([SHULPHQW� ([HFXWLRQ WLPHV XVLQJ GLIIHUHQW UHPRWH WKUHDGV
LQGLFDWH SRWHQWLDO HQHUJ\ VDYLQJV�

� FRPPXQLFDWLRQ WLPHV EDVHG RQ UHDG�ZULWH WR ILOHV �1)6�
� FRPPXQLFDWLRQ WKURXJK &RPSDT·V :LUHOHVV ��0ESV /$1 FDUG
� GRHV QRW FRQVLGHU KLEHUQDWLRQ RI PRELOH FOLHQW PDFKLQH

3RWHQWLDO HQHUJ\ VDYLQJV
GXH WR H[HFXWLRQ WLPH
UHGXFWLRQV �VSHHG�XS��

6NLII 	 3,, � ���[
6NLII 	 3,,,� ����[
3,, 	 3,,,� ���[

�QR KLEHUQDWLRQ��

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

%HQHILW $QDO\VLV� 6NLII 9�%HQHILW $QDO\VLV� 6NLII 9�

0

5

10

15

20

25

30

35

P
F

D
+

F
D

+
P

F
R

+
F

R

F
D

+
P

F
R

+
F

R

P
F

R
+

F
R

F
R

st
an

d-
al

on
e

PII & Skiff
PIII & Skiff

(QHUJ\ FRQVXPSWLRQ RI WKH IRXU UHPRWH H[HFXWLRQ WKUHDGV ZLWKRXW
KLEHUQDWLRQ� VWDQG�DORQH YHUVLRQ ZLWKRXW ZLUHOHVV /$1 FDUG�

Energy in
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3RWHQWLDO HQHUJ\
VDYLQJV�
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%HQHILW $QDO\VLV�%HQHILW $QDO\VLV� L3$4L3$4 +����+����

• 206MHz SA1110, dynamic
  frequency scaling 59MHz - 206MHz
  16KB I-cache, 8KB D-cache (L1)

• 66MHz 32MB SDRAM, 16MB Flash

• USB and serial port through cradles;
  PCMCIA and Compact flash through
  sleeves; light sensor, microphone,
  thin film transistor (TFT) color display

• 940mAh lithium polymer battery (12 hours)

� +HUH� ´PRELOHµ /LQX[ ER[� VLQJOH XVHU HQYLURQPHQW
� �9 VXSSO\ YROWDJH� &38 �9
� VLPSOH 5,6&� EORFNLQJ ORDGV� QRQ�EORFNLQJ FDFKH�OLQH ILOOV
� '\QDPLF IUHTXHQF\ VFDOLQJ� EXW QR G\QDPLF YROWDJH VFDOLQJ
� 1R IORDWLQJ�SRLQW XQLW

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

%HQHILW $QDO\VLV�%HQHILW $QDO\VLV� L3$4L3$4 +����+����
([SHULPHQW� ([HFXWLRQ WLPHV XVLQJ GLIIHUHQW UHPRWH WKUHDGV

LQGLFDWH SRWHQWLDO HQHUJ\ VDYLQJV�

� FRPPXQLFDWLRQ WLPHV EDVHG RQ UHDG�ZULWH WR ILOHV �1)6�
� FRPPXQLFDWLRQ WKURXJK /XFHQW·V :LUHOHVV ��0ESV /$1 FDUG
� GRHV QRW FRQVLGHU KLEHUQDWLRQ RI PRELOH FOLHQW PDFKLQH
� SRZHU GLVWULEXWLRQ� V\VWHP ����:� 3& FDUG ����:� GLVSOD\ RII

3RWHQWLDO HQHUJ\ VDYLQJV
GXH WR H[HFXWLRQ WLPH
UHGXFWLRQV �VSHHG�XS��

����[
�QR KLEHUQDWLRQ��

3RWHQWLDO HQHUJ\ VDYLQJV
ZLWK ZLUHOHVV FDUG RQ�RII�
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((/((/UHPRWHUHPRWH 3URWRW\SH &RPSLOHU3URWRW\SH &RPSLOHU
#include prog.h
foo(…); remote_foo(…) //stub 
bar(…)
main()  //with remote_foo annotations

#include prog.h
main(); //modified

#include prog.h
foo(…)
bar(…)
remote_foo(…)

#include prog.h
foo(…)
bar(…)
server_foo(…)

client server

libEEL. o libEEL. o
main. o

client_functions. o server_functions. so

EELremote

client.exec server.exec

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

((/((/UHPRWHUHPRWH 3URWRW\SH &RPSLOHU3URWRW\SH &RPSLOHU



��

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

&RPSLOHUV IRU 3RZHU DQG (QHUJ\&RPSLOHUV IRU 3RZHU DQG (QHUJ\
0DQDJHPHQW0DQDJHPHQW

� '\QDPLF )UHTXHQF\ DQG 9ROWDJH 6FDOLQJ �')96�
� %HQHILW DQDO\VLV �63(&IS���

� '\QDPLF 5HVRXUFH &RQILJXUDWLRQ�+LEHUQDWLRQ
� %HQHILW DQDO\VLV IRU ������ FDUG �DGL� WRPFDWY� VKDO�
� %HQHILW DQDO\VLV IRU GLVN �PS�� PSHJ� DQG VIWS�

� 5HPRWH 7DVN ([HFXWLRQ
� %HQHILW DQDO\VLV IRU 6WURQJ$50�3HQWLXP �7RXU*XLGH�

� 4R5 2SWLPL]DWLRQV
� ([DPSOHV

� 6XPPDU\ DQG )XWXUH :RUN

�:LVK /LVW IRU $UFKLWHFWV

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

4R54R5 2SWLPL]DWLRQV2SWLPL]DWLRQV

6DIHW\� 8VHU VSHFLILHV UDQJH RI VHPDQWLFDOO\
DFFHSWDEOH DQVZHUV

2SSRUWXQLW\� $SSOLFDWLRQV WKDW DOORZ D
EHVW HIIRUW VHPDQWLFV

3URILWDELOLW\� 3UREDEO\ VXEVWDQWLDO ���[ RU PRUH�� EXW QRW
\HW YHULILHG�

Goal: Provide power/energy vs. precision tradeoff in a best
effort semantics programming environment
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4R54R5 2SWLPL]DWLRQV2SWLPL]DWLRQV

� XVH IORDW LQVWHDG RI GRXEOH SUHFLVLRQ GDWD W\SHV

� DOORZ ORZHU UHVROXWLRQ TXDOLW\ LQ LPDJH SURFHVVLQJ
DSSOLFDWLRQ� RU ORZHU VRXQG TXDOLW\ LQ DXGLR DSSOLFDWLRQV�

1REHO HW DO� >��@

� QHWZRUN RI HPEHGGHG V\VWHPV �1(6�
� UDQJH RI DFFHSWDEOH UHVSRQG WLPHV
� UDQJH RI DFFHSWDEOH HQHUJ\ FRVWV
� OLPLWHG PRQHWDU\ EXGJHW

([DPSOHV

.UHPHU HW DO� >�@� ,IWRGH HW DO� >��@� *D\ HW DO� >��@�
=HQJ HW DO� >��@

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

&KDUDFWHULVWLFV RI 1(6&KDUDFWHULVWLFV RI 1(6

/RFDWLRQ�VHQVLWLYLW\/RFDWLRQ�VHQVLWLYLW\

D QRGH LV LQWHUHVWLQJ EHFDXVH RI LWV ORFDWLRQ LQ

DGGLWLRQ WR WKH VHUYLFH LW SURYLGHV

9RODWLOLW\9RODWLOLW\

QRGHV MRLQ DQG OHDYH DW DQ\ WLPH

5HVRXUFH�OLPLWDWLRQ5HVRXUFH�OLPLWDWLRQ

H[HFXWLRQ WLPH� EDWWHU\ OLIH� DQG PRQHWDU\

EXGJHW DUH OLPLWHG
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3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV

� QRGHV DUH DEVWUDFWHG DV

YLUWXDO QRGHV  �VHUYLFH� ORFDWLRQ�

⇒ D SK\VLFDO QRGH SURYLGLQJ PXOWLSOH VHUYLFHV

UHSUHVHQWV PXOWLSOH YLUWXDO QRGHV
⇒ D PRYLQJ SK\VLFDO QRGH UHSUHVHQWV PXOWLSOH YLUWXDO

QRGHV

� VSDWLDO YLHZ� D G\QDPLF FROOHFWLRQ RI YLUWXDO QRGHV WKDW

VKDUH D VHUYLFH DQG D VSDFH

� RSHUDWLRQV RQ VSDWLDO YLHZV� LWHUDWLRQ DQG VHOHFWLRQ

⇒ H[HFXWHG XQGHU FRQVWUDLQWV� VSDWLDO� WLPH� HQHUJ\

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV

“smart” camera

face detection

other
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3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV

Spatial View:  Cameras on third floor of a building

“smart” camera

face detection

other

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV

Spatial View:  Cameras on third floor of a building;
                          iterate under density constraint

“smart” camera

face detection

other
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3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV3URJUDPPLQJ 1(6 � 6SDWLDO 9LHZV

� .90 LPSOHPHQWDWLRQ

� H[HFXWLRQ WLPH

� ZLWK IDFH GHWHFWLRQ� ���� VHFV

� ZLWKRXW IDFH GHWHFWLRQ� �� VHFV

� URXWLQJ� JRVVLSLQJ ZLWK

EDFNWUDFNLQJ �')6�

“smart” camera

face detection

other

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

6XPPDU\ DQG )XWXUH :RUN6XPPDU\ DQG )XWXUH :RUN

� &RPSLOHU VXSSRUW IRU SRZHU DQG HQHUJ\ PDQDJHPHQW LV VWLOO
LQ LWV LQIDQF\� ([FLWLQJ ´QHZµ DUHD IRU FRPSLOHU UHVHDUFK�

� 5HPRWH 7DVN ([HFXWLRQ� RQH RUGHU RI PDJQLWXGH SRWHQWLDO
HQHUJ\ VDYLQJV �ZLWK OLPLWHG KLEHUQDWLRQ��

� '\QDPLF )UHTXHQF\ DQG 9ROWDJH 6FDOLQJ� 6LJQLILFDQW
RSSRUWXQLWLHV HYHQ LQ KLJKO\ RSWLPL]HG FRGHV ZLWK QR RU
PLQLPDO LPSDFW RQ SURJUDP SHUIRUPDQFH�

� 5HVRXUFH 0DQDJHPHQW� ,QLWLDO DSSOLFDWLRQ� YLUWXDO PHPRU\
RQ GLVNOHVV GHYLFHV DQG GLVN PDQDJHPHQW� %RWK VKRZ
VLJQLILFDQW HQHUJ\ VDYLQJV�

� ,QLWLDO SURWRW\SH V\VWHPV EDVHG RQ 68,)� LQIUDVWUXFWXUH�
((/UHPRWH� ((/GIYV� DQG ((/50�
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6XPPDU\ DQG )XWXUH :RUN6XPPDU\ DQG )XWXUH :RUN

� 'HYHORS HIIHFWLYH FRPSLOH�WLPH SHUIRUPDQFH PRGHOV IRU SRZHU
GLVVLSDWLRQ DQG H[HFXWLRQ WLPH�

� 6WXG\ LQWHUDFWLRQV � WUDGH�RIIV EHWZHHQ GLIIHUHQW ORZ SRZHU
DQG ORZ HQHUJ\ RSWLPL]DWLRQV�

� ([SORUH 4XDOLW\ RI 5HVXOW �4R5� RSWLPL]DWLRQV�

� 0RUH H[SHULPHQWV� PRUH LPSOHPHQWDWLRQ ZRUN�

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

:LVK OLVW IRU $UFKLWHFWV:LVK OLVW IRU $UFKLWHFWV

� %HWWHU SHUIRUPDQFH � SRZHU � HQHUJ\ SUHGLFWLRQ
PRGHOV

� +DUGZDUH GHVLJQV WKDW DUH HDVLHU WR SUHGLFW� L�H��
PDNH SUHGLFWDELOLW\ D PDMRU GHVLJQ JRDO

� +DUGZDUH GHVLJQV WKDW DOORZ SK\VLFDO SRZHU
PHDVXUHPHQWV

� ´'LUHFWµ FRQWURO RI V\VWHPV UHVRXUFHV E\ DSSOLFDWLRQV
�H�J�� E\ FRPSLOHU JHQHUDWHG LQVWUXFWLRQV� WKURXJK
VWDQGDUGL]HG LQWHUIDFHV
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0RUH ,QIRUPDWLRQ0RUH ,QIRUPDWLRQ

((/

(QHUJ\ (IILFLHQF\ DQG /RZ�3RZHU
/DE

KWWS���ZZZ�FV�UXWJHUV�HGX�aXOL�HHO

EEL LaboratoryPLDI’03 Tutorial, June 8, 2003

>�@ 7� /L DQG &� 'LQJ� ,QVWUXFWLRQ %DODQFH DQG ,WV 5HODWLRQ WR 3URJUDP (QHUJ\
&RQVXPSWLRQ� ,QWHUQDWLRQDO :RUNVKRS RQ /DQJXDJHV DQG &RPSLOHUV IRU 3DUDOOHO
&RPSXWLQJ �/&3&·���� &XPEHUODQG )DOOV� .HQWXFN\� $XJXVW ����

>�@ $� 3DULNK� 0� .DQGHPLU� 1� 9LMD\NULVKQDQ� DQG 0�-� ,UZLQ� ,QVWUXFWLRQ 6FKHGXOLQJ
%DVHG RQ (QHUJ\ DQG 3HUIRUPDQFH &RQVWUDLQWV� ,((( &6 $QQXDO :RUNVKRS RQ 9/6,�
2UODQGR� )/� �����

>�@ 0� .DQGHPLU� 1� 9LMD\NULVKQDQ� 0�-� ,UZLQ� DQG +�<� .LP� ([SHULPHQWDO (YDOXDWLRQ RI
(QHUJ\ %HKDYLRU RI ,WHUDWLRQ 6SDFH 7LOLQJ� ,QWHUQDWLRQDO :RUNVKRS RQ /DQJXDJHV DQG
&RPSLOHUV IRU 3DUDOOHO &RPSXWLQJ �/&3&·���� &XPEHUODQG )DOOV� .HQWXFN\� $XJXVW �����

>�@ 9� 'HODOX]� 0� .DQGHPLU� 1� 9LMD\NULVKQDQ� DQG 0� -� ,UZLQ� (QHUJ\�2ULHQWHG &RPSLOHU
2SWLPL]DWLRQV IRU 3DUWLWLRQHG 0HPRU\ $UFKLWHFWXUHV� ,QWHUQDWLRQDO &RQIHUHQFH RQ
&RPSLOHUV� $UFKLWHFWXUH� DQG 6\QWKHVLV IRU (PEHGGHG 6\VWHPV �&$6(6·����
$WODQWD� *$� 1RYHPEHU �����

>�@ &�+� +VX DQG 8� .UHPHU� '\QDPLF 9ROWDJH DQG )UHTXHQF\ 6FDOLQJ IRU
6FLHQWLILF $SSOLFDWLRQV� ,QWHUQDWLRQDO :RUNVKRS RQ /DQJXDJHV DQG &RPSLOHUV
IRU 3DUDOOHO &RPSXWLQJ �/&3&·���� &XPEHUODQG )DOOV� .HQWXFN\� $XJXVW �����

%LEOLRJUDSK\%LEOLRJUDSK\
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%LEOLRJUDSK\ �&RQW��%LEOLRJUDSK\ �&RQW��

>�@ &�+� +VX� 8� .UHPHU� DQG 0� +VLDR� &RPSLOHU�'LUHFWHG '\QDPLF
)UHTXHQF\�9ROWDJH 6FKHGXOLQJ IRU (QHUJ\ 5HGXFWLRQ LQ 0LFURSURFHVVRUV�
,QWHUQDWLRQDO 6\PSRVLXP RQ /RZ 3RZHU (OHFWURQLFV DQG 'HVLJQ �,6/3('·����
+XQWLQJWRQ %HDFK� &$� $XJXVW �����

>�@ -� +RP DQG 8� .UHPHU� (QHUJ\ 0DQDJHPHQW RI 9LUWXDO 0HPRU\ RQ 'LVNOHVV
'HYLFHV� :RUNVKRS RQ &RPSLOHUV DQG 2SHUDWLQJ 6\VWHPV IRU /RZ 3RZHU
�&2/3·���� %DUFHORQD� 6SDLQ� 6HSWHPEHU ����� 7R DSSHDU DV D FKDSWHU LQ
&RPSLOHUV DQG 2SHUDWLQJ 6\VWHPV IRU/RZ 3RZHU� .OXZHU 3XEOLVKHUV�

>�@ 8� .UHPHU� -� +LFNV� DQG -� 5HKJ� &RPSLOHU�'LUHFWHG 5HPRWH 7DVN ([HFXWLRQ
IRU 3RZHU 0DQDJHPHQW� :RUNVKRS RQ &RPSLOHUV DQG 2SHUDWLQJ 6\VWHPV IRU
/RZ 3RZHU �&2/3·���� 3KLODGHOSKLD� 3$� 2FWREHU �����

>�@ 8� .UHPHU� /� ,IWRGH� -� +RP� DQG <� 1L� 6SDWLDO 9LHZV� ,WHUDWLYH 6SDWLDO 3URJUDPPLQJ IRU
1HWZRUNV RI (PEHGGHG 6\VWHPV� 7HFKQLFDO 5HSRUW� 'HSDUWPHQW RI &RPSXWHU 6FLHQFH�
5XWJHUV 8QLYHUVLW\� -XQH �����

>��@ L. Iftode, A. Kochut, C. Borcea, C. Intanagonwiwat, and U. Kremer, Programming Computers
         in the Physical World,  Proceedings of the 9th Workshop on Future Trends in Distributed 
         Computing Systems (FTDCS 2003), May 2003.
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%LEOLRJUDSK\ �&RQW��%LEOLRJUDSK\ �&RQW��
>��@ =� /L� &� :DQJ� DQG 5� ;X� &RPSXWDWLRQ 2IIORDGLQJ WR 6DYH (QHUJ\ RQ +DQGKHOG

'HYLFHV� $ 3DUWLWLRQLQJ 6FKHPH� ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSLOHUV�
$UFKLWHFWXUH� DQG 6\QWKHVLV IRU (PEHGGHG 6\VWHPV �&$6(6·���� $WODQWD� *$�
1RYHPEHU �����

>��@ /� 1� &KDNUDQSDQL� 3� .RUNPD]� 9�-� 0RRQH\ ,,,� .� 9� 3DOHP� .� 3XWWDVZDP\� :�)� :RQJ�
7KH (PHUJLQJ 3RZHU &ULVLV LQ (PEHGGHG 3URFHVVRUV� :KDW &DQ D 3RRU &RPSLOHU 'R"�
,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSLOHUV� $UFKLWHFWXUH� DQG 6\QWKHVLV IRU (PEHGGHG
6\VWHPV �&$6(6·���� $WODQWD� *$� 1RYHPEHU �����

>��@ 0� 9DOOXUL DQG /� -RKQ� ,V &RPSLOLQJ IRU 3HUIRUPDQFH   &RPSLOLQJ IRU 3RZHU"�
:RUNVKRS RQ ,QWHUDFWLRQ EHWZHHQ &RPSLOHUV DQG &RPSXWHU $UFKLWHFWXUHV
�,17(5$&7���� �����

>��@ 7� +HDWK� (� 3LQKHLUR� -� +RP� 8� .UHPHU� DQG 5� %LDQFKLQL� $SSOLFDWLRQ
7UDQVIRUPDWLRQV IRU (QHUJ\ DQG 3HUIRUPDQFH�$ZDUH 'HYLFH 0DQDJHPHQW�
,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO $UFKLWHFWXUHV DQG &RPSLODWLRQ
7HFKQLTXHV �3$&7·���� &KDUORWWHVYLOOH� 9$� 6HSWHPEHU �����

>��@ &�+� +VX DQG 8� .UHPHU� &RPSLOHU�'LUHFWHG '\QDPLF 9ROWDJH 6FDOLQJ %DVHG
RQ 3URJUDP 5HJLRQV� 7HFKQLFDO 5HSRUW� 'HSDUWPHQW RI &RPSXWHU 6FLHQFH�
5XWJHUV 8LYHUVLW\� 1RYHPEHU �����
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%LEOLRJUDSK\ �&RQW��%LEOLRJUDSK\ �&RQW��
>��@ &�+� +VX DQG 8� .UHPHU� &RPSLOHU�'LUHFWHG '\QDPLF 9ROWDJH 6FDOLQJ IRU

0HPRU\�%RXQG $SSOLFDWLRQV� 7HFKQLFDO UHSRUW� 'HSDUWPHQW RI &RPSXWHU 6FLHQFH�
5XWJHUV 8QLYHUVLW\� $XJXVW �����

>��@ -� )OLQQ� '� 1DUD\DQDQ� DQG 0� 6DW\DQDUD\DQDQ� 6HOI�7XQHG 5HPRWH ([HFXWLRQ IRU
3HUYDVLYH &RPSXWLQJ� (LJKW :RUNVKRS RQ +RW 7RSLFV LQ 2SHUDWLQJ 6\VWHPV �+RW26��
(OPDX� *HUPDQ\� 0D\ �����

>��@ $� $]HYHGR� ,� ,VVHQLQ� 5� &RUQHD� 5� *XSWD� 1� 'XWW� $� 9HLGHQEDXP� DQG $� 1LFRODX�
3URILOH�%DVHG '\QDPLF 9ROWDJH 6FKHGXOLQJ 8VLQJ 3URJUDP &KHFNSRLQWV� 'HVLJQ
$XWRPDWLRQ DQG 7HVWLQJ LQ (XURSH �'$7(�� 0DUFK �����

>��@ +� 6DSXWUD� 0� .DQGHPLU� 1� 9LMD\NULVKQDQ� 0�-� ,UZLQ� -� +X� &�+� +VX� DQG 8� .UHPHU�
(QHUJ\�&RQVFLRXV &RPSLODWLRQ %DVHG RQ 9ROWDJH 6FDOLQJ� $&0 6,*3/$1 -RLQW &RQIHUHQFH
RQ /DQJXDJHV� &RPSLOHUV� DQG 7RROV IRU (PEHGGHG 6\VWHPV� DQG 6RIWZDUH DQG &RPSLOHUV
IRU (PEHGGHG 6\VWHPV �/&7(6�6&23(6·���� %HUOLQ� *HUPDQ\� -XQH �����

>��@ '� 0RVVH� +� $\GLQ� %� &KLOGHUV� DQG 5� 0HOKHP� &RPSLOHU�$VVLVWHG '\QDPLF 3RZHU�$ZDUH
6FKHGXOLQJ IRU 5HDO�7LPH $SSOLFDWLRQV� :RUNVKRS RQ &RPSLOHUV DQG 2SHUDWLQJ 6\VWHPV IRU
/RZ 3RZHU �&2/3·���� 3KLODGHOSKLD� 3$� 2FWREHU �����
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%LEOLRJUDSK\ �&RQW��%LEOLRJUDSK\ �&RQW��
>��@ '� %URRNV� 9� 7LZDUL� DQG 0� 0DUWRQRVL� :DWWFK� $ )UDPHZRUN IRU $UFKLWHFWXUDO�/HYHO

3RZHU $QDO\VLV DQG 2SWLPL]DWLRQV� ��WK ,QWHUQDWLRQDO 6\PSRVLXP RQ &RPSXWHU
$UFKLWHFWXUH �,6&$·������ -XQH �����

>��@ 9� 7LZDUL� 6� 0DOLN� DQG $� :ROIH� ,QVWUXFWLRQ /HYHO 3RZHU $QDO\VLV DQG 2SWLPL]DWLRQ RI
6RIWZDUH� -RXUQDO RI 9/6, 6LJQDO 3URFHVVLQJ� S������ �����

>��@ 0� .DQGHPLU� 1� 9LMD\NULVKQDQ� 0�-� ,UZLQ� DQG :� <H� ,QIOXHQFH RI FRPSLOHU RSWLPL]DWLRQV
RQ V\VWHP SRZHU� 'HVLJQ $XWRPDWLRQ &RQIHUHQFH �'$&�� -XQH �����

>��@ 1DWLRQDO &RPSLOHU ,QIUDVWUXFWXUH �1&,� 3URMHFW� RYHUYLHZ DYDLODEOH RQOLQH DW
KWWS���ZZZ�VXLI��VWDQIRUG�HGX�VXLI�QFL�LQGH[�KWPO

>��@ '� %XUJHU DQG 7� $XVWLQ� 7KH 6LPSOH6FDODU WRRO VHW YHUVLRQ ���� 7HFKQLFDO 5HSRUW�
&RPSXWHU 6FLHQFH 'HSDUWPHQW� 8QLYHUVLW\ RI :LVFRQVLQ� -XQH �����

>��@ &�+� +VX DQG 8� .UHPHU� 7KH 'HVLJQ� ,PSOHPHQWDWLRQ� DQG (YDOXDWLRQ RI D &RPSLOHU
$OJRULWKP IRU &38 (QHUJ\ 5HGXFWLRQ� 6,*3/$1 &RQIHUHQFH RQ 3URJUDPPLQJ /DQJXDJHV�
'HVLJQ� DQG ,PSOHPHQWDWLRQ �3/',·���� -XQH �����
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%LEOLRJUDSK\ �&RQW��%LEOLRJUDSK\ �&RQW��
>��@ -� 3DOP� +� /HH� $� 'LZDQ� DQG -� 0RVV� :KHQ WR 8VH D &RPSLODWLRQ 6HUYLFH�

/&7(6·���6&23(6·��� -XQH �����

>��@ ' *D\� 3� /HYLV� 5� YRQ %HKUHQ� 0� :HOVK� (� %UHZHU� DQG '� &XOOHU�
7KH QHV& /DQJXDJH� $ +ROLVWLF $SSURDFK WR 1HWZRUNHG (PEHGGHG 6\VWHPV�
3/',·��� -XQH ����

>��@ 5� ;LH� 0� 0DUWRQRVL� DQG 6� 0DOLN� &RPSLOH�7LH '\QDPLF 9ROWDJH 6FDOLQJ 6HWWLQJV�
2SSRUWXQLWLHV DQG /LPLWV� 3/',·��� -XQH �����

>��@ +� =HQJ� &� (OOLV� $� /HEHFN� DQG $� 9DKGDW� (&26\VWHP� 0DQDJLQJ (QHUJ\ DV D
)LUVW &ODVV 2SHUDWLQJ 6\VWHP 5HVRXFH� $63/26 ;� 2FWREHU �����

>��@ &�+� +VX DQG 8� .UHPHU� 7KH 'HVLJQ� ,PSOHPHQWDWLRQ� DQG (YDOXDWLRQ RI D
&RPSLOHU$OJRULWKP IRU &38 (QHUJ\ 5HGXFWLRQ� 3/',·��� -XQH �����

>��@ %� 1REOH� 0� 6DW\DQDUD\DQDQ� '� 1DUD\DQDQ� -� 7LOWRLQ� -� )OLQQ� DQG .� :DONHU�
$JLOH $SSOLFDWLRQ�$ZDUH $GDSWDWLRQ IRU 0RELOLW\� 6263·��� 2FWREHU ����


